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ABSTRACT 

The class Gammaproteobacteria and its different main orders are currently 

classified solely on the basis of their branching in phylogenetic trees. In most cases, no 

molecular, biochemical or physiological characteristics are known for their demarcation. 

The availability of genomic sequence data has enabled the discovery of two types of 

molecular characteristics in the forms of Conserved Signature Indels (CSIs) and Conserved 

Signature Proteins (CSPs) that provide novel means for identification and demarcation of 

prokaryotes. In the following work, numerous CSIs and CSPs have been identified for 

different orders within the class Gammaproteobacteria, with particular focus on 

Pasteurellales, Xanthomonadales and “Enterobacteriales”. The order Pasteurellales 

contains a single family, Pasteurellaceae, harbouring many important human and animal 

pathogens. We have discovered a large number of novel CSIs that are specific for either all 

Pasteurellales or several distinct clades within this order of bacteria. Based upon these 

CSIs, we have been able to demarcate the “sensu stricto” members of the genera 

Actinobacillus, Haemophilus, and Pasteurella that are presently polyphyletic. Similarly, we 

have identified numerous CSIs for the phytopathogens-containing order Xanthomonadales

and have used them in conjunction with phylogenetic analyses for the taxonomic 

reorganization of the members of this order. The Xanthomonadales species that branched 

monophyletically and shared CSIs were grouped into one of two families within the order 

Xanthomonadales while the other species were transferred to a new order. This work also 

reports many CSIs and CSPs for the phytopathogenic genera Dickeya, Pectobacterium and 

Brenneria from the order “Enterobacteriales” and this work also discusses the usefulness of 
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CSIs and CSPs for understanding prokaryotic systematics and taxonomy. Additionally, 

based upon the species distribution of CSIs, we have also examined the impact of LGT on 

prokaryotic phylogeny/systematics. The extensive work on CSIs that we have reviewed 

supports the notion that the genetic changes responsible for them have been inherited 

predominantly in a vertical manner following Darwinian mode of evolution. The molecular 

markers discovered in this work, because of their taxa specificities, provide valuable means 

for genetic and biochemical studies that should lead to discovery of novel biochemical and 

physiological characteristics of the studied groups of bacteria and they also provide new 

tools for their diagnostics and as potential drug targets for these bacteria.
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PREFACE 

The following work is a sandwich thesis. Chapters 2, 3, 4, 5, 6 and 7 are the 

unaltered manuscripts, published in the years 2010 to 2014. The preface section in each 

chapter describes the details of the published article, as well as my contribution to the 

multiple-authored work.  Chapter 1 provides an introduction to the field of systematics and 

the subjects of the various manuscripts to provide context for the significance of these 

manuscripts. Chapter 8 reflects on the presented data and shows the usefulness of the work.

References for Chapters 1 and 8 are provided at the end of this thesis. All chapters have 

been reproduced with the consent of all co-authors. Irrevocable, non-exclusive license has 

been granted to McMaster University and to the National Library of Canada from all 

publishers. Copies of permission and licenses have been submitted to the School of 

Graduate Studies. 
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GLOSSARY 
Analog: A feature that appears similar in two taxa which have originated from two different 
ancestors. 

Ancestor: Any organism, population, or species from which some other organism, 
population, or species is descended. 

Apomorphy:  Specialized (derived) characters of an organism. 

Bootstrapping: A statistical procedure to assess the reliability of a result (usually a 
phylogenetic tree) that involves sampling data into given number with replacement from the 
original data set. 

Clade: A group of species including all the species descending from an internal node of a 
tree and no others. Originated from the Greek word "klados", meaning branch or twig 

Cladogram: A diagram, resulting from a cladistic analysis, which depicts a hypothetical 
branching sequence of lineages leading to the taxa under consideration. The points of 
branching within a cladogram are called nodes. All taxa occur at the endpoints of the 
cladogram. 

Convergence: Similarities which have arisen independently in two or more organisms that 
are not closely related. Contrast with homology. 

Diversity: Term used to describe numbers of taxa, or variation in morphology.  

Evolution: Darwin's definition: descent with modification. The term has been variously 
used and abused since Darwin to include everything from the origin of man to the origin of 
life.  

Evolutionary tree: A diagram which depicts the hypothetical phylogeny of the taxa under 
consideration. The points at which lineages split represent ancestor taxa to the descendant 
taxa appearing at the terminal points of the cladogram. 

Homologs: Sequences that are evolutionarily related by descent from a common ancestor 
(cf. orthologs and paralogs) 

Homology: Two structures are considered homologous when they are inherited from a 
common ancestor who possessed the structure. This may be difficult to determine when the 
structure has been modified through descent. 

Last universal common ancestor: The most recent organism from which all organisms 
now living on earth descend. Thus it is the most recent common ancestor of all current life 
on Earth. 
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Lineage: Any continuous line of descent; any series of organisms connected by 
reproduction by parent of offspring. 

Long branch attraction: A phenomenon in phylogenetic analyses (most commonly those 
employing maximum parsimony) when rapidly evolving lineages are inferred to be closely 
related, regardless of their true evolutionary relationships. 

Monophyletic: Adjective describing a group of species on a phylogenetic tree that share a 
common ancestor that is not shared by species outside the group. A clade is a monophyletic 
group. 

Orthologs: Sequences from different species that are evolutionarily related by descent from 
a common ancestral sequence and that diverged from one another as a result of speciation. 

Outgroup: A species (or group of species) that is known to be the earliest-diverging species 
in a phylogenetic analysis. Outgroup is added in order to determine the position of the root.  

Paralogs: Sequences within the same organism that have arisen by duplication of one 
original sequence. 

Phylogeny: An evolutionary tree showing the relationship between sequences or species. 

Phylum: A taxonomic rank below Kingdom and above Class. The minimal requirement is 
that all organisms in a phylum should be related closely enough for them to be clearly more 
closely related to one another than to any other group. 

Polyphyletic: Adjective describing a group of species on a phylogenetic tree for which 
there is no common ancestor that is not also shared by species outside the group. A 
polyphyletic group is evolutionarily ill-defined. 

Rank -- In traditional taxonomy, taxa are ranked according to their level of inclusiveness. 
Thus a genus contains one or more species, a family includes one or more genera, and so on.  

Synapomorphy: A character which is derived, and because it is shared by the taxa under 
consideration, is used to infer common ancestry (shared derived state). 

Systematics: A field of biology that deals with the diversity of kinds. Systematics is usually 
divided into the two areas of phylogenetic and taxonomy. 

Taxonomy: The science of naming and classifying organisms. 
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Introduction 
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Preface 

"The affinities of all the beings of the same class have sometimes been represented 

by a great tree... As buds give rise by growth to fresh buds, and these, if vigorous, branch 

out and overtop on all sides many a feebler branch, so by generation I believe it has been 

with the great Tree of Life, which fills with its dead and broken branches the crust of the 

earth, and covers the surface with its ever branching and beautiful ramifications."

                                                ~Charles Darwin (the Origin of Species, Chapter IV, 1859) 

Understanding prokaryotic evolution – The forefathers 

A sound understanding of the prokaryotes, the lone dwellers of this planet for the 

first 2-2.5 billion years of life, has been the most captivating issue in life sciences (Gupta, 

1998a; Fox et al., 1980; Woese et al., 1978; Sagan, 1967; Zotin et al., 1975; Uzzell and 

Spolsky, 1974; Gray, 2012; Novoselov et al., 2013). Throughout their evolution, 

prokaryotic species, have played a pivotal role in shaping this planet and its environments 

(Nishioka et al., 1970; Migita and Doi, 1970; Hall, 1971; Flavell, 1972; Novoselov et al., 

2013; Nisbet and Sleep, 2001). Thus, to understand the most vital facets of the origin and 

history of life on earth and its spread to all life-permitting environments, a detailed and 

comprehensive understanding of prokaryotic evolutionary history is indispensable.  

The knowledge gained by exploring prokaryotic evolution has provided many 

novel insights about various fundamental concepts such as the origination of cell, the 

origination of metabolic pathways and advent of information transfer processes (Hall, 

1971; Flavell, 1972; Migita and Doi, 1970; Sagan, 1967; Kasting and Siefert, 2002; 

Novoselov et al., 2013; Natochin et al., 2012; Zhang et al., 2009; Nisbet and Sleep, 2001; 
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Harel et al., 2014). The prokaryotes are present in different environments, including those 

that are at the extreme of temperature, pressure, acidity, alkalinity, salinity etc. 

(Hauptmann et al., 2014; Colman et al., 2014; Sorokin et al., 2014). They have a diverse 

array of survival strategies and life histories; the studies on which, have broadened our 

understanding of many fundamental principles of life, including the evolution of oxygenic 

photosynthesis from anoxygenic photosynthesis, carbon and nitrogen fixation and their 

recycling, the beginning of symbiotic relationships leading to emergence of multicellular 

plants and animals, and the existence of beneficial, opportunistic, and pathogenic 

organisms (Raskin et al., 2006; Xiong, 2006; Gupta, 2000; Flavell, 1972; Knoll, 1999; 

Schopf, 1978; Kasting and Siefert, 2002; Nisbet and Sleep, 2001; Gray, 2012; Novoselov 

et al., 2013). 

Microbial classification has long been a daunting challenge for scientists and 

taxonomists. The first notable attempt to classify microorganisms came at the hands of 

Carl Linnaeus in 1774. In his work “Systema Naturae”, he placed microbes, which he 

named “Infusoria” into one species that was judiciously baptized as “Chaos infusoria”

(Linnaeus C, 1774; Pace et al., 2012; Oren, 2010). The classification of microbes saw 

little improvement after the Linnaean classification scheme was proposed, particularly 

because there was no consensus, in the early days, as to whether these microbes should be 

recognized as animals or small plants (Oren and Garrity, 2014; Pace et al., 2012; Oren, 

2010). This plant-animal dualism was resolved by Ernst Haeckel in his famous work,

“Die Systematische Phylogenie” in 1866 (English "Systematic Phylogeny"),  in which he 

clearly defined the terms ontogeny, phylogeny and phylum and placed bacteria and blue 
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green algae into a separate division, he called Monera (Haeckel E, 1866; Pace et al., 

2012; Oren, 2010). However, since it became evident that only few bacteria show close 

relationship to blue green algae, this division was quickly rejected (Sapp, 2005; Oren and 

Garrity, 2014; Stanier and Van Niel, 1962). Many efforts were put forward to create an 

accurate classification scheme for prokaryotes. However, the prokaryotes, due to limited 

means of observations, were poorly differentiated and placed into small number of 

groups, termed genera, based upon their cell shapes (Stanier and Van Niel, 1941). 

The prokaryotes, for most part of the mid-20th century, were classified based upon 

morphological or physiological characteristics (Oren and Garrity, 2014; Ramasamy et al., 

2014; Chun and Rainey, 2014; Stanier and Van Niel, 1941; Stanier and Van Niel, 1962; 

Whittaker, 1969). The use of morphological or physiological characteristics was later 

augmented with the addition of chemotypic and genotypic characteristics (Cowan, 1965; 

Oren and Garrity, 2014; Pace et al., 2012; Tindall et al., 2006; Whittaker, 1969). The 

morphological characters were limited to the observation of growth of microbes on 

culture plates, observing colony morphology or the monitoring of cell morphology, cell 

size, cell motility, flagellation type and Gram staining (Sapp, 2009; Stanier and Van Niel, 

1941). The physiological characteristics used for classification included the growth 

temperature range, pH range, salinity tolerance, and acidity and alkalinity tolerance 

(Sapp, 2009; Oren and Garrity, 2014; Schleifer, 2009; Tindall et al., 2006). Much effort 

was expended on improving the understanding of bacterial phylogeny and classification 

schemes with numerous debates on whether morphological or physiological criteria were 

to take precedence in depicting prokaryotic relationships (Oren and Garrity, 2014; 
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Schleifer, 2009; Harris et al., 2003; Pace et al., 2012; Sapp, 2009; Oren, 2010). The 

criteria for prokaryotic classification were further expanded with the addition of 

cytological data into classification, which led to the distinction between prokaryotes and 

eukaryotes (Stanier and Van Niel, 1962). Prokaryotic classification, due to the diverse 

variety present in them, their simple morphology, their small sizes, and sharing of 

characteristics through convergent evolution, was difficult to establish.  These difficulties 

in classifying bacteria based on simply physical criteria were widely discussed and 

acknowledged by the 1970s, leading to an era often described as “The Dark Age”

(Whittaker, 1969; Stanier and Van Niel, 1962; Woese, 1987; Oren and Garrity, 2014; 

Oren, 2010). These discussions raised the importance of finding new, reliable methods of 

prokaryotic differentiation and classification. 

The use of molecular data in classification – The genetic era 

 The first major innovation of the 20th century in prokaryotic classification were 

DNA-DNA hybridization (DDH) techniques, which allowed for more reliable 

differentiation of prokaryotes using genetic material that was not affected by phenotypic 

convergence (Mccarthy and Bolton, 1963; Gevers et al., 2005; Oren and Garrity, 2014; 

Sapp, 2009). DNA-DNA hybridization takes into consideration the entirety of the genetic 

material in a pair of organisms to estimate their relatedness and quickly became 

established as the “gold standard” for the differentiation of prokaryotic species. 

(Stackebrandt and Goebel, 1994; Oren and Garrity, 2014; Tindall et al., 2006; Chun and 

Rainey, 2014; Oren, 2010; Sapp, 2009; Tindall et al., 2010). A DNA-DNA hybridization 

value of 70% became the established cutoff threshold for species demarcation and was 
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widely used to rectify previously misclassified species designations (Stackebrandt and 

Goebel, 1994).  However, the usage of DNA-DNA hybridization has its own limitations, 

as it is influenced by many factors including physiochemical parameters, genome size, 

plasmids, DNA purity (Stackebrandt and Ebers, 2006). Additionally, DNA-DNA

hybridization is time-consuming and expensive (Pace et al., 2012; Gevers et al., 2005) 

and often requires special facilities, which are present in limited number of laboratories,

making it difficult to establish a comparative database incrementally (Ramasamy et al., 

2014; Oren and Garrity, 2014). Additionally, the cut off value is not applicable to all 

prokaryotic taxa, especially in cases where closely related species have DDH value 

>70%, as in case of Rickettsia species (Fournier and Raoult, 2009; Ramasamy et al., 

2014). The hybridization analysis is only useful in differentiating among species and 

strains, relationships among distantly related groups (viz. genus and above) cannot be 

accurately ascertained through this methodology (Oren and Garrity, 2014). Furthermore, 

the analyses can only be performed on cultureable microbes, which are estimated to 

account for only about 1% of total prokaryotic diversity (Yarza et al., 2014; Amann et al., 

1995; Pace, 1997). Additionally, the method is subject to experimental variability as 

different experiments, by different labs or experimenters, can produce different 

hybridization data (Goris et al., 2007). 

A major revolution and advancement in the field of evolutionary sciences came 

with the advent of gene sequencing techniques, in particular sequencing of the 16S rRNA 

gene, and its use as a tool in identification of species relationships (Woese and Fox, 1977; 

Fox et al., 1980; Woese, 1987; Tindall et al., 2006; Tindall et al., 2010; Oren, 2010). In 
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the past 30 years, with the introduction of 16S rRNA gene sequences as phylogenetic 

marker, much has been learned about the diversity of prokaryotic organisms, which has 

revolutionized our understanding of the evolutionary history and systematics of the 

prokaryotes (Oren and Garrity, 2014; Ramasamy et al., 2014; Tindall et al., 2010; Tindall 

et al., 2006; Woese et al., 1985a; Woese, 1987; Olsen et al., 1994). 16S rRNA gene 

sequences are universally present and highly conserved among species of bacteria and 

archaea (Woese, 1987). The 16S rRNA gene contains variable regions which enable 

comparison among closely related species, and conserved regions which allow 

comparisons among more distantly related taxa. Some regions of 16S rRNA gene are 

completely conserved which enables the use of universal PCR primers for species 

detection (Greisen et al., 1994; Marchesi et al., 1998). Additionally, the 16S rRNA genes 

as being a part of a large functional complex (i.e. ribosome) are less likely to have 

undergone lateral gene transfer (Ramasamy et al., 2014; Pace et al., 2012; Yarza et al., 

2014; Oren, 2010; Sapp, 2009; Woese, 1987). These characteristics make the 16S rRNA 

gene an ideal candidate for analysis in order to discover novel aspects of prokaryotic

relationships, particularly through the use of phylogenetic trees or direct sequence 

comparisons.  Empirically, 97% 16S rRNA gene homology corresponds to the 70% 

DNA-DNA hybridization threshold (Stackebrandt and Goebel, 1994), which has been 

widely used for classification of species (Tindall et al., 2010; Kim et al., 2014; Ramasamy 

et al., 2014; Yarza et al., 2014; Oren and Garrity, 2014; Sapp, 2009; Tindall et al., 2006). 

The use of 16S rRNA sequence analysis was instrumental in the introduction of three-

domain classification system for cellular life forms including the division of the 
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prokaryotic species into Bacteria and Archaea (Woese, 1987; Woese and Fox, 1977). 

Subsequently, 16S rRNA gene based phylogenies have become extremely prevalent in 

prokaryotic systematics; the current definition of a prokaryotic species is based almost 

solely upon 16S rRNA sequence similarity (Tindall et al., 2006; Oren and Garrity, 2014; 

Ramasamy et al., 2014; Yarza et al., 2014; Tindall et al., 2010). The newly discovered 

bacterial isolates in most cases are defined as members of the same species if they share 

97% or greater 16S rRNA gene sequence similarity (Tindall et al., 2010; Tindall et al., 

2006; Oren and Garrity, 2014; Zhi et al., 2012). One should, however, keep in mind that 

the 16S rRNA gene similarity value of 97% was never intended as a cutoff for species 

demarcation (Oren and Garrity, 2014). This value was only shown as an equivalent of 

70% DDH value that was obtained by comparing the 16S rRNA gene sequence data 

available at the time with DDH (Stackebrandt and Goebel, 1994). However, this cutoff 

value is widely used and has become an accepted standard for taxonomy and systematic 

of prokaryotes. The cutoff value has been subsequently reassessed and a cutoff of 98.7-

99% was proposed in 2006, as a new threshold for species demarcation by comparing 380 

organisms (Stackebrandt and Ebers, 2006). More recent analyses have suggested 

similarity value of 98.2-99% as cutoff, comparing 571 different strains of bacteria (Meier-

Kolthoff et al., 2013).  

However, whatever value we consider “accurate” for demarcation purposes, these 

values are only useful for the differentiation of closely related species. For higher taxa, no 

concept of “cutoff similarity value” is agreed upon (Wayne et al., 1987; Stackebrandt and 

Ebers, 2006; Oren, 2010; Zhi et al., 2012; Ramasamy et al., 2014; Yarza et al., 2014; 
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Stackebrandt et al., 2002). Many efforts were put forward to establish criteria that can be 

used for demarcation of higher taxa. Recently, an analysis of dataset containing 8,602 

bacteria and archaeal species has been published which proposes 16S rRNA similarity 

criteria for the demarcation of higher taxonomic ranks within prokaryotes. A value of

94.5% or lower sequence similarity is suggested as a strong evidence to differentiate 

genera, a value of 86.5% or lower for demarcation of families, 82.0% or lower for 

distinction of orders, the values of 78.5% or lower and 75.0% or lower, have been 

proposed as boundaries to distinguish, classes and phyla, respectively (Yarza et al., 2014).  

Although the use of 16S rRNA gene sequence analyses has allowed for a 

remarkable improvement in our understanding of prokaryotic taxonomy, there are a 

number of notable issues and limitations involving analyses of the 16S rRNA gene. For 

example,  the high degree of sequence conservation in 16S rRNA gene limits the 

phylogenetic resolution of analyses based on the gene, leading to the misidentification of 

closely related species (Stackebrandt et al., 2002; Alperi et al., 2010; Oren and Garrity, 

2014).  The GC% contents of the 16S rRNA genes are strongly correlated with the 

optimal growth temperatures of prokaryotes, leading to a convergent GC% bias in 

organisms with similar optimal growth temperatures (Brenner et al., 2005; Stackebrandt 

et al., 2007; Stackebrandt et al., 2002). Another issue that arises when analyzing the 16S 

rRNA gene is that RNA gene in some prokaryotic species is present in multiple, 

sometimes highly divergent, copies (Oren and Garrity, 2014) that can produce different 

phylogenies (Janda and Abbott, 2007). Although rare, the 16S rRNA gene is also 

subjected to lateral gene transfer (Kitahara and Miyazaki, 2013). Most importantly, being 
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a single gene within genomes that contain hundreds or thousands of other genes, it is 

suggested that the 16S rRNA gene based phylogenies may not accurately reflect the true 

evolution of the whole genome of an organism (Ciccarelli et al., 2006; Oren and Garrity, 

2014). 

Due to the limitations of 16S rRNA gene based phylogenetic analysis, organisms 

can be misclassified as members of the incorrect taxonomic group based upon 16S rRNA 

gene analysis, while analysis of other genes and other characteristics may suggests 

contrary results (Janda and Abbott, 2007; Fox et al., 1992; Oren and Garrity, 2014).

However, the current hierarchical classification of bacteria and archaea into different 

phyla and smaller taxa within these phyla is established based on the information, 

primarily deduced from their branching in 16S rRNA gene trees (Oren and Garrity, 2014; 

Tindall et al., 2006; Tindall et al., 2010; Chun and Rainey, 2014; Kim et al., 2014; 

Woese, 1998; Woese et al., 1990; Fox et al., 1980). Apart from their branching in 

phylogenetic trees no other criteria currently exists that can define these groups in more 

definitive terms.  

The use of Genomic data in prokaryotic classification – The genomic era 

The genomic era of prokaryotic research started with the availability of first 

complete genome sequence of Haemophilus influenzae in 1995 (Fleischmann et al., 

1995). However, the use of complete genome sequences in prokaryotic taxonomy was 

very limited, because of high-cost and time consuming sequencing facilities. Ground 

breaking advancement in genomic field came with the establishment of next generation 

sequencing (NGS) technologies in 2005, with the development of Roche 454 sequencing 



PhD – Sohail Naushad                                          McMaster University - Biochemistry 

11

system (Margulies et al., 2005), followed by the Illumina DNA sequencing platforms,

HiSeq and MiSeq (van Dijk et al., 2014). These two technologies were followed by a 

third NGS platform released in 2007, that worked on the principle of Sequencing by 

Oligo Ligation Detection (SOLiD), and a fourth NGS platform, the Ion Torrent, a 

semiconductor based sequencing technology (van Dijk et al., 2014). These technologies 

have provided means to sequence microbial organisms at a very low cost. A long awaited 

innovation in taxonomy and evolutionary sciences, and perhaps for all of biological 

sciences, has been the availability of these speedy and cost-effective genomic sequencing 

technologies, commonly referred to as NGS technologies. All of these NGS systems can 

generate massive amount of genomic data in a relatively short period of time, and, as the 

genome holds the complete genetic information of the organism, decoding the genome 

was expected to allow for insight into prokaryotic life and their relationships (Boussau 

and Daubin, 2010; Chun and Rainey, 2014; Ramasamy et al., 2014; Gupta, 2000). With 

the decrease in genome sequencing cost, a massive number of prokaryotic genomes have 

become available in public databases the last decade. As of December 2014, over 30,000 

prokaryotic genome sequences are publically available in NCBI genome database and this 

number is increasing exponentially. 

 The availability of this huge amount of genomic data has provided us with wealth 

of information and has been useful in many aspects of biological sciences (Staudt, 2003).

Genomic sequence data has also had a profound effect on the field of prokaryotic 

systematics, leading to the development of new methods of determining species 

relationships. Some of these methods include Average Nucleotide Identity (ANI), the 
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measure of mean nucleotide sequence similarity of shared genes between two species 

(Goris et al., 2007), Average Amino Acid Identity (AAI), the measure of mean amino 

acid similarity index between species (Konstantinidis and Tiedje, 2005), Genome BLAST 

Distance Phylogeny (GBDP), a method utilizing the all-against-all pairwise comparison 

by BLAST program to produce high-scoring segment pairs to infer phylogenetic 

relationships (Henz et al., 2005), Tetra-nucleotide regression analysis, a method based on 

the tetra-nucleotide usage patterns in different genomes (Karlin et al., 1994), and 

Maximum unique exact match index (MUMi), which involves the identification of  

regions of exact match between two genomes utilizing various algorithms (Deloger et al., 

2009). All of these methods utilize whole genome sequence data for comparisons 

between two species and thus are termed “overall genome relatedness indices (OGRI) 

(Chun and Rainey, 2014).  

Other sequence based methods that use part of the genome or sets of different

genes, include multilocus sequencing typing (MLST), which is a technique to measure 

allelic profile or sequence types (ST) of 4-10 housekeeping genes to characterize different 

species based on the difference of their sequence types (Maiden et al., 1998) and 

multilocus sequence analysis (MLSA) is the use of multiple housekeeping genes to 

construct phylogenies. Other sequence based methods of determining species 

relationships include the comparison of gene content to identify differences in GC% and 

codon usage, comparisons of gene order differences, and the identification of rare 

genomic rearrangements (Coenye et al., 2005; Konstantinidis and Tiedje, 2005; Snel et 

al., 1999). All of these methods possess their own advantages and limitations, but they 
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have each contributed greatly in our understanding of prokaryotic evolution and have 

advanced the field of prokaryotic systematics (Sapp, 2009; Oren and Garrity, 2014; 

Tindall et al., 2006; Pace et al., 2012; Chun and Rainey, 2014). The large and increasing 

availability of prokaryotic genomes has led to the proposal to replace DNA-DNA 

hybridization (DDH) with in-silico genome comparison techniques, such as ANI, as the 

gold standard for taxonomic purposes (Konstantinidis and Tiedje, 2005).  It has been 

estimated that an ANI of 95% between two genomes is equivalent to the 70% DDH, 

which is the standard for species cutoff (Tindall et al., 2010; Goris et al., 2007).  

Many novel genera and species have been described using ANI analysis, including 

species of Burkholderia, Streptococcus, Dehalococcoides maccartyi, Geobacter, vibrio,

Sphaerochaeta globose and Sphaerochaeta acribbeanicus (Goris et al., 2007; Chun and 

Rainey, 2014; Richter and Rossello-Mora, 2009; Camelo-Castillo et al., 2014; Hoffmann 

et al., 2012; Lee et al., 2012; Loffler et al., 2013; Chun and Rainey, 2014). Recently, a

detailed analysis incorporating 6787 genomes from 22 different prokaryotic phyla, have 

been conducted to reassess the ANI cutoff value for intra - and interspecies relationships.

Over one million comparisons were carried out to establish that an ANI of 95-96% should 

serve as a cutoff threshold for prokaryotic species demarcation, which also corresponds to 

98.65% 16S rRNA sequence similarity, the current 16S rRNA based species cutoff (Kim 

et al., 2014). However, ANI analysis is limited to pairwise comparisons between two 

organisms and does not allow for the development of incremental database. Additionally, 

the results of ANI analysis do not always coincide with currently established phylogeny 

and thus should not be used as a sole tool for classification purposes (Ramasamy et al., 
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2014). ANI values also cannot be used for the demarcation of higher taxa. A recent study 

analyzed the ANIs of genomes from 12 different prokaryotic families and orders to 

establish a cutoff for genus demarcation (Qin et al., 2014). However, based on 

observations of their results they concluded that ANI values are not consistent enough for 

genus level demarcation.  

  Unlike ANI, which compares whole genomes, phylogenetic inferences can also 

be obtained from genes that are conserved among different organisms. The two most 

widely used methods for such analyses are MLST and MLSA (Ramasamy et al., 2014; 

Chun and Rainey, 2014; Kim et al., 2014; Oren and Garrity, 2014). MLSA has been 

successfully used to elucidate phylogenetic structure of many important prokaryotic taxa 

(Chun et al., 2009; Haley et al., 2010; Chun and Rainey, 2014; Prado et al., 2014; Brady 

et al., 2014; Zhou et al., 2014; Gomila et al., 2014). MLSA uses conserved genes for 

phylogenetic analysis; often the genes atpD, recA, glnII, dnaK, rpoB, gyrB, truA and 

thrA. Currently no criteria exists to determine how many and which of the genes are good 

for phylogenetic studies. Many studies use a subset of the above genes in addition to other 

genes for MLSA based phylogenetic studies. However, it has been argued that 

phylogenies derived from single genes/proteins or even from concatenation of multiple 

genes, represents only a small fraction of whole genome, sometimes as little as 1% which 

limits their evolutionary significance (Dagan and Martin, 2006; Doolittle and Bapteste, 

2007; Zhaxybayeva et al., 2006). However, the high level of correlation between 

phylogenetic trees based on a limited number of genes and phylogenetic trees based on 
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whole genomes or all conserved genes shared by a group of organisms have proven these 

concerns unfounded (Naushad et al., 2014b; Williams et al., 2010). 

Although, similarity studies and phylogenetic tree construction methods are useful 

for inferring relationships among prokaryotic groups, they fail to provide distinct 

characteristics for defining a related group of organisms. All of the methodologies 

discussed above work on the principle of relative similarity and are based upon degrees of 

relatedness rather than providing unique characters that may distinguish groups of related 

organisms. Recently, a quantitative method to define the taxonomic unit “Genus” has 

been introduced. This method is based on finding the percentage of conserved proteins 

(POCP) between two strains to estimate their evolutionary and phenotypic distance. Two 

strains are considered the members of same genus if they have a POCP of more than 50% 

(Qin et al., 2014).  However, this method is restricted to define only “genus” and cannot 

be used for species demarcation or identification of any higher taxonomic levels. Thus, 

there is a need to search for novel genomic features unique to phylogenetically related 

prokaryotic lineages.  

Prokaryotic evolution and impact of Later Gene Transfer (LGT) 

 The tree-like evolutionary process, also known as the Darwinian mode of 

evolution, in which traits are transferred from ancestors to offspring, is the entrenched 

model for prokaryotic and eukaryotic evolution (Kurland, 2005; Gupta, 2000; Naushad et 

al., 2014a; Bhandari et al., 2012; Beiko et al., 2005; Puigbo et al., 2009). Hence, the term 

“tree of life” is used to elucidate the bifurcating connection linking all existing species to 

a last common universal ancestor (Darwin, 1859; Gogarten and Townsend, 2005).



PhD – Sohail Naushad                                          McMaster University - Biochemistry 

16

Linnaean taxonomy reflects the recurrent bifurcation of ancestral lineages and represents 

the division of organisms in a ranked system so as to reflect their evolutionary history.  

 Recently, the Darwinian tree-like representation of relationships between species, 

have been questioned as lateral gene transfer (LGT), also known as horizontal gene 

transfer (HGT), has been implicated to affect this process (Bapteste et al., 2009; Boucher 

et al., 2003; Nelson et al., 1999).  Lateral gene transfer (LGT) is the acquisition of foreign 

genetic material into the genome of a species through means other than vertical 

inheritance. The most common mechanisms of LGT are transformation, transduction or 

conjugation (Davison, 1999). It is believed, strongly among some investigators, that LGT 

events are so “rampant” that genes cannot be used as reliable phylogenetic markers 

(Boucher et al., 2003; Handy and Doolittle, 1999). The first experimental evidence for 

LGT as a mechanism for genetic transfer was demonstrated in 1951, in an experiment 

showing the lateral transfer of a virulence gene between different bacterial strains 

(Freeman, 1951). The primary role of LGT in prokaryotic communities was thought to be 

its involvement in the spread of antibiotic resistance in pathogenic bacteria (Boto, 2010; 

Akiba et al., 1960). However, the impact of LGT on bacterial evolution was not well 

explored until the availability of genome sequences (Boucher et al., 2003). The 

comparative analyses performed on genomic datasets have revealed that the prokaryotic 

relationships, inferred from phylogenies based on different genes and proteins are not 

congruent (Gogarten et al., 2002; Bapteste et al., 2009; Andam and Gogarten, 2011; 

Swithers et al., 2009; Bapteste et al., 2009; Dagan and Martin, 2006; Puigbo et al., 2009). 

Incidences of LGT are believed to be the main reason behind the phylogenetic 
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incongruence between different genes and proteins (Sjostrand et al., 2014).  Although the 

contribution of LGT to genome evolution is well established, the frequency of such 

genetic events and the rate of successful incorporation of foreign genetic material into 

prokaryotic genomes has been the subject of much debate among evolutionary 

microbiologists (Naushad et al., 2014a; Bhandari et al., 2012; Naushad and Gupta, 2013; 

Daubin et al., 2003; Gogarten et al., 2002; Kurland et al., 2003; Doolittle and Bapteste, 

2007).  

The genes involved in large networks or performing essential functions were 

thought to be minimally affected by LGT (Jain et al., 1999; Rivera and Lake, 1992).

However, it has been suggested that each gene has gone through one or more instances of 

LGT and that no gene is completely exempt from this process (Boucher et al., 2003; 

Bapteste et al., 2009; Brochier et al., 2000; Yap et al., 1999; Zhaxybayeva et al., 2006). 

Evidence for extensive lateral gene transfer in some prokaryotic organisms has led to the 

suggestion that prokaryotic genomes should not be thought of as coherent wholes, but as  

mosaics of genes with different evolutionary histories (Nelson-Sathi et al., 2015; 

Thiergart et al., 2014; Boto, 2010; Nelson et al., 1999; Koonin et al., 2001). Cases of LGT 

have been identified at the largest evolutionary distances, including instances of lateral 

transfers of genes from bacteria to archaea, bacteria to eukaryotes, archaea to eukaryotes 

and vice versa (Jaramillo et al., 2015; Suwastika et al., 2014; Thiergart et al., 2014; 

Nelson-Sathi et al., 2015; Thiergart et al., 2012; Boto, 2010). This indication of prevalent 

LGT among prokaryotes has led to the acceptance that perhaps LGT diminishes and 

conceivably eliminates, the ability to ascertain a Darwinian tree-like evolutionary history 
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for prokaryotic species (Bapteste and Boucher, 2008; Bapteste et al., 2009; Doolittle, 

2000; Eisen, 2000). Thus, only a vague tangled web-like structure is believed to be 

present, representing phylogenetic histories (Swithers et al., 2009; Williams et al., 2011; 

Thiergart et al., 2012). One of the major issues in microbiology is the non-availability of 

discrete and reliable methods for the detection of LGT. Most methods of LGT detection 

are based on a number of explicit or implicit assumptions, thus different methods can 

produce different results using same dataset (Puigbo et al., 2009; Koonin et al., 2011; 

Bhandari et al., 2012).

The methods that are most routinely used for the detection of LGT are classified 

into three broad categories. These include sequence composition methods, similarity 

based or distance based methods, and phylogenetic tree construction methods (Sjostrand 

et al., 2014). Sequence composition based methods involve scanning of the genome 

sequences for regions of atypical base composition, such as GC content, codon usage 

pattern and different base composition in relation to others genes (Boto, 2010; Marri et 

al., 2006). Similarity based methods survey genes in the genome using BLAST to find 

their closest relatives (Nelson-Sathi et al., 2015; Nelson et al., 1999; Zhaxybayeva et al., 

2006). Phylogenetic tree construction based methods search for evidence of discordance 

among single gene trees (Koonin et al., 2011; Boucher et al., 2003; Zhaxybayeva et al., 

2006; Sjostrand et al., 2014; Akerborg et al., 2009). Phylogenetic tree construction based 

methods are the most widely used means of identifying instances of LGT (Sjostrand et al., 

2014; Akerborg et al., 2009; Patterson et al., 2013). With the advancement of sequencing 

technologies, automated methods of identifying instances of LGT have also been 



PhD – Sohail Naushad                                          McMaster University - Biochemistry 

19

designed. The most popular of these are Bayesian Markov Chain Monte Carlo (MCMC) 

approaches, available in the forms of MrBayes and BEAST (Ronquist and Huelsenbeck, 

2003; Drummond and Rambaut, 2007). Other methods such as PrIME-GSR, PrIME-

DLTRS are also used to detect LGT. Both of these methods are based on constructing 

gene trees for different species. The first method is based on the GSR model, which 

incorporates Gene duplication, Sequence evolution, and a Relaxed molecular clock for 

substitution rates (Akerborg et al., 2009). The second method is based on DLTRS model 

(duplication-loss-transfer model with independent and identically distributed rates across 

gene tree edges) (Sjostrand et al., 2014). Another method, based on Detection of 

Coevolution with Lateral Transfers (DeCoLT), has also been widely used to identify 

instances of LGT from genome sequence data (Patterson et al., 2013). 

Despite all these efforts, no consensus is present among different investigators

regarding the prevalence and effect of LGT on evolutionary relationships. Many studies 

have been carried out suggesting a low incidence of lateral genetic transfers (Kurland et 

al., 2003; Kunin et al., 2005; Naushad and Gupta, 2013; Naushad et al., 2014a; Bhandari 

et al., 2012). It has been noted that several barriers to free genetic transfer among 

prokaryotic species exist (Jain et al., 1999; Kurland, 2005; Thomas and Nielsen, 2005). In 

an effort to quantify LGTs, Beiko et al. performed a comprehensive and detailed

phylogenetic analysis on >220,000 proteins from 144 prokaryotic genomes. The inferred 

relationships suggest a pattern of vertical transfer of genetic material from ancestor to 

offspring, which supports the Darwinian mode of evolution. However, aberrant patterns 

were also observed in some closely related taxa and among distantly related organisms 
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living in convergent environments (Beiko et al., 2005). Additional studies attempting to 

quantify the effects of LGT have involved the reconstruction of phylogenetic trees for 

6901 prokaryotic genes (Puigbo et al., 2009) and the reconstruction of single gene 

phylogenies for 315 prokaryotic and 85 eukaryotic genomes (Thiergart et al., 2014).

Significant topological differences were observed among different trees in both studies 

representing possible incidences of LGT. However, a consistent phylogenetic signal was 

present in most of the trees, indicating a central trend of vertical inheritance, supporting 

the Darwinian mode of evolution. Many studies are beginning to suggest that prokaryotic 

evolutionary history follows both tree-like and network-like patterns of evolution (Koonin 

et al., 2011; Puigbo et al., 2009; Nelson-Sathi et al., 2015; Thiergart et al., 2014; Boto, 

2010). The impact of LGT on prokaryotic phylogeny and its prevalence is further

discussed in Chapters 2 and 7 of this thesis.

Conserved Molecular Signatures as phylogenic tools – Tree-independent phylogeny 
  
 The exponentially increasing availability of genome sequence data provides a 

means to perform different types of studies to find unique molecular features that serve as 

shared derived characters among prokaryotic taxa. These shared derived characters 

should be homologous, apomorphic characters, introduced only once during the course of 

evolution. Our lab has pioneered the usage and discovery of two such kind of molecular 

signatures for identifying prokaryotic phylogeny (Gupta, 1998b; Naushad et al., 2014a).

The first type of these molecular marker are Conserved Signature Indels (CSIs) in widely 

distributed proteins, that are specific for the different prokaryotic taxa and are helpful in 

identifying different groups in molecular terms. The CSIs that serve as useful 
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phylogenetic marker for evolutionary studies are generally of defined size and are flanked 

on both sides by conserved regions to ensure reliability of signatures and to maintain that 

the CSI is not due to alignment errors or artifacts (Gupta, 1998b; Gupta and Griffiths, 

2002).   

 The CSIs originate as a result of rare genomic events that occur once in a common 

ancestor and are then passed on to all descendants vertically. Hence, when CSIs of 

defined size are uniquely found in phylogenetically well-defined group(s) of species, they 

function as molecular synapomorphies that distinguish the group from other prokaryotic 

organisms (Gupta, 1998b). Due to the rarity of mutations affecting conserved regions 

within functionally important proteins, the shared presence of CSIs is most 

parsimoniously explained by the common inheritance of the rare genetic changes from an 

ancestor to its progeny (Gupta, 1998b). Also, since genetic changes leading to CSIs could 

be introduced at various stages during evolution, it allows for the identification of CSIs at 

different phylogenetic depths corresponding to various taxonomic rankings. Dr. R. S. 

Gupta and colleagues, over the course of the last two decades, have utilized these CSIs 

for the identification of different groups of prokaryotes ranging from the genus level (viz. 

Clostridium) to beyond the phyla level (e.g. Aquificae, Actinobacteria, Thermatogae and 

Synergistetes) including prokaryotic groups at the superphylum level (Gao et al., 2006; 

Gupta and Bhandari, 2011; Bhandari and Gupta, 2012; Gupta et al., 2012). Depending 

upon the presence or absence of a given CSI in the outgroup species a rooted phylogenic 

relationship can be deduced that is independent of phylogenetic trees.  
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 The second type of taxonomic marker which provides powerful means to define 

different prokaryotic groups and their phylogenetic relationships are “whole proteins” or 

“Conserved Signature Proteins” (CSPs) that are uniquely present in particular prokaryotic 

taxa but not found anywhere else. These CSPs or lineage-specific proteins, arise 

throughout the evolutionary process (Naushad et al., 2014a; Bhandari et al., 2012; Kainth 

and Gupta, 2005).  A large number of lineage-specific proteins, also called “ORFans”, are 

introduced during speciation or strain divergence (Daubin and Ochman, 2004a; Daubin 

and Ochman, 2004b). Several studies have indicated the unique sharing of these CSPs 

from groups of organisms at different phylogenetic depths. Thus these CSPs serve as 

molecular markers for the identification of these groups from other prokaryotic taxa. 

Because these CSPs are restricted to particular taxa, it is likely that they are involved in 

some specialized functions that are limited to particular groups of organisms. Extensive 

comparative genomic analyses have been performed in Gupta lab to identify these 

lineage-specific proteins for many prokaryotic groups, such as Alphaproteobacteria,

Betaproteobacteria, Gammaproteobacteria, Epsilonproteobacteria, Chlamydia,

Cyanobacteria, Deinococcus–Thermus, Bacteroidetes, etc (Naushad et al., 2014a; Kainth 

and Gupta, 2005; Bhandari et al., 2012; Gao et al., 2009; Gupta and Griffiths, 2006; 

Griffiths and Gupta, 2006).  

 Molecular markers, in the form of CSIs or CSPs, when are found to be shared by 

distinct organisms, can most parsimoniously be explained by the Darwinian mode of 

evolution. “As Darwin wrote...”
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“...when several characters, let them be ever so trifling, occur together throughout a 

large group of beings having different habits, we may feel almost sure, on the theory of 

descent, that these characters have been inherited from a common ancestor...” (Darwin, 

1859) 

 Therefore, the CSIs and CSPs serve as useful characters for prokaryotic 

phylogenic and taxonomic studies. The utility of these molecular markers for 

discriminating different taxonomic groups is discussed in Chapters 2-7.  

The diversity and phylogenetic overview of Gamma-Proteobacteria 

 The phylum Proteobacteria comprises the largest group within Bacteria. The 

members of this group, initially defined as "purple bacteria and relatives" were divided 

into 4 main groups or divisions (referred to by the Greek letters: Alpha, Beta, Gamma and 

Delta) (Woese, 1987; Woese et al., 1985b). The Proteobacteria are named after the Greek 

god Proteus, the god of the sea who is capable of assuming many different shapes 

(Stackebrandt E. et al., 1988), and not the genus Proteus which is a member of the 

Proteobacteria, but not the nomenclatural type of the phylum. Based on 16S rRNA gene 

trees, the phylum was later divided into 5 classes, Alphaproteobacteria,

Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria and 

Epsilonproteobacteria (Brenner et al., 2005). Subsequent studies based upon 16S rRNA, 

RecA and GyrB sequences recognized a sixth class “Zetaproteobacteria” within phylum 

Proteobacteria (Emerson et al., 2007). Among these groups Gammaproteobacteria is the 

largest class and has >350 genera (NCBI 2015), accounting for about 46% of all known 

species of Proteobacteria and 17% of all known bacterial species (Cole et al., 2009). This 
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class encompasses members that show wide host range and great variety in terms of the 

phenotype and metabolic capabilities (Woese et al., 1985b). Metabolically they derive 

their energy through oxidation of sulfur, hydrogen or iron (Gupta, 2000).  

 The class includes several medically important groups of bacteria such as 

Enterobacteriaceae (including the most studied model organism E. coli), Vibrionaceae

and Pseudomonadaceae.  In addition, this groups  also includes, human, animal and plant 

pathogens, e.g. Salmonella (enteritis and typhoid fever), Yersinia (plague), Vibrio

(cholera), Pseudomonas aeruginosa (lung infections in hospitalized or cystic fibrosis 

patients), and major plant pathogens, e.g. Xanthomonas and Xylella (Williams et al., 

2010; Helgerson et al., 2006). A large number of species belonging to this group reside 

endosymbiotically in humans, animals and plants (Williams et al., 2010; Brenner et al., 

2005). Although this group is the most extensively studied group of bacteria because of 

its medical, ecological and agricultural importance, the taxonomy and systematics of this 

group remains problematic. Based on branching in 16S rRNA trees, the class 

Gammaproteobacteria is divided into 14 main orders or groups: Aeromonadales,

Alteromonadales, Cardiobacteriales, Chromatiales, “Enterobacteriales”, Legionellales,

Methylococcales, Oceanospirillales, Orbales, Pasteurellales, Pseudomonadales (Type 

Order), “Salinisphaerales”, Thiotrichales, “Vibrionales” and Xanthomonadales (Brenner 

et al., 2005; Parte, 2014). 

 The class Gammaproteobacteria, as well as all of its orders are presently 

identified solely based on their branching in the 16S rRNA or other gene trees, no other 

reliable biochemical or molecular characteristics are known that are specific for this class 
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and for its different orders, that can distinguish them from other bacteria.  Additionally,

the interrelationships among different orders within the class Gammaproteobacteria also 

remain to be determined with certainty. Because of the enormous diversity and the 

presence of important pathogens in the class Gammaproteobacteria, a large number of 

these bacteria have been sequenced and their complete genomes are deposited to public 

databases. As of January 2015 >10,000 complete/draft genomes belonging to class 

Gammaproteobacteria are present in the NCBI database (Tatusova et al., 2014). 

Research Objective  

 The objective of my research work is to perform comparative genomic studies on 

available gammaproteobacterial genomes to discover novel molecular markers, in the 

form of CSIs and CSPs, to help identify groups (orders) within the class 

Gammaproteobacteria in molecular terms. Major focus of my work has been on the 

demarcation and taxonomic refinement of Pasteurellales, Xanthomonadales and 

“Enterobacteriales”. With the help of identified molecular markers, major taxonomic 

revisions, particularly for Xanthomonadales and Pasteurellales, have been proposed. 

Additionally, the reliability of identified molecular markers has also been tested by 

sequencing new microbes. The impact and prevalence of LGT on prokaryotic genomes 

has been analyzed by utilizing CSIs and CSPs. It is estimated that these protein based 

molecular markers, provide strong evidence in favor of the Darwinian mode of 

prokaryotic evolution.  
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CHAPTER 2 

Conserved Signature Indels and Signature Proteins as Novel Tools for Understanding 

Microbial Phylogeny and Systematics: Identification of Molecular Signatures that are 

Specific for the Phytopathogenic Genera Dickeya, Pectobacterium and Brenneria 

This Chapter describes the usefulness of molecular markers (CSIs and CSPs) for the 

identification and classification of prokaryotic taxa. The phylogenetic trees were constructed 

along with the identification of CSIs and CSPs to understand phylogenetic relationships among 

Dickeya, Pectobacterium and Brenneria, the phytopathogens within Enterobacteriales. My 

contributions towards the completion of this chapter included the identification of CSIs and 

CSPs and construction of phylogenetic trees highlighted in the methods section. I was also 

involved in writing of the manuscript, including the figures and tables provided.  

*Due to limited space, supplementary figures (1-23) and tables are not included in the chapter but can be 
accessed along with the rest of the manuscript at:  

Naushad,H.S., Lee,B., and Gupta,R.S. (2014). Conserved signature indels and signature proteins as novel tools 
for understanding microbial phylogeny and systematics: identification of molecular signatures that are specific 
for the phytopathogenic genera Dickeya, Pectobacterium and Brenneria. Int J Syst. Evol. Microbiol 64, 366-
383
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Genome sequences are enabling applications of different approaches to more clearly understand

microbial phylogeny and systematics. Two of these approaches involve identification of conserved

signature indels (CSIs) and conserved signature proteins (CSPs) that are specific for different

lineages. These molecular markers provide novel and more definitive means for demarcation of

prokaryotic taxa and for identification of species from these groups. Genome sequences are also

enabling determination of phylogenetic relationships among species based upon sequences for

multiple proteins. In this work, we have used all of these approaches for studying the

phytopathogenic bacteria belonging to the genera Dickeya, Pectobacterium and Brenneria.

Members of these genera, which cause numerous diseases in important food crops and

ornamental plants, are presently distinguished mainly on the basis of their branching in

phylogenetic trees. No biochemical or molecular characteristic is known that is uniquely shared by

species from these genera. Hence, detailed studies using the above approaches were carried out

on proteins from the genomes of these bacteria to identify molecular markers that are specific for

them. In phylogenetic trees based upon concatenated sequences for 23 conserved proteins,

members of the genera Dickeya, Pectobacterium and Brenneria formed a strongly supported

clade within the other Enterobacteriales. Comparative analysis of protein sequences from the

Dickeya, Pectobacterium and Brenneria genomes has identified 10 CSIs and five CSPs that are

either uniquely or largely found in all genome-sequenced species from these genera, but not

present in any other bacteria in the database. In addition, our analyses have identified 10 CSIs and

17 CSPs that are specifically present in either all or most sequenced Dickeya species/strains, and

six CSIs and 19 CSPs that are uniquely found in the sequenced Pectobacterium genomes.

Finally, our analysis also identified three CSIs and one CSP that are specifically shared by

members of the genera Pectobacterium and Brenneria, but absent in species of the genus

Dickeya, indicating that the former two genera shared a common ancestor exclusive of Dickeya.

The identified CSIs and CSPs provide novel tools for identification of members of the genera

Dickeya and Pectobacterium and for delimiting these taxa in molecular terms. Descriptions of the

genera Dickeya and Pectobacterium have been revised to provide information for these molecular

markers. Biochemical studies on these CSIs and CSPs, which are specific for these genera, may

lead to discovery of novel properties that are unique to these bacteria and which could be

targeted to develop antibacterial agents that are specific for these plant-pathogenic bacteria.

INTRODUCTION

Phylogenetic and similarity studies based upon 16S rRNA
genes have greatly advanced our understanding of the
evolutionary relationships among prokaryotic organisms
(Olsen & Woese, 1993; Yarza et al., 2010). However, one

Abbreviations: CSIs, conserved signature indels; CSPs, conserved
signature proteins; ML, maximum-likelihood; NJ, neighbour-joining.
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central issue in microbial systematics that remains ill-
defined concerns the methods used for identification and
demarcation of prokaryotic taxa (Ludwig & Klenk, 2005;
Stackebrandt, 2006; Oren, 2010). Except for a limited few,
most prokaryotic taxa at different phylogenetic levels are
currently identified solely on the basis of their branching in
the 16S rRNA (gene) trees. For most taxa, no unique
biochemical, molecular or other characteristics are known
that are specific for them and could be used to distinguish
them from all others. Because the branching pattern of the
species in phylogenetic trees is influenced by large numbers
of variables, demarcation of prokaryotic taxa based upon
‘clustering in phylogenetic trees’ is imprecise and consti-
tutes only a ‘statistical definition’ (Ludwig & Klenk, 2005;
Naum et al., 2011). Additionally, defining prokaryotic taxa
based upon their branching in phylogenetic trees provides
no indication as to what properties might be commonly
shared by different members of a given clade, and it suggests
no experimental approaches to discover such characteris-
tics. According to Woese (1998), a good classification
scheme should have the following characteristics: ‘A biolo-
gical classification is in effect an overarching evolutionary
theory that guides our thinking and experimentation, ...’
Hence, to develop a more complete understanding of mi-
crobial phylogeny and systematics, it is necessary to discover
other reliable markers or characters for different prokar-
yotic taxa that can supplement our current understanding
of them (Gupta & Griffiths, 2002; Gupta, 2010; Gao &
Gupta, 2012a).

Genome sequences provide a valuable resource for
discovery of molecular markers that can be used for
reliable classification of prokaryotic taxa and for under-
standing evolutionary relationships among them (Lerat
et al., 2005; Dutilh et al., 2008; Gupta, 2010; Bhandari et al.,
2012; Gao & Gupta, 2012a). Conserved signature indels
(CSIs) and conserved signature proteins (CSPs) represent
two different types of molecular markers that are of great
value in these regards. These markers have been extensively
utilized in our work (Gupta, 2010; Bhandari et al., 2012;
Gao & Gupta, 2012a) and some of their important chara-
cteristics, which make them particularly useful for classi-
fication purposes, will be described later in this work. We
report here the application of these markers and phyloge-
nomic approaches for identification and classification of
the plant-pathogenic bacteria belonging to the genera
Dickeya, Pectobacterium and Brenneria.

Dickeya, Pectobacterium and Brenneria are important
genera of plant-pathogenic bacteria belonging to the
family Enterobacteriaceae (Hauben et al., 2005; Samson
et al., 2005; Ma et al., 2007). Of these bacteria, members of
the genera Pectobacterium and Dickeya are considered
broad-host-range, soft-rotting plant pathogens and affect
many food crops including potato, tomato, onions, sugar
beet, maize, pineapple, banana and sunflower, and many
ornamental plants (Hauben et al., 2005; Samson et al.,
2005; Charkowski, 2006; Ma et al., 2007; Yishay et al., 2008;
Czajkowski et al., 2011; Toth et al., 2011; Costechareyre

et al., 2012). The taxonomy of the phytopathogenic
bacteria belonging to the family Enterobacteriaceae
has undergone much revision over the years (Hauben
et al., 1998, 2005; Samson et al., 2005; Naum et al., 2011;
Denman et al., 2012; Bull et al., 2012). Initially, all Gram-
negative, rod-shaped, non-spore-forming and peritri-
chous-flagellated plant pathogens were part of the genus
Erwinia (Winslow et al., 1917). However, this idea was not
supported by later work as diverse pytopathogens were
found in Enterobacteriaceae, such as the genus Pantoea, and
Enterobacter dissolvens and Brenneria salicis, with varying
biovars, morphovars and serovars (Dye, 1968; Brenner
et al., 1986; Gavini et al., 1989; Hauben et al., 1998). The
detailed work conducted by Hauben et al. (1998) led to
the reclassification of many species from the genus
Erwinia (Winslow et al., 1917) to the genus Pectobacte-
rium (Waldee, 1945; Skerman et al., 1980). This work also
suggested division of Pectobacterium carotovorum into five
subspecies, three of which were later elevated to species
level (Gardan et al., 2003). Subsequently, Pectobacterium
chrysanthemi (formerly Erwinia chrysanthemi) and Brenneria
paradisiaca, based upon their distinct branching in the 16S
rRNA tree, were transferred to a new genusDickeya (Samson
et al., 2005), and several additional members of this genus
were also identified (Samson et al., 2005; Parkinson et al.,
2009; Van Vaerenbergh et al., 2012). The most recent
development in this regard involves the transfer of Brenneria
quercina to a new genus Lonsdalea and its division into
three subspecies as well as the reclassification of Dickeya
dieffenbachiae as Dickeya dadantii subsp. dieffenbachiae
(Brady et al., 2012).

Earlier phylogenetic studies based on individual gene/
protein sequences indicate that the members of the genera
Pectobacterium, Dickeya and Brenneria form a distinct clade
within the family Enterobacteriaceae (Hauben et al., 1998,
2005; Spröer et al., 1999; Samson et al., 2005; Ma et al.,
2007; Naum et al., 2008, 2011; Parkinson et al., 2009).
However, the branching order of these genera has been
found to be variable in these studies and it is not reliably
resolved (Hauben et al., 1998, 2005; Spröer et al., 1999;
Brown et al., 2000; Samson et al., 2005; Ma et al., 2007;
Young & Park, 2007; Naum et al., 2008, 2011).

The members of the above three phytopathogenic genera
are currently distinguished from each other as well as other
groups of bacteria primarily on the basis of their branching
in 16S rRNA trees (Hauben et al., 2005; Samson et al.,
2005; Naum et al., 2011). No molecular or biochemical
property is known that is uniquely shared by species from
these genera. Because these genera harbour many import-
ant plant pathogens, identification of molecular markers
that are specific for members of these genera should prove
very helpful in their reliable identification and classifica-
tion. Currently, genome sequences are available for 13
species/strains from these three genera (Table 1). In addi-
tion, draft genome sequences for many Dickeya species/
strains (.25) are also available in a number of databases
(NCBI and EzGenome/EzBiocloud). In the present study,
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we have carried out detailed analysis of protein sequences
from these genomes to identify molecular markers (i.e.
CSIs and CSPs) that are either specific for members of the
genera Dickeya and Pectobacterium or commonly shared
by these genera and Brenneria, providing information
regarding evolutionary relationships among them. We also
describe multiple CSIs and CSPs that are uniquely shared
by the members of these three genera defining a distinct
clade of phytopathogenic bacteria.

METHODS

Reconstruction of phylogenetic trees. Phylogenetic trees were
reconstructed based upon concatenated sequence alignment for
23 housekeeping and ribosomal proteins (namely GroEL, Gyrase A,
Gyrase B, IleRS, MetRS, DnaK, EF-G, EF-P, ProRS, RpoA, RpoB,
RpoC, SecY, GlyA, LeuRS, SerRS, ValRS, rRNA dimethyladenosine
transferase, 30S ribosomal proteins S2, S8 and S9, and 50S ribosomal
proteins L4 and L5). These proteins have been extensively used in
phylogenetic studies (Ciccarelli et al., 2006; Gupta, 2009; Wu et al.,
2009; Gao et al., 2009a; Naushad & Gupta, 2013). Sequences for these
proteins for various Dickeya, Pectobacterium and Brenneria species
and different Enterobacteriales were retrieved from the NCBI (http://
www.ncbi.nlm.nih.gov/) and EzGenome/EzBiocloud (EzGenome/
EzBiocloud.net) databases. Multiple sequence alignments for indi-
vidual proteins were created using CLUSTAL X 2.0 (Larkin et al., 2007).
After concatenation of these alignments into a single file, poorly
aligned regions were removed using Gblocks 0.91 b (Castresana,

2000), leaving a total of 12 986 positions in the final dataset, which

was used for reconstructing phylogenetic trees. The maximum-

likelihood (ML) and neighbour-joining (NJ) trees based on 100

bootstrap replicates of this alignment were reconstructed using MEGA

5.1 (Tamura et al., 2007) employing the Whelan and Goldman

(Whelan & Goldman, 2001) and Jones–Taylor–Thornton (Jones et al.,

1992) substitution models, respectively.

Identification of CSIs. To identify CSIs that might be specific for

Dickeya, Pectobacterium and Brenneria, BLASTP searches were carried

out on each protein/ORF from the genome of Dickeya zeae Ech586

(indicated as Dickeya dadantii Ech586 in the NCBI database) (Table

1). For proteins bearing high scoring homologues (E values ,1e220)

in at least three to four species from the above genera and a number

of other bacterial groups, such sequences were retrieved and multiple

sequence alignments were reconstructed using CLUSTAL X 2.0 (Larkin

et al., 2007). These alignments were visually inspected for the presence

of signature indels (insertions or deletions) that were restricted to

Dickeya, Pectobacterium and Brenneria, and which were flanked

on both sides by at least five to six conserved residues in the

neighbouring 30–40 amino acids. Those indels that were not flanked

by conserved regions were excluded as they do not provide useful

molecular markers (Gupta, 1998, 2010; Gao & Gupta, 2012a). The

species distribution of the indels thus identified was further examined

by performing BLASTP searches on the NCBI non-redundant database

on short sequence segments containing the indels and their flanking

conserved regions. We report here the results of only those CSIs

which are specific for species of the genera Dickeya, Pectobacterium

and Brenneria, and where similar CSIs were absent in other bacteria in

the top 250 BLAST hits. For a number of Dickeya species, for which

Table 1. Some characteristics of the genomes of Dickeya, Pectobacterium and Brenneria

Organism Reference sequence Size

(mbp)

No. of

proteins

DNA G+C

content (mol%)

Reference

Dickeya chrysanthemi Ech1591* NC_012912.14367 4.8 4163 55 DOE-JGID

Dickeya dadantii subsp. dadantii

3937

NC_014500.14687 4.9 4549 56 Glasner et al.

(2011)

Dickeya dadantii Ech703* NC_012880.14136 4.7 3970 55 DOE-JGID

Dickeya zeae Ech586* NC_013592.14318 4.8 4144 54 DOE-JGID

Pectobacterium atrosepticum

SCRI1043

NC_004547.2 5.1 4472 51 Bell et al. (2004)

Pectobacterium wasabiae WPP163 NC_013421.1 5.1 4437 51 DOE-JGID

Pectobacterium wasabiae CFBP

3304

Draft genome 5.1 4636 51 Nykyri et al.

(2012)

Pectobacterium carotovorum subsp.

carotovorum PC1

NC_012917.1 4.9 4246 52 DOE-JGID

Pectobacterium carotovorum subsp.

carotovorum PCC21

NC_018525.1 4.8 4263 52 Park et al. (2012)

‘Pectobacterium carotovorum subsp.

brasiliensis’ PBR1692

NZ_ABVX00000000 4.9 4836 52 (Glasner et al.,

2008)

Pectobacterium carotovorum subsp.

carotovorum WPP14

NZ_ABVY00000000 4.8 4540 52 Glasner et al.

(2008)

Pectobacterium sp. SCC3193 NC_017845.1 5.2 4705 50 Koskinen et al.

(2012)

Brenneria sp. EniD312 NZ_CM001230.1 4.9 4388 56 DOE-JGID

*The names of the following Dickeya species/strains, namely D. dadantii Ech586, D. dadantii Ech703 and D. zeae Ech1591 (as noted in the NCBI

database) have recently been changed to D. zeae Ech586, D. paradisiaca Ech703 and D. chrysanthemi Ech1591, respectively (Marrero et al., 2013).

The names used in this manuscript reflect the new classification.

DDOE-JGI, US Department of Energy (DOE) Joint Genome Institute (JGI).
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only draft genomes are available, the sequence information for
different CSIs was obtained by downloading the genome sequences
from the EzGenome/EzBiocloud database and then performing local
TBLASTN searches against the indel queries. We present here sequence
information for all sequenced species from the above three genera

but only a limited number of representatives from other groups. For
species of the genus Dickeya for which information was available from
multiple strains, only the sequences for the type strains of the species
are shown and unless otherwise indicated similar indels were present
in all other strains. Note that the names of a number of Dickeya
species/strains (namely D. dadantii Ech586, D. dadantii Ech703 and
D. zeae Ech1591) for which sequence information was obtained from
the NCBI database have recently been revised (Marrero et al., 2013).
The revised names of these species/strains, respectively, are D. zeae

Ech586, Dickeya paradisiaca Ech703 and Dickeya chrysanthemi
Ech1591. In the present work, we have used the revised nomencla-
tures of these species/strains rather than those indicated in the NCBI
database. In addition, the following Dickeya species/strains (namely
Dickeya sp. GBBC 2040, Dickeya sp. IPO 2222, Dickeya sp. MK10 and
Dickeya sp. MK16) in the NCBI database are referred to as different
strains of ‘Dickeya solani’ (Pritchard et al., 2013b). In the present
work, we have used the original names of these species/strains,

as ‘Dickeya solani’ is, at the time of writing, not a validly published
name. The differences in the names of Dickeya species/strains used in
the present work and the corresponding names in the NCBI database
are listed in Table S1, available in the online Supplementary Material.

Identification of signature proteins that are specific for

Dickeya, Pectobacterium and Brenneria. These studies were
carried out as described in our earlier work (Gao & Gupta, 2007;
Gupta & Mok, 2007; Gupta & Mathews, 2010). Searches using the
program BLASTP were carried out on individual proteins in the
genomes of D. zeae Ech586 and Pectobacterium wasabiae WPP163.
These searches were performed against the NCBI non-redundant
database using default parameters and without the low-complexity
filter (Altschul et al., 1997). Proteins of interest were those where
either all significant hits were from the members of these genera, or

which involved a large increase in E values from the last hit belonging
to these genera and the first hit from any other bacteria, and the E
values for the latter were .1e23 (Gao & Gupta, 2007; Gupta & Mok,
2007; Gupta & Mathews, 2010). However, higher E values can be
significant for smaller proteins, and hence the lengths of the query
proteins and those of the observed hits were taken into consideration
when analysing the results of these studies. For most of the CSPs
identified in this work, the lengths of the observed hits were very

similar to those of the query proteins. The proteins which were
exclusively found only in a single species or strain are not reported
here. For all identified signature proteins, their accession numbers,
protein lengths and any information regarding cellular functions
are presented.

RESULTS

Phylogenetic analysis based upon protein
sequences

The evolutionary relationships among members of the
genera Dickeya, Pectobacterium and Brenneria has thus far
been studied mainly on the basis of either individual or a
limited number of gene/protein sequences and have been
found to be variable (Samson et al., 2005; Ma et al., 2007;
Young & Park, 2007; Parkinson et al., 2009; Naum et al.,
2011; Denman et al., 2012). Sequences of several complete
or draft genomes for species/strains belonging to the genera

Dickeya, Pectobacterium and Brenneria are now available
in the NCBI and EzGenome/EzBiocloud databases (Table
1, Table S1) (Glasner et al., 2008, 2011; Koskinen et al.,
2012; Nykyri et al., 2012; Pritchard et al., 2013a, b). These
genome sequences provide means to examine the relation-
ship among these genera by reconstructing phylogenetic
trees based upon concatenated sequences for multiple
proteins. Such trees have proven more reliable in resolving
the interrelationships among different taxa (Ciccarelli
et al., 2006; Wu et al., 2009; Gao et al., 2009a; Williams
et al., 2010; Gao & Gupta, 2012a). We have reconstructed
phylogenetic trees for Dickeya, Pectobacterium and Bren-
neria species and other genome-sequenced species from the
order Enterobacteriales based on concatenated sequences
for 23 conserved proteins (see Methods). A bootstrapped
ML tree based on these sequences is shown in Fig. 1. An NJ
tree based on the same dataset is provided in Fig. S1. In
both the ML and the NJ trees, the species from the order
Enterobacteriales formed a number of distinct clades. One
of these well-resolved clades consisted of species belonging
to the genera Dickeya, Pectobacterium and Brenneria. This
clade was strongly supported by both the NJ and the ML
algorithms. Within this clade, species/strains from the
genera Dickeya and Pectobacterium also formed distinct
clades. For Dickeya, sequence information is now available
for a large number of species/strain (see Table 1, Table S1)
and the different strains of D. dadantii, Dickeya dianthicola,
D. chrysanthemi and D. zeae as well as ‘Dickeya solani’
(namely Dickeya sp. GBBC 2040, Dickeya sp. IPO 2222,
Dickeya sp. MK10 and Dickeya sp. MK16) were found to
form monophyletic clusters. D. paradisiaca formed the
deepest branch among Dickeya species and it was separated
from other species by a long branch. Marrero et al. (2013),
on the basis of phylogenetic analysis of partial sequences of
the dnaA, dnaJ, dnaX, gybB and recN genes, have proposed
that D. dadantii Ech586, D. dadantii Ech703 and D. zeae
Ech1591 should be reclassified as D. zeae Ech586, D. para-
disiaca Ech703 and D. chrysanthemi Ech1591, respectively.
The branching pattern observed in our tree supports their
proposed reclassification. In addition to the above relation-
ships, the tree based upon concatenated protein sequences
also strongly supported a grouping of Brenneria sp.
EniD312 with the Pectobacterium clade. Species from the
other phytopathogenic genera, namely Erwinia, Pantoea
and Enterobacter, were part of two other clades, which
showed no relationship to the Dickeya–Pectobacterium–
Brenneria clade. This tree provides a phylogenetic frame-
work for the results obtained using other comparative
genomic approaches that are described below.

Identification of CSIs that are specific for the
genera Dickeya, Pectobacterium and Brenneria

As noted earlier, conserved inserts and deletions (i.e. indels
or CSIs) in genes/proteins provide an important category
of molecular markers, whose discovery is facilitated by
genome sequences, which are proving very useful for
systematic and taxonomic studies. The indels that are
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Dickeya dadantii subsp. dadantii NCPPB 3537
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Dickeya sp. GBBC 2040
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Fig. 1. ML distance tree for the genome-sequenced Enterobacteriales species based upon concatenated sequences for 23
conserved proteins. Bootstrap scores for different nodes are shown at branch points. The tree was rooted using sequences
from Xanthomonadales species (i.e. Xanthomonas and Xylella). Bar, 0.05 changes per position. An NJ tree for this dataset is
shown in Fig. S1.
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useful phylogenetic markers are of defined size and are
flanked on both sides by conserved regions to ensure that
they constitute reliable characteristics (Gupta, 1998, 2000;
Gupta & Griffiths, 2002; Ajawatanawong & Baldauf, 2013).
Because of the highly specific nature of genetic changes that
give rise to conserved indels, such changes are less likely to
arise independently in different taxa by convergent or
parallel evolution (Gupta, 1998; Rokas & Holland, 2000).
Hence, when a CSI of defined size is uniquely found in a
phylogenetically defined group(s) of species, the simplest
explanation is that the genetic change responsible for it
occurred once in a common ancestor of this group that
then passed on to various descendants. Furthermore,
depending upon the presence or absence of a given CSI
in the outgroup species, it can be inferred whether a given
indel is an insert or a deletion and based upon this
information a rooted relationship among the species can be
derived, independently of phylogenetic trees (Gupta, 1998;
Griffiths & Gupta, 2004). Because genetic changes leading
to CSIs can occur at various stages in evolution, the
CSIs that are specific for taxonomic clades at different
phylogenetic depths (phylum, order, family, genus or
species) can be identified (Gao & Gupta, 2012b; Bhandari
& Gupta, 2013). Lastly, the shared presence of CSIs in
unrelated taxa also provides a means for identifying lateral
gene transfer events (Griffiths & Gupta, 2006).

Detailed investigations on identification of CSIs carried out
in this work have identified large numbers of CSIs that are
specific for species of the genera Dickeya, Pectobacterium
and Brenneria at multiple phylogenetic levels. Ten of these
CSIs are uniquely found in all of the sequenced species/
strains of Dickeya and two examples of them are shown
in Fig. 2. In these examples, a 2 aa insert in the enzyme
adenosine deaminase (Fig. 2a) and a 2 aa deletion in the
multidrug resistance protein MdtA (Fig. 2b) are specifically
found in all sequenced Dickeya species/strains, but they are
not present in the homologues from any other bacteria,
including Pectobacterium and Brenneria. Both these CSIs
are located within conserved regions of the proteins,
indicating that they constitute reliable molecular markers.
Information for eight other CSIs in different proteins,
which are also specific for the genus Dickeya, is sum-
marized in Table 2 and their sequences are presented in
Figs S2–S9. Note that our initial analysis, which identified
these CSIs, was based only on a limited number of Dickeya
species, for which complete genomes were available in the
NCBI database (Table 1). The presence of these CSIs in the
draft genomes of other Dickeya species (listed in Table S1)
was examined during revision of the manuscript. The
presence of these CSIs in all of the other sequenced Dickeya
species strongly indicates that they provide useful molecu-
lar markers, with predictive ability, for identification of
members of the genus Dickeya.

Similar to Dickeya, our work has identified six CSIs that are
uniquely shared by all of the sequenced species/strains from
the genus Pectobacterium. Two examples of these CSIs each
involving independent 5 aa inserts in the glycine cleavage

system T protein and the urea amidolyase related protein
are shown in Fig. 3. Both these CSIs, which are present in
conserved regions, are specific for the genus Pectobacterium
and they are not found in the homologues from any other
bacteria, including those from the genera Dickeya and
Brenneria. Two other CSIs in the proteins glycerol-3-
phosphate dehydrogenase subunit A and sigma E regula-
tory protein MucB/RseB (Figs S10 and S11) are also speci-
fically present in all of the sequenced species/strains of
Pectobacterium. For two additional CSIs, in the proteins
RecJ and phosphoribosyl-formyl-glycinamidine synthase
(Figs S12 and S13), which are also specific for Pectoba-
cterium, homologues were not detected in Pectobacterium
atrosepticum SCRI1043, which is the only species of the
genus Pectobacterium that is restricted to a single host
(potato) (Ma et al., 2007). Some characteristics of the
CSIs that are specific for the genus Pectobacterium are
summarized in Table 3.

In the phylogenetic tree based upon concatenated protein
sequences, Brenneria sp. EniD312 was found to form an
outgroup of the Pectobacterium clade and this branching
was statistically strongly supported (100 % bootstrap score).
Three CSIs identified in this work independently support
that the genera Brenneria (i.e. Brenneria sp. EniD312) and
Pectobacterium shared a common ancestor exclusive of
the genus Dickeya. One CSI depicting this relationship
is presented in Fig. 4. In the periplasmic serine protease
DegS, a 7 aa insert in a conserved region is commonly
shared by species of the genera Brenneria and Pectobac-
terium, but it is absent in species of the genus Dickeya and
other bacteria. Two other CSIs that are also specific for
species from the genera Brenneria and Pectobacterium
are found in the proteins 6, 7-dimethyl-8-ribityllumazin
synthase and GCN5-like N-acetyltransferase (Figs S14
and S15). The main characteristics of these CSIs are also
summarized in Table 3.

Our analyses have also identified 10 CSIs that in most cases
are specifically shared by all of the sequenced species from
these three genera. Two examples of these CSIs, which
are found in the proteins phosphoglycerate mutase and
seryl-tRNA synthetase, are shown in Fig. 5. The sequence
information for other CSIs that are commonly shared by
species from these genera is provided in Figs S16–S23 and
some of their characteristics are summarized in Table 4.
These CSIs provide strong evidence that species from these
three genera shared a common ancestor exclusive of other
bacteria.

Identification of CSPs that are specific for
members of the genera Dickeya, Pectobacterium
and Brenneria

CSPs, which are uniquely found in particular groups of
organisms, provide another important category of molecu-
lar markers that are useful for systematic and evolutionary
studies (Lerat et al., 2005; Gao & Gupta, 2007; Gupta &
Mok, 2007; Dutilh et al., 2008; Gupta & Mathews, 2010;
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(a)

(b)

Dickeya

Dickeya chrysanthemi NCPPB 402T 509200410
509199506
474480945
474480483
549991701
509200100
482685136
482684874
474480672
509200932
509200820
509200650
509200005
509199497
50121194
227111401
227326439
253688423
403058532
261821608
401705636
470154739
354597511
157145879
238919977
146311481
145201
206576076
291617383
253989635
227355589
212711771
161503443
270261678
82544009

509200451
509199482
474480454
474480936
549989176
509200011
482685061
482684846
474480620
509200910
509200758
509200607
509199927
509199464
50122106
227115074
227329098
253689335
403059444
261820619
401705164
470153689
354596685
157144977
260598562
238919101
261340517
291199737
284922068
218549491
206580406
291153098
161502717

Dickeya chrysanthemi NCPPB 402T

Dickeya zeae NCPPB 2538T

Dickeya dianthicola NCPPB 453T

Dickeya paradisiaca NCPPB 2511
Dickeya sp. D s0432–1
Dickeya sp. DW 0440
Dickeya sp. GBBC 2040
Dickeya sp. IPO 2222
Dickeya sp. MK10
Dickeya sp. MK7
Dickeya sp. NCPPB 3274
Dickeya sp. NCPPB 569
D. dadantii. dieffen. NCPPB 2976
D. dadantii. dadantii. NCPPB 898T

P. atrosepticum SCRI1043
‘P. caro. subsp. bra.’ PBR1692
P. caro. subsp. caro. WPP14
P. caro. subsp. caro. PC1
P. caro. subsp. caro. PCC21
P. wasabiae WPP163
P. wasabiae CFBP 3304
Pectobacterium sp. SCC3193
Brenneria sp. EniD312
Citrobacter koseri
Cronobacter turicensis
Edwardsiella ictaluri
Enterobacter cancerogenus
Erwinia amylovora
Escherichia coli
Escherichia fergusonii
Klebsiella pneumoniae
Pantoea ananatis
Salmonella enterica

Dickeya paradisiaca NCPPB 2511

Dickeya sp. NCPPB 569
Dickeya sp. NCPPB 3274

D. dadantii. dieffen. NCPPB 2976
D. dadantii. dadantii NCPPB 898T

P. atrosepticum SCRI1043
‘P. caro. subsp. bra.’ PBR1692
P. caro. subsp. caro. WPP14
P. caro. subsp. caro. PC1
P. caro. subsp. caro. PCC2
P. wasabiae WPP163
P. wasabiae CFBP 3304
Pectobacterium sp. SCC3193
Brenneria sp. EniD312
Citrobacter koseri
Edwardsiella ictaluri
Enterobacter sp. 638
Escherichia coli
Klebsiella pneumoniae
Pantoea ananatis
Photorhabdus asymbiotica
Proteus mirabilis
Providencia alcalifaciens
Salmonella enterica
Serratia odorifera
Shigella boydii

Dickeya sp. MK7
Dickeya sp. MK10
Dickeya sp. IPO 2222
Dickeya sp. GBBC 2040
Dickeya sp. DW 0440
Dickeya sp. D s0432–1
Dickeya dianthicola NCPPB 453T

Dickeya zeae NCPPB 2538T

Dickeya

Pectobacterium
+

Brenneria

Pectobacterium
+

Brenneria

Other
Enterobacteriales

Other
Enterobacteriales

117 147

206 235
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Gao & Gupta, 2012b). Because of their unique shared
presence by species from specific clades, the genes for these
proteins probably first originated in the common ancestors
of these groups and were then retained by all their
descendants. Hence, these genes/proteins represent another
distinct type of synapomorphic characters that are useful
for identifying different groups of organisms in molecular
terms and for understanding evolutionary relationships
(Dutilh et al., 2008; Gupta & Mathews, 2010; Gupta & Gao,
2010; Gao & Gupta, 2012b). The work on identification of
CSPs, which was carried out as described in Methods, has
identified five CSPs that are uniquely found in different
sequenced members of the genera Dickeya, Pectobacterium
and Brenneria, providing molecular markers for this group
of phytopathogenic bacteria (Table 5). In addition, these
studies have identified six CSPs whose homologues are
uniquely found in all sequenced Dickeya species (Table 6).
Eleven other CSPs are also specific for members of the
genus Dickeya, except that their homologues were not
detected in the deeper branching D. paradisiaca (Table 6).
It is possible that the genes for these CSPs first originated
in a common ancestor of the other Dickeya species after the
divergence of D. paradisiaca. Lastly, 19 CSPs identified
in this work are specific for members of the genus

Pectobacterium, providing molecular markers for this genus
(Table 7). Some characteristics of these proteins are listed
in Tables 5–7. Most of these Dickeya- and Pectobacterium-
specific proteins are annotated as hypothetical and their
cellular functions are not known.

DISCUSSION

Members of the genera Dickeya, Pectobacterium and
Brenneria are important plant pathogens that are currently
distinguished primarily on the basis of their branching
in phylogenetic trees (Hauben et al., 2005; Samson et al.,
2005; Naum et al., 2008, 2011). We have used comparative
genomic approaches to examine their evolutionary rela-
tionships and to identify molecular markers that are
specific for these bacteria. Information from available
genomes was initially used to reconstruct phylogenetic
trees for different species/strains of Dickeya, Pectobacterium
and Brenneria as well as other Enterobacteriales based upon
concatenated sequences of 23 conserved proteins. To date,
this is the largest dataset used to examine the evolutionary
relationship among these bacteria. In the resulting trees,
species from these three genera formed a strongly

Fig. 2. Excerpts from the sequence alignments of adenosine deaminase (a) and multidrug resistance protein MdtA (b) showing
two CSIs (boxed) that are commonly shared by all detected species/strains of the genus Dickeya. The dashes (–) in these as
well as all other alignments indicate identity with the amino acid on the top line. The numbers on the top line represent the region
of protein containing CSIs. The second column indicates GenBank identification numbers for the sequences. For the species,
whose annotated genomes were not available (see Table S1), the numbers shown are for the contigs where these sequences
are present. Due to space considerations, sequence information is shown for only a limited number of other bacteria. However,
unless otherwise noted, all of the reported CSIs are specific for the indicated groups and similar CSIs were not observed in the
top 250 BLASTP hits with the query sequences. Information for other Dickeya-specific CSIs is provided in Table 2 and Figs S2–
S9. Abbreviations used in the species names are: P., Pectobacterium; P. caro. subsp. bra., ‘Pectobacterium carotovorum

subsp. brasiliensis’; P. caro. subsp. caro., Pectobacterium carotovorum subsp. carotovorum; D. dadantii subsp. dieffen.
NCPPB 2976, Dickeya dadantii subsp. dieffenbachiae NCPPB 2976; D. dadantii subsp. dadantii NCPPB 898, Dickeya

dadantii subsp. dadantii NCPPB 898.

Table 2. CSIs specific for the genus Dickeya

Protein name Gene name GI number Figure number Indel size Indel position

Adenosine deaminase add 251789743 Fig. 2(a) 2 aa insert 117–147

Multidrug resistance protein MdtA mdtA 251788831 Fig. 2(b) 2 aa deletion 200–242

AMP-dependent synthetase and ligase 2 251788831 Fig. S2 2 aa insert 41–63

4-Amino-4-deoxy-L-arabinose transferase* arnT 251791779 Fig. S3 1 aa insert 232–264

HAD-superfamily hydrolase 2 251787900 Fig. S4 1 aa insert 189–214

Hypothetical protein Dd1591-2304 2 251789904 Fig. S5 1 aa insert 220–259

Electron transport complex, RnfABCDGE

type, C subunit

rnfC 251789757 Fig. S6 1 aa insert 313–348

Molybdenum cofactor synthesis domain-

containing protein

moeA 251790145 Fig. S7 1 aa deletion 50–89

2-Succinyl-5-enolpyruvyl-6-hydroxy-3-

cyclohexene-1-carboxylate synthase

menD 251790594 Fig. S8 1 aa deletion 264–293

b-D-Galactosidase* lacZ 251790316 Fig. S9 1 aa deletion 577–602

*Homologous protein/part of the sequences corresponding to the region containing the CSIs was found to be missing in Brenneria sp. EniD312.
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Fig. 3. Excerpts from the sequence alignments of alycine cleavage system T protein (a) and urea amidolyase-like protein (b), each
containing 5 aa inserts that are uniquely found in various sequenced species/strains of the genus Pectobacterium but not found in
other bacteria. The information for other CSIs that are also specific for this genus is presented in Table 3 and Figs S10–S13.
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Table 3. CSIs specific for the genus Pectobacterium or Pectobacterium and Brenneria

Protein name Gene name GI number Figure number Indel size Indel position

Glycine cleavage system T protein gcvT 253687023 Fig. 3(a) 5 aa insert 142–184

Urea amidolyase related protein 2 253690318 Fig. 3(b) 5 aa insert 198–242

Glycerol-3-phosphate dehydrogenase subunit A glpB 253687621 Fig. S10 8 aa insert 381–421

Sigma E regulatory protein, MucB/RseB resB 253689444 Fig. S11 1 aa insert 168–196

Single-stranded-DNA-specific exonuclease RecJ* recJ 253687048 Fig. S12 5 aa insert 191–239

Phosphoribosyl-formyl-glycinamidine synthaseD purL 261820538 Fig. S13 1 aa insert 332–365

Periplasmic serine protease DegSd degS 253686693 Fig. 4(a) 7 aa insert 166–210

6,7-Dimethyl-8-ribityllumazine synthased ribH 253687421 Fig. S14 3 aa insert 52–92

GCN5-like N-acetyltransferased - 253689699 Fig. S15 1 aa deletion 593–628

*The CSIs were found to be missing in Pectobacterium atrosepticum SCRI1043 and Pectobacterium wasabiae CFBP 3304.

DThe CSIs were found to be missing in Pectobacterium atrosepticum SCRI1043.

dThe CSIs are commonly shared between the genera Pectobacterium and Brenneria.

Pectobacterium
+

Brenneria

Dickeya
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Fig. 4. Partial sequence alignments of the periplasmic serine protease (DegS) protein showing a 7 aa insert that is commonly
shared between members of the genus Pectobacterium and Brenneria sp. EniD312. Information for two other CSIs exhibiting
similar specificities is provided in Figs S14 and S15.
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Fig. 5. Partial sequence alignments for the proteins phosphoglycerate mutase (a) and seryl-tRNA synthetase (b), showing two
different 1 aa inserts that are uniquely present in all of the genome-sequenced species from the genera Dickeya,
Pectobacterium and Brenneria. Information for other CSIs showing similar specificity is provided in Table 4 and Figs S16–S23.

H. S. Naushad, B. Lee and R. S. Gupta

376 International Journal of Systematic and Evolutionary Microbiology 64

PhD – Sohail Naushad McMaster University - Biochemistry

37



supported monophyletic clade within the order Enterobac-
teriales. Within the clade comprising these three genera,

species/strains from the genera Dickeya and Pectobacterium

also formed distinct monophyletic clades with Brenneria

sp. EniD312 forming an outgroup of the Pectobacterium

clade. Within the genus Dickeya, following the recently

proposed name changes by Marrero et al. (2013), different

strains of various Dickeya species also formed monophyletic

groupings, thus supporting the proposed reclassification.

However, the main objective of this work was to identify

molecular markers that are specific for the genera Dickeya,
Pectobacterium and Brenneria. Accordingly, this work
has identified numerous molecular markers comprising
CSIs and CSPs that either are specific for the sequenced

members of these three genera or are uniquely shared by
some or all of them. A summary of the species specificity

of the discovered markers is provided in Fig. 6. Of these
molecular signatures, six CSIs and five CSPs are uniquely
shared by all sequenced species from these three genera.
Four additional CSIs are also largely specific for these three
genera, except that they are missing in one of the species or

present in an isolated species from some other taxa. The
unique shared presence of these molecular markers by

species from these three genera provides strong evidence
that they shared a common ancestor exclusive of other
bacteria and that they form a distinct subgroup within the

order Enterobacteriales. In addition, 10 CSIs and 17 CSPs

discovered during this work were found to be distinctive
characteristics of members of the genus Dickeya. Several of
these CSPs, which are lacking in D. paradisiaca, support the
deeper branching of this species in comparison with the
other Dickeya species. Additionally, six CSIs and 19 CSPs
are uniquely found in all (or most) Pectobacterium species/
strains. These molecular signatures provide novel means
for identification of species from these groups and for
demarcation of these genera in molecular terms. Addi-
tionally, this work has also identified three CSIs and one
CSP that are uniquely shared by members of the genus
Pectobacterium and Brenneria sp. EniD312. These results
provide evidence that Pectobacterium and Brenneria sp.
EniD312 shared a common ancestor exclusive of the genus
Dickeya. This inference is also supported by the branching
of these species in the concatenated protein tree (Fig. 1).
However, the inference that Brenneria is more closely
related to Pectobacterium is based only on Brenneria sp.
EniD312 and it remains to be determined whether other
Brenneria species also behaved similarly.

In addition to their usefulness for the classification
(demarcation) of these genera and for clarifying their
evolutionary relationships, the discovered molecular mar-
kers also provide novel means for the identification of these
bacteria. In addition to their specificity for these taxa, these
markers possess a high degree of predictive ability that they

Table 4. CSIs shared by the genera Dickeya, Pectobacterium and Brenneria

Protein name Gene name GI number Figure number Indel size Indel position

Phosphoglycerate mutase gpmB 253690035 Fig. 5(a) 1 aa insert 54–90

Seryl-tRNA synthetase serS 253688109 Fig. 5(b) 1 aa insert 2–32

Adenylate cyclase cyaA 253689768 Fig. S16 5 aa insert 11–48

Polyprenyl synthetase 2 253687426 Fig. S17 3 aa insert 268–300

Alkylated DNA repair protein alkB 227329148 Fig. S18 2 aa insert 190–215

Glutamate synthase subunit alpha gltB 227112762 Fig. S19 1 aa insert 821–857

Osmosensitive K channel His kinase sensor* 2 253687609 Fig. S20 1 aa insert 408–438

Cytoplasmic asparaginase ID ansA 253688356 Fig. S21 1 aa insert 304–335

Diguanylate cyclaseD 2 253686656 Fig. S22 1 aa insert 259–295

OmpA/MotB domain-containing proteinD 2 253688988 Fig. S23 1 aa insert 234–262

*The homologous part of the proteins containing CSIs were found to be missing in Brenneria sp. EniD312.

DThe CSIs were found to be shared by one or two other gammaproteobacterial species (see respective figures for detail).

Table 5. CSPs specific for the genera Dickeya, Pectobacterium and Brenneria

Protein name Accession no. GI number Length (aa)

Global regulatory protein YP_003332283.1 271499258 130

Hypothetical protein Dd586_0697 YP_003332295.1 271499270 140

Hypothetical protein Dd586_1616 YP_003333187.1 271500162 84

Hypothetical protein Dd586_1999 YP_003333560.1 271500535 99

Hypothetical protein Dd586_2255* YP_003333811.1 271500786 82

*The homologue of this protein is not found in Brenneria.
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will also be be found in other members of these groups.
This is illustrated by the fact that our initial analysis, which
identified these CSIs, was based upon sequence informa-
tion for only four Dickeya species/strains, whose complete
genomes were available in the NCBI database (Table 1).
The presence of these CSIs in the draft genomes of various

other Dickeya species/strains (listed in Table S1) was
examined only during revision of this manuscript. The fact
that all of these CSIs and CSPs are also present in all or
most of the other Dickeya species provides strong evidence
that these molecular markers constitute distinctive char-
acteristics of members of the genus Dickeya and that they

Table 6. CSPs that are uniquely found in Dickeya species

Protein name Accession no. GI number Length (aa)

Hypothetical protein Dd586_1497 YP_003333070.1 271500045 52

Hypothetical protein Dd586_1737 YP_003333305.1 271500280 165

Hypothetical protein Dd586_1775 YP_003333343.1 |271500318 362

Hypothetical protein Dd586_2539 YP_003334091.1 271501066 130

Hypothetical protein Dd586_2824 YP_003334369.1 271501344 41

Putative lipoprotein YP_003334921.1 271501895 91

Hypothetical protein Dd586_0422* YP_003332023.1 271498998 268

Hypothetical protein Dd586_0554* YP_003332153.1 271499128 57

Hypothetical protein Dd586_1795* YP_003333363.1 271500338 43

Hypothetical protein Dd586_1801* YP_003333369.1 271500344 160

Hypothetical protein Dd586_2330* YP_003333886.1 271500861 91

Hypothetical protein Dd586_2377* YP_003333933.1 271500908 79

Hypothetical protein Dd586_2418* YP_003333972.1 271500947 34

Hypothetical protein Dd586_2798* YP_003334343.1 271501318 69

Hypothetical protein Dd586_3460* YP_003334996.1 271501970 269

Hypothetical protein Dd586_3464* YP_003335000.1 271501974 66

Hypothetical protein Dd586_3530* YP_003335066.1 271502040 51

*The homologues for these proteins were not detected in Dickeya paradisiaca.

Table 7. CSPs that are uniquely found in Pectobacterium species

Protein name Accession no. GI number Length (aa)

Hypothetical protein Pecwa_0644 YP_003258075.1 261819969 178

Hypothetical protein Pecwa_0660 YP_003258091.1 261819985 153

Hypothetical protein Pecwa_0689 YP_003258117.1 261820011 171

Hypothetical protein Pecwa_0691 YP_003258119.1 261820013 156

Hypothetical protein Pecwa_0772 YP_003258198.1 261820092 55

Hypothetical protein Pecwa_1061 YP_003258485.1 261820379 156

Hypothetical protein Pecwa_1094 YP_003258515.1 261820409 118

Hypothetical protein Pecwa_1436 YP_003258842.1 261820736 206

Hypothetical protein Pecwa_1592 YP_003258989.1 261820883 95

Hypothetical protein Pecwa_3132 YP_003260481.1 261822375 204

Hypothetical protein Pecwa_2681* YP_003260044.1 261821938 46

Hypothetical protein Pecwa_2954* YP_003260310.1 261822204 191

Hypothetical protein Pecwa_3013* YP_003260366.1 261822260 93

Hypothetical protein Pecwa_3586* YP_003260929.1 261822823 44

Hypothetical protein Pecwa_3766* YP_003261108.1 261823002 36

Hypothetical protein Pecwa_3818* YP_003261159.1 261823053 164

Hypothetical protein Pecwa_0611* YP_003258042.1 261819936 38

Hypothetical protein Pecwa_0685* YP_003258113.1 261820007 282

Hypothetical protein Pecwa_1718* YP_003259112.1 261821006 37

Hypothetical protein Pecwa_0258D YP_003257719.1 261819613 174

*Homologue of the proteins not found in Pectobacterium atrosepticum.

DThe CSP is specific to Pectobacterium and Brenneria.
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will probably also be found in other species/strains (both
known as well as unknown) that are part of this genus.

Members of these three genera are responsible for a
broad range of diseases in economically important plants
(Hauben et al., 2005; Samson et al., 2005; Charkowski,
2006; Ma et al., 2007; Yishay et al., 2008; Czajkowski et al.,
2011; Toth et al., 2011; Costechareyre et al., 2012). Hence,
there is a need for developing more rapid, sensitive and
specific methods for their identification (Diallo et al., 2009;
Van Vaerenbergh et al., 2012). Given their specificity

and predictive ability for members of these genera, the

molecular markers described here are of great interest in this

regard. The primary sequences of the genes/proteins

containing many of the described CSIs or CSPs, which

are specific for these genera, exhibit high degrees of

sequence conservation. Hence, PCR and other molecular

probes based upon their gene sequences (including

sequence regions flanking the CSIs) should provide novel

means for the development of sensitive and specific
methods for the identification of both known as well as
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Pectobacterium atrosepticum
Pectobacterium betavasculorum
Pectobacterium cacticida
Pectobacterium carnegieana
Pectobacterium chrysanthemi
Pectobacterium cypripedii
Pectobacterium rhapontici
Pectobacterium wasabiae

5 CSPs

3 CSIs

17 CSPs

19 CSPs

6 CSIs

1 CSPs

10 CSIs

10 CSIs

Fig. 6. Summary diagram showing the species distribution pattern of different CSIs and CSPs identified in this work and the
evolutionary stages where the genetic changes responsible for them probably occurred. The species/strains whose genomes
are sequenced are shown in bold. The type species of the genera are marked by superscript ‘T’.
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novel members of these genera in different settings (Gao
& Gupta, 2005; Ahmod et al., 2011).

The cellular functions of the CSIs and CSPs that are specific
for these plant-pathogenic genera are presently not known.
However, due to the specific presence of these molecular
characteristics in members of these genera, the discovered
characteristics are expected to play important roles in these
bacteria. Our recent work on several CSIs in the Hsp60
(GroEL) and Hsp70 (DnaK) proteins provides evidence that
the CSIs such as those identified here are essential for the
groups of bacteria where they are found (Singh & Gupta,
2009). Likewise, the CSPs that are limited to a given group of
bacteria are also postulated to perform essential functions in
the particular groups of bacteria (Fang et al., 2005; Narra et al.,
2008; Gao et al., 2009b; Lorenzini et al., 2010). Hence, further
studies on understanding the cellular functions of these CSIs
and CSPs could lead to the discovery of novel biochemical
properties that are specific for these plant-pathogenic bacteria.
Furthermore, the conserved indels in protein sequences
provide possible means for development of antibacterial
agents that can specifically target these groups of plant
pathogens (Nandan et al., 2007; Naushad & Gupta, 2013).

Taxonomic implications

At present, no biochemical or molecular marker is known
that is specific for members of the genera Dickeya,
Pectobacterium and Brenneria. This work describes
large numbers of molecular markers that are specific for
members of these genera or those that are commonly
shared by species from these three genera. The markers that
are specific for Dickeya or Pectobacterium provide novel
and more definitive means for demarcation of these taxa in
molecular terms. Additionally, the markers identified in
this work also provide strong evidence that members of
the genera Dickeya, Pectobacterium and Brenneria form a
distinct clade within the order Enterobacteriales and that this
clade should eventually be recognized as a new family-level
taxon (‘Pectobacteriaceae’) within this order. The above three
genera are presently part of the family Enterobacteriaceae,
which is the sole family within the order Enterobacteriales
(Euzéby, 2013). In phylogenetic trees, members of the order
Enterobacteriales form a number of distinct groups (Gao et al.,
2009a; Williams et al., 2010) (Fig. 1). Hence, a formal propo-
sal to place the genera Dickeya, Pectobacterium and Brenneria
into a new family cannot be made until more reliable means
to divide the order Enterobacteriales into a number of distinct
families are identified. Nonetheless, based upon the identified
signatures, the descriptions of the genera Dickeya and Pec-
tobacterium are emended to include information for the
molecular signatures.

Emended description of the genus Dickeya
Samson et al., 2005

The morphological and phenotypic characteristics of this
genus remain as described by Samson et al. (2005). Cells

are Gram-negative rods, 0.5–1.061.0–3.0 mm with roun-
ded ends. They occur mostly alone or in pairs, but
sometimes in chains. Cells are usually motile by means
of peritrichous flagella. They are facultatively aerobic/
anaerobic bacteria that catabolize glucose by a fermentative
pathway and reduce nitrates to nitrites. Members
of this genus are capable of hydrolysing pectin, pro-
duce indole and grow optimally at 36 uC. Catabolize
(+)-L-arabinose, myo-inositol, (+)-D-malate, malonate,
D-mannose, mucate, saccharate and mesotartrate, but do
not catabolize (+)-trehalose, methyl a-glucoside, (+)-D-
arabitol or sorbitol. Members of this genus cause vascular
wilts or soft rots on a range of host plants. The DNA G+C
contents of these bacteria range from 53.6 to 59.5 mol%.
The type species is Dickeya chrysanthemi (Samson et al.,
2005). Members of this genus can be distinguished from
other bacteria based on CSIs in the following proteins:
adenosine deaminase, multidrug resistance protein MdtA,
AMP-dependent synthetase and ligase, 4-amino-4-deoxy-
L-arabinose transferase, HAD-superfamily hydrolase,
hypothetical protein Dd1591-2304, electron transport
complex RnfABCDGE type (C subunit), molybdenum
cofactor synthesis domain-containing protein, 2-succinyl-
5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase
and b-D-galactosidase. In addition, the genes for the
following CSPs whose GenBank identification numbers
are noted here (namely 271498998, 271499128, 271500045,
271500280, 271500318, 271500338, 271500344, 271500861,
271500908, 271500947, 271501066, 271501318, 271501344,
271501895, 271501970, 271501974 and 271502040) are also
uniquely found in the sequenced members of the genus
Dickeya. However, as noted in Table 5, the homologues of
some of these CSPs are not detected in the deep branching
D. paradisiaca.

Emended description of the genus
Pectobacterium Waldee 1945 (Approved Lists
1980), emend. Hauben et al. 1998

The phenotypic characteristics of this genus remain as
described by Waldee (1945) and Hauben et al. (1998,
2005). Cells are Gram-negative rods which are 0.5–1.06
1.0–3.0 mm with rounded ends. They occur mostly alone
or in pairs, but chains occur as well. Cells are usually motile
by means of peritrichous flagella. Strains are catalase-
positive and oxidase-negative. They are facultative anaerobes

and use fermentative metabolism to grow on a variety of

simple sugars and amino acids as described by Hauben

et al. (1998). Strains do not possess tryptophan deaminase

or urease and hydrolyse aesculin but not starch. They

produce acid from N-acetylglucosamine as well as

a number of other simple sugars. Members of this genus

(except Pectobacterium cypripedii) possess pectolytic

enzymes and cause soft rots, necroses and wilts on food

crops and ornamental plants. Members of this genus,

whose type species is Pectobacterium carotovorum (Jones,

1901), Waldee 1945 (Approved Lists 1980) (Jones, 1901;
Waldee, 1945; Skerman et al., 1980; Hauben et al., 1998),
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can be distinguished from other bacteria by CSIs in the
following proteins: glycine cleavage system T protein,
urea amidolyase related protein, glycerol-3-phosphate
dehydrogenase subunit A, sigma E regulatory protein,
MucB/RseB, single-stranded-DNA-specific exonuclease RecJ
and phosphoribosyl-formyl-glycinamidine synthase. In addi-
tion, the genes for the following CSPs whose GenBank
identification numbers are noted here (namely 261819969,
261819985, 261820011, 261820013, 261820092, 261820379,
261820409, 261820736, 261820883, 261822375, 261821938,
261822204, 261822260, 261822823, 261823002, 261823053,
261819936, 261820007 and 261821006) are also uniquely
found in the sequenced Pectobacterium species.

ACKNOWLEDGEMENTS

This work was supported by a research grant from the Ontario Ministry

of Innovation and Economic Development-Ontario Research Fund.

We thank Misbah Sohail for assistance in the analysis of sequence data

for identification of CSIs.

REFERENCES

Ahmod, N. Z., Gupta, R. S. & Shah, H. N. (2011). Identification of a

Bacillus anthracis specific indel in the yeaC gene and development of a

rapid pyrosequencing assay for distinguishing B. anthracis from the B.

cereus group. J Microbiol Methods 87, 278–285.

Ajawatanawong, P. & Baldauf, S. L. (2013). Evolution of protein

indels in plants, animals and fungi. BMC Evol Biol 13, 140.

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z.,
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CHAPTER 3 

Molecular Signatures (Conserved Indels) in Protein Sequences that are 

Specific for the Order Pasteurellales and Distinguish Two of Its Main Clades 

This Chapter describes the identification of CSIs for the order Pasteurellales. These CSIs are 

the first reported molecular markers for this order. The identification of CSIs for two 

different clades of this order provided strong evidence for the division of Pasteurellales into 

different families. The division was also supported by phylogenetic trees. My contribution 

encompassed the performance of comparative genomic analysis and the construction of the 

phylogenetic trees highlighted in the methods section. In addition, I was involved in data 

analysis, in writing of the manuscript and the construction of the figures and tables. 

*Due to limited space, supplementary figures (1-51) are not included in the chapter but can be accessed along 
with the rest of the manuscript at: 

Naushad,H.S. and Gupta,R.S. (2012). Molecular signatures (conserved indels) in protein sequences that are 
specific for the order Pasteurellales and distinguish two of its main clades. Antonie Van Leeuwenhoek 101, 
105-124.
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Abstract The members of the order Pasteurellales

are currently distinguished primarily on the basis of

their branching in the rRNA trees and no convincing

biochemical or molecular markers are known that

distinguish them from all other bacteria. The genome

sequences for 20 Pasteurellaceae species/strains are

now publicly available. We report here detailed

analyses of protein sequences from these genomes to

identify conserved signature indels (CSIs) that are

specific for either all Pasteurellales or its major

clades. We describe more than 23 CSIs in widely

distributed genes/proteins that are uniquely shared by

all sequenced Pasteurellaceae species/strains but are

not found in any other bacteria. Twenty-one addi-

tional CSIs are also specific for the Pasteurellales

except in some of these cases homologues were not

detected in a few species or the CSI was also present

in an isolated non-Pasteurellaceae species. The

sequenced Pasteurellaceae species formed two dis-

tinct clades in a phylogenetic tree based upon

concatenated sequences for 10 conserved proteins.

The first of these clades consisting of Aggregatibacter,

Pasteurella, Actinobacillus succinogenes, Mannheimia

succiniciproducens, Haemophilus influenzae and

Haemophilus somnus was also independently supported

by 13 uniquely shared CSIs that are not present

in other Pasteurellaceae species or other bacteria.

Another clade consisting of the remaining Pasteu-

rellaceae species (viz. Actinobacillus pleuropneumo-

niae, Actinobacillus minor, Haemophilus ducryi,

Mannheimia haemolytica and Haemophilus parasuis)

was also strongly and independently supported by

nine CSIs that are uniquely present in these bacteria.

The order Pasteurellales is presently made up of a

single family, Pasteurellaceae, that encompasses all

of its genera. In this context, our identification of two

distinct clades within the Pasteurellales, which are

supported by both phylogenetic analyses and by

multiple highly specific molecular markers, strongly

argues for and provides potential means for the

division of various genera from this order into a

minimum of two families. The genetic changes

responsible for these CSIs were likely introduced in

the common ancestors of either all Pasteurellales or

of these two specific clades. These CSIs provide

novel means for the identification and circumscrip-

tion of these groups of Pasteurellales in molecular

terms.

Keywords Conserved indels � Pasteurellales
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Introduction

The members of the order Pasteurellales are Gram-

negative, non-motile and aerobic to facultative anaer-

obic bacteria, which constitute one of the main orders

within the Class Gammaproteobacteria (Pohl 1981;

Mutters et al. 1989; Paster et al. 1993; Olsen et al.

2005; Christensen et al. 2007; Christensen and

Bisgaard 2010). The order Pasteurellales presently

contains a single family, Pasteurellaceae, that is made

up of at least 15 genera and [70 species (see

http://www.the-icsp.org/taxa/Pasteurellaceaelist.htm;

Christensen and Bisgaard 2010). These bacteria are

commonly present as commensals in the mucosal

membranes of the respiratory, alimentary and repro-

ductive tracts of various vertebrates (mainly birds and

mammals) including humans (Bisgaard 1993; Olsen

et al. 2005; Christensen and Bisgaard 2010). The

presence of these bacteria in both healthy as well as

diseased vertebrates indicates that they are opportu-

nistic pathogens and several of them are important

human and animal pathogens. For example, Hae-

mophilus influenzae, Haemophilus ducreyi and

Aggregatibacter (Agg.) actinomycetemcomitans are

respectively involved in the causation of bacteremia,

pneumonia and acute bacterial meningitis; the

Table 1 Sequence characteristics of the Pasteurellales genomes

Organism GenBank

accession No.

Size

(Mbp)

No. of

proteins

% GC

content

Reference

Actinobacillus pleuropneumoniae L20 CP000569 2.3 2012 41.3 Foote et al. (2008)

Actinobacillus pleuropneumoniae serovar 3
str. JL03

CP000687 2.2 2036 41.2 Xu et al. (2008)

Actinobacillus pleuropneumoniae serovar 7
str. AP76

CP001091 2.3 2131 41.2 STHHb

Actinobacillus succinogenes 130Z CP000746 2.3 2079 44.9 DOE-JGI

Actinobacillus minor 202 ACFT00000000 2.1 2050 39.3 McGill Universityc

Aggregatibacter actinomycetemcomitans
D11S-1

CP001733 2.2 2135 44.3 Chen et al. (2009)

Aggregatibacter aphrophilus NJ8700 CP001607 2.3 2219 42.2 Di Bonaventura et al. (2009)c

Haemophilus ducreyi 35000HP AE017143 1.7 1717 38.2 Ohio State Universitya

Haemophilus influenzae 86-028NP CP000057 1.9 1792 38.2 Harrison et al. (2005)

Haemophilus influenzae PittEE CP000671 1.8 1613 38.0 Hogg et al. (2007)

Haemophilus influenzae PittGG CP000672 1.9 1661 38.0 Hogg et al. (2007)

Haemophilus influenzae Rd KW20 L42023 1.8 1657 38.2 Fleischmann et al. (1995)

Haemophilus influenzae R2846 CP002276 1.8 1691 38.0 UW-BRI

Haemophilus influenzae R2866 CP002277 1.9 1817 38.1 UW-BRI

Haemophilus parasuis SH0165 CP001321 2.3 2021 40.0 Yue et al. (2009)

Haemophilus somnus 129PT CP000436 2.0 1792 37.2 Barabote et al. (2009)

Haemophilus somnus 2336 CP000947 2.3 1980 37.4 Virginia Tech

Mannheimia haemolyticac AASA01000000 2.6 2839 41.1 Gioia et al. (2006)

Mannheimia succiniciproducens
MBEL55E

AE016827 2.3 2369 42.5 Hong et al. (2004)

Pasteurella multocida subsp. multocida str.

Pm70

AE004439 2.3 2015 40.4 May et al. (2001)

UW-BRI University of Washington; Seattle Biomedical Research Institute, DOE-JGI Genome is sequenced by the Department of

Education Joint Genome Institute
a Sequenced by Ohio State University
b Sequenced by Stiftung Tieraerztliche Hochschule Hannover (STHH)
c Draft genomes. The sequences for Actinobacillus minor 202 and NM305 are being sequenced by McGill University
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sexually transmitted disease chancroid; and juvenile

periodontitis in humans (Bisgaard 1993; Fleischmann

et al. 1995; Spinola et al. 2002; Olsen et al. 2005;

Christensen and Bisgaard 2010). Other species such as

Mannheimia (Man.) haemolytica, Pasteurella multo-

cida and Actinobacillus (Act.) pleuropneumoniae are

causative agents of the shipping fever in cattle, fowl

cholera and pleuropneumonia in pigs, respectively

(Bisgaard 1993; Bosse et al. 2002; Gioia et al. 2006).

The Pasteurellales are presently distinguished from

other bacteria primarily on the basis of their branch-

ing in 16S rRNA gene sequence trees, where they

form a distinct cluster (Mutters et al. 1989; De Ley

et al. 1990; Dewhirst et al. 1992; Dewhirst et al.

1993; Olsen et al. 2005; Christensen and Bisgaard,

2006; Christensen and Bisgaard, 2010). The species

from this order/family also form a distinct clade in

phylogenetic trees based on numerous other genes

and protein sequences (Korczak et al. 2004; Chris-

tensen et al. 2004; Kuhnert and Korczak, 2006; Gao

et al. 2009; Williams et al. 2010). Some morpholog-

ical and nutritional characteristics such as lack of

motility, requirement for sodium ions, V-factor and

organic nitrogen sources for growth, are often used to

distinguish these bacteria from other orders of

Gammaproteobacteria (e.g. Vibrionales, Aeromona-

dales, Enterobacteriales and Alteromonadales) (Olsen

1993; Kainz et al. 2000; Olsen et al. 2005; Christen-

sen and Bisgaard 2006; Hayashimoto et al. 2007).

However, none of these characteristics are unique for

the Pasteurellales and reliance only on them can lead

to incorrect identification/placement of species in this

group and its various genera (Christensen et al. 2004;

Olsen et al. 2005; Christensen et al. 2007; Christen-

sen and Bisgaard 2010). Presently, no convincing

molecular or biochemical characteristic is known that

is uniquely shared by various Pasteurellales and

which can be used to clearly distinguish this group of

bacteria from all others. Our current understanding of

the phylogeny/taxonomy for these bacteria is also

unsatisfactory (Olsen et al. 2005; Christensen and

Bisgaard 2006). For example, several of the genera

classified within Pasteurellales (viz. Haemophilus,

Actinobacillus and Mannheimia) are not monophy-

letic and species from them branch in a number of

different clusters with other members of this group

(Olsen et al. 2005; Gioia et al. 2006; Redfield et al.

2006; Christensen and Bisgaard 2006; Christensen

and Bisgaard 2010; Bonaventura et al. 2010).

Although suggestions have been made to restrict

these genera to a limited number of species (Olsen

et al. 2005; Christensen and Bisgaard 2006), the

taxonomy of members of the Pasteurellales/Pasteu-

rellaceae is clearly unsatisfactory at present (Chris-

tensen et al. 2007; Christensen and Bisgaard, 2010;

Bonaventura et al. 2010). Thus, it is important to

identify other novel sequence based characteristics

that could provide reliable means for the identifica-

tion of species from this order and which could also

prove useful in clarifying their taxonomy and evolu-

tionary relationships.

Since the sequencing of first genome for H. influen-

zae in 1995 (Fleischmann et al. 1995), sequence data

for more than 1500 bacteria covering all major

bacterial phyla are now available (http://www.ncbi.

nlm.nih.gov/PMGifs/Genomes/micr.html). Of these

genomes, 20 genomes are from Pasteurellales species/

strains representing five genera from this family

(Table 1). These genome sequences provide an

unprecedented and valuable resource for discovering

novel molecular characteristics that are uniquely

shared by either all Pasteurellales or specific groups/

clades of these bacteria and could provide more reli-

able means for their identification (Shah et al. 2009).

Using genomic sequences, our recent work has

focused on identifying two different types of molec-

ular markers that are specific for different groups of

bacteria. One type of molecular markers consists of

conserved signature inserts or deletions (i.e. Indels)

(CSIs) in widely distributed proteins, that are specifi-

cally present in particular groups of bacteria (Gupta

2000; Gupta andMok 2007; Gupta 2009; Gupta 2010).

The whole proteins that are uniquely present in par-

ticular groups of bacteria provide another type of

molecular markers that are useful for these studies

(Gupta 2006; Gupta and Griffiths 2006; Gupta and

Mathews 2010). Our recent work has identified large

numbers of CSIs for a number of major taxa within

bacteria (viz. Alphaproteobacteria, Epsilonproteo-

bacteria, Chlamydiae, Actinobacteria, Cyanobacteria,

Bacteroidetes-Chlorobi, Deinococcus-Thermus) and

for many of their subgroups (Gupta and Griffiths 2006;

Gupta and Mathews 2010). Recently, some molecular

signatures for the Class Gammaproteobacteria as a

whole were also identified (Gao et al. 2009).

In the present work, we have employed these

comparative genomic approaches in conjunction with

phylogenetic analysis for investigation of the
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Table 2 Conserved Signature Indels that are specific for all Pasteurellales

Protein name Gene

name

Accession no. Figure nos. Indel

size

Indel

positiona
Functional categories

Tetratricopeptide domain

protein

– YP_003006869 Fig. 2a 8 aa

ins

44–91 Carbohydrate transport and

metabolism

Murein transglycosylase C mltC YP_001343852 Supplementary

Fig. 1

3 aa

del

76–116 Cell wall/membrane biogenesis

Exoribonuclease II rnb NP_873703 Supplementary

Fig. 2

10 aa

ins

416–468 Transcription

Glycerol-3-phosphate

acyltransferase

plsB YP_003255015 Supplementary

Fig. 3

2 aa

ins

554–610 Lipid transport and metabolism

3-phosphoshikimate

1-carboxyvinyltransferase

aroA YP_003256375 Supplementary

Fig. 4

2 aa

ins

360–402 Amino acid transport and

metabolism

Hypothetical protein

CGSHiEE_05875

– YP_001290919 Supplementary

Fig. 5

2 aa

ins

32–71 General function prediction only

5-methylaminomethyl-2-

thiouridine methyltransferase

mnmC YP_003255458 Supplementary

Fig. 6

2 aa

del

122–152 Multifunctional

Adenylate cyclaseb cyaA NP_873154 Supplementary

Fig. 7

2 aa

del

526–576 Nucleotide transport and

metabolism

Murein transglycosylase A mltA NP_874023 Supplementary

Fig. 8

1 aa

del

241–286 Cell wall/membrane biogenesis

Lipoyltransferase lipB YP_001344010 Supplementary

Fig. 9

1–5

aa

ins

75–116 Coenzyme transport and

metabolism

Transcription repair coupling

factor

mfd NP_873467 Supplementary

Fig. 10A

1 aa

ins

226–261 Replication, recombination and

repair

Fumarate reductase flavoprotein

subunit

frdA NP_872657 Supplementary

Fig. 10B

1 aa

ins

287–331 Energy production and

conversion

Hemolysin corB YP_003008000 Supplementary

Fig. 11

1 aa

ins

228–270 Inorganic ion transport and

metabolism

Chaperonin HslO hslO ZP_05919977 Supplementary

Fig. 12

1 aa

ins

246–278 Posttranslational modification,

protein turnover and

chaperones

Exodeoxyribonuclease VII

small subunit

xseB ZP_01791820 Supplementary

Fig. 13

1 aa

ins

27–68 Replication, recombination and

repair

Periplasmic serine peptidase

DegS

degS ZP_05850718 Supplementary

Fig. 14

1 aa

ins

190–216 Posttranslational modification,

protein turnover and

chaperones

Multidrug resistance protein

MdtK

mdtK YP_003007368 Supplementary

Fig. 15

1 aa

ins

200–249 Defense mechanisms

Glutamate-ammonia-ligase

adenylyltransferase

glnE YP_088470 Supplementary

Fig. 16

1 aa

ins

271–309 Multifunctional

Hypothetical protein PM0734 – NP_245671 Supplementary

Fig. 17

1 aa

ins

184–212 Hypothetical

Hypothetical protein HD1793 – NP_874155 Supplementary

Fig. 18

1 aa

ins

168–200 Hypothetical

Hypothetical protein HD1794 – NP_874156 Supplementary

Fig. 19

1 aa

ins

75–109 Hypothetical

Peptidyl-prolyl cis–trans

isomerase B

ppiB ZP_06222848 Supplementary

Fig. 20

6 aa

ins

43–75 Posttranslational modification,

protein turnover and

chaperones
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Table 2 continued

Protein name Gene

name

Accession no. Figure nos. Indel

size

Indel

positiona
Functional categories

Peptidyl-prolyl cis–trans

isomerase B

ppiB YP_003007916 Supplementary

Fig. 21

6 aa

ins

100–137 Posttranslational modification,

protein turnover and

chaperones

Nicotinamide-nucleotide

adenylyltransferasec
nadR YP_003255205 Supplementary

Fig. 22

1 aa

ins

121–151 Coenzyme transport and

metabolism

N-acetyl-D-glucosamine kinase
(GlcNAc kinase)c

nagK YP_003007117 Supplementary

Fig. 23

1 aa

ins

153–195 Multifunctional

Putative inner membrane

proteinc
– ZP_02478497 Supplementary

Fig. 24

1 aa

ins

197–222 Cell wall/membrane

Galactokinasec galK YP_003007703 Supplementary

Fig. 25

3 aa

ins

240–276 Carbohydrate transport and

metabolism

Deoxyguanosinetriphosphate

triphosphohydrolase-like

proteinc

– YP_001344904 Supplementary

Fig. 26

17 aa

ins

59–126 Nucleotide transport and

metabolism

Inner membrane protein YicOc yicO YP_003007341 Supplementary

Fig. 27

1 aa

ins

199–237 General function prediction only

PTS system, fructose subfamily,

IIC subunitc
fruA YP_001343401 Supplementary

Fig. 28

3 aa

ins

241–281 Carbohydrate transport and

metabolism

Anion transporterc – YP_001343337 Supplementary

Fig. 29

7 aa

ins

258–296 Inorganic ion transport and

metabolism

Hypothetical protein PM0935c – NP_245872 Supplementary

Fig. 30

4 aa

ins

61–108 Hypothetical

23S rRNA (guanosine-20-O-)-
methyltransferased

rlmB ZP_05629947 Supplementary

Fig. 31

1 aa

ins

115–178 Posttranslational modification,

protein turnover, chaperones

Glutamate ammonia ligase

adenylyltransferased
glnE NP_874080 Supplementary

Fig. 32

17 aa

ins

381–436 Multifunctional

Murein transglycosylase Cd mltC YP_001343852 Supplementary

Fig. 33

1 aa

ins

148–180 Cell wall/membrane biogenesis

ProS proteind proS AAU38670 Supplementary

Fig. 34

1 aa

ins

453–482 Translation

D-methionine-binding

lipoproteind
metQ YP_003008527 Supplementary

Fig. 35

1 aa

ins

97–130 Inorganic ion transport and

metabolism

DNA-dependent helicase IIe uvrD YP_001293092 Fig. 2B 3–4

aa

ins

61–104 Replication, recombination and

repair

Hypothetical protein

NT05HA_0747e
– YP_003007227 Supplementary

Fig. 36A

2 aa

ins

36–68 Unknown

Lysyl-tRNA synthetasee genX NP_245139 Supplementary

Fig. 36B

2 aa

del

148–191 Translation

Protein cofe – YP_003008147 Supplementary

Fig. 37

1 aa

ins

45–80 General function prediction only

6-phosphogluconolactonasee pgl NP_873341 Supplementary

Fig. 38

4 aa

del

97–145 Carbohydrate transport and

metabolism

Geranyltranstransferasee ispA ZP_04977790 Supplementary

Fig. 39

2 aa

del

112–150 Coenzyme transport and

metabolism
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available Pasteurellales genomes. The primary objec-

tive of this work is to identify novel molecular

markers consisting of conserved signature indels

(CSIs) that are unique to either all Pasteurellales or its

major subgroups/clades. Our work has identified[40

CSIs that are specific for all (or most) genome

sequenced Pasteurellales species/strains. In addition,

we also describe many CSIs that are specific for a

number of distinct subclades of Pasteurellales, which

are also supported by phylogenetic analyses. These

molecular signatures provide valuable means for the

identification of members of the Pasteurellales and a

number of their subclades and for the division of

Pasteurellales into two distinct groups.

Methods

Phylogenetic analysis

Phylogenetic analysis was performed on a concate-

nated sequence alignment for 10 highly conserved

proteins (viz. 50S ribosomal protein L5, RNA

polymerase subunit beta (RpoB), prolyl-tRNA syn-

thetase, chaperone protein DnaK, threonyl-tRNA

synthetase, valyl-tRNA synthetase, cell division pro-

tein FtsY, alanyl-tRNA synthetase, translation initi-

ation factor IF-2, DNA gyrase subunit B) that are

present in most extant bacteria (Harris et al. 2003)

and which have been extensively used for phyloge-

netic studies (Korczak et al. 2004; Christensen et al.

2004; Gao et al. 2009; Gupta 2009). The sequences

for these proteins for various Pasteurellales and

several other Gammaproteobacteria, which served

as outgroup, were retrieved and multiple sequence

alignments for them were created using the

CLUSTAL_X 1.83 program (Jeanmougin et al.

1998). After concatenation, the poorly aligned

regions from the sequence alignment were removed

using the Gblocks 0.91b program (Castresana 2000).

The resulting alignment, which consisted of 6783

characters, was employed for phylogenetic analyses.

A neighbour-joining (NJ) tree based upon 500

bootstrap replicates of this sequence alignment was

constructed employing Kimura’s distance calculation

using the TREECON 1.3 program (Van de Peer and

De Wachter 1994).

Identification of CSIs for members of the order

Pasteurellales

To identify conserved indels in protein sequences that

might be specific for the Pasteurellales, Blastp

searches were performed on all proteins from the

genome of Aggregatibacter aphrophilus NJ8700 (Di

Bonaventura et al. 2009). For those proteins/ORFs for

whom high scoring homologues were present in most

Pasteurellales species/strains as well as certain out-

group species, sequences for 10–15 high scoring

homologues were retrieved from diverse Pasteurell-

ales and other bacteria and their multiple sequence

alignments were constructed using the Clustal_X

1.83 program. These sequence alignments were

visually inspected to identify any conserved inserts

or deletions that were restricted to either all Pasteu-

rellales or its major clades and which were flanked by

at least 5–6 identical/conserved residues in the

neighboring 30–40 amino acids on each side. The

indels that were not flanked by conserved regions

were not further studied as they do not provide useful

molecular markers (Gupta 1998; Gupta 2000; Gupta

2009). The conserved indels, which in addition to the

Table 2 continued

Protein name Gene

name

Accession no. Figure nos. Indel

size

Indel

positiona
Functional categories

DNA repair protein RecNe recN YP_002475883 Supplementary

Fig. 40

3 aa

ins

68–106 Replication, recombination and

repair

a The indel position indicates the region of the protein where a given CSI is present
b A 1 aa deletion is present in H. parasuis rather than the 2 aa deletion found in all Pasteurellales
c Homologous sequences corresponding to this region were not identified in some Pasteurellales species
d The CSI is not present in 1–2 Pasteurellales species
e The CSI is also found in 1–2 non-Pasteurellales species
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Pasteurellales were also present in a few other

bacteria, were also retained. The indels for individual

species or smaller clades were not analyzed in detail

in the present work. The species distribution patterns

of all such indels were further evaluated by detailed

Blastp searches on short sequence segments contain-

ing the indels and their flanking conserved regions

(Gupta 2009). The sequence information for various

conserved indels from all Pasteurellales and some

representative high scoring Gammaproteobacteria

were compiled into signature files. Due to space

consideration, sequence information for different

strains of the same species is not shown, but the

indicated CSIs were present in all of the sequenced

strains. Further, unless otherwise noted, all of these

CSIs are specific for the indicated groups.

Results

Phylogenetic analysis of Pasteurellales

The evolutionary relationships among Pasteurellales in

the past was mainly examined on the basis of

phylogenetic trees for the 16S rRNA gene and a

number of individual protein sequences (Dewhirst

et al. 1993; Korczak et al. 2004; Christensen et al.

2004; Olsen et al. 2005; Christensen and Bisgaard

2006). However, the availability of genome sequences

now enables one to determine the branching order of

these species based upon concatenated sequences for

large numbers of proteins. The trees based upon large

numbers of characters derived from multiple proteins

provide more reliable indication of the phylogenetic

relationships within a given group than those based on

any single gene or protein (Rokas et al. 2003;Ciccarelli

et al. 2006; Gao et al. 2009; Wu et al. 2009; Williams

et al. 2010). Previously, Redfield et al. (2006) and

Gioia et. al. (2006) have reported construction of

phylogenetic trees for eight Pasteurellales species

(viz. H. influenzae, H. ducreyi, Haemophilus somnus,

P. multocida, Act. pleuropneumoniae, Agg. actinomy-

cetemcomitans, Mannheimia succiniciproducens and

Man. haemolytica, based upon concatenated sequences

for 12 and 50 conserved proteins, respectively. More

recently, Bonaventura et al. (Bonaventura et al. 2010)

have carried out detailed phylogenetic analyses for 12

Pasteurellales genomes representing 10 species (the

Fig. 1 A neighbor-joining

distance tree for the

sequenced Pasteurellales

based upon concatenated

sequences for 10 conserved

proteins. The tree was

rooted using sequences for

other Gammaproteobacteria

(viz. Vibrionales or

Enterobacteriales) and the

numbers on the nodes

indicate the bootstrap

values out of 500. The two

main clades of

Pasteurellales that are seen

in the tree are marked
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above eight species plus Agg. aphrophilus and Acti-

nobacillus succinogens) based upon concatenated

sequences for different orthologous proteins found in

their genomes. Although, these trees provide useful

resources for understanding the evolutionary relation-

ships among the indicated Pasteurellaceae species/

strains, in the past 2–3 years sequences for a number of

new Pasteurellaceae species (viz. Haemophilus para-

suis, Actinobacillus minor and Pasteurella dagmatis),

as well as additional strains for several species, have

become available in the NCBI database (Table 1). A

few characteristics of these genomes, some of which

are draft genomes, are listed in Table 1. In order to

determine the evolutionary significances of various

CSIs identified by our analyses, it was necessary to

construct a phylogenetic tree that included sequence

information for all of these Pasteurellales. In the

present work, phylogenetic trees for 20 Pasteurellales

species/strains representing 13 species were con-

structed based upon concatenated sequences for 10

conserved proteins.

A NJ distance tree for the above Pasteurellales

species that was rooted using other Gammaproteo-

bacteria (viz. Vibrionales or Aeromonadales) is

shown in Fig. 1. As expected, the Pasteurellales

species formed a distinct and strongly supported

clade in the tree. Further, as observed in earlier

studies, species from a number of Pasteurellales

genera viz. Haemophilus, Actinobacillus and Mann-

heimia branched in a number of different clusters,

indicating that these genera are not monophyletic. In

the NJ tree shown, the Pasteurellales species formed

two main clades. The first of these clades (Clade I)

consists of various Aggregatibacter and Pasteurella

species and it also included Act. succinogenes, Man.

succiniciproducens and various strains of H. influen-

zae and H. somnus. Within this clade, the grouping of

Aggregatibacter with Pasteurella species and that of

Act. succinogenes with Man. succiniciproducens was

strongly supported. The second clade (Clade II)

consisted of H. ducryi, H. parasuis, Man. haemoly-

tica and various strains of Act. pleuropneumoniae.

These two clades of Pasteurellales were also sup-

ported by earlier phylogenetic studies based upon

different datasets of protein sequences (Gioia et al.

2006; Redfield et al. 2006; Bonaventura et al. 2010).

These trees provide us a phylogenetic framework to

understand/interpret the evolutionary significance of

various identified CSIs.

Identification of conserved indels that are specific

for the order Pasteurellales

Our analyses have identified 44 CSIs in broadly

distributed proteins that are largely specific for most

of the sequenced Pasteurellales species (Table 2).

The CSIs in the first 23 proteins listed in this table are

commonly shared by all sequenced Pasteurellales

species/strains but they are not found in the homo-

logues from any other bacteria (at least the top 500

blast hits). One example of these Pasteurellales-

specific CSIs is shown in Fig. 2a. In this case, an 8 aa

insert in a highly conserved region of a tetratrico-

peptide (TPR) domain-containing protein is uniquely

present in all sequenced Pasteurellales. Although,

sequence information is presented here for only a

limited number of species, unless indicated other-

wise, the CSI shown here as well as other molecular

signatures shown are specific for the Pasteurellales

group and not found elsewhere. Other CSIs that are

uniquely present in all Pasteurellales are listed in

Table 2 and the sequence alignments of these

proteins showing the presence of the indicated CSIs

are provided as Supplementary Figs. 1–21. Of these,

the enzyme peptidyl-prolyl cis-tran isomerase B

contains two 6 aa inserts in different positions that

are specifically present in all sequenced Pasteurell-

ales. However, there are two homologues of this

protein in P. multocida, P. dagmatis and Man.

succiniciproducens and these CSI are present in only

one of the homologues (Supplementary Figs. 20, 21).

Five other proteins listed in Table 2 (Supplementary

Figs. 22–26), also contain CSIs that are specific for

the Pasteurellaceae species. However, the homologues

Fig. 2 Partial sequence alignments of the proteins a a

tetratricopeptide domain-containing protein showing a con-

served CSI (boxed) that is uniquely present in all Pasteurellales
species and b DNA-dependent helicase II, showing a conserved
insert (boxed) that is largely specific for all Pasteurellales.

However, in this case the CSI was also present in one non-

Pasteurellales species (marked with arrow). The shared

presence of the CSI in this species could be due to LGTs,

however, other possibilities cannot be excluded. The dashes in
the sequence alignments indicate identity with the amino acid
on the top line. The numbers on the top lines indicate the

regions of proteins where these CSIs are present in the species

shown on the top. Sequence information for other bacteria is

shown here for only a limited number of species. However, no

other species within the first 500 blast hits contained the

indicated indels. Information for many other CSIs that are

specific for all Pasteurellales is provided in Table 2
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for these proteins were not detected in one of the

Pasteurellales species (viz. H. ducreyi or Agg.

actinomycetemcomitans). Similarly, for four other

proteins that contained Pasteurellales specific CSIs,

their homologues were not detected in a few species

from this group (Supplementary Figs. 27–30).

In a number of additional proteins, while the CSIs

of interest are specifically present in most

Fig. 3 Partial sequence alignments of a glutamyl-tRNA

reductase and b long-chain-fatty-acid-CoA ligase, each con-

taining two CSIs of different lengths (boxed) at the same

positions that are specific for the two Pasteurellales clades. The

dashes in the sequence alignments indicate identity with the

amino acid on the top line. In the case of Glutamyl-tRNA

reductase, a 4 aa insert is present in various Clade I species,

while all of the Clade 2 species contain a 2 aa insert in this

position. In the long-chain-fatty-acid-CoA ligase, 2 aa and 1 aa

inserts are found in the Clades 1 and 2 species, respectively.

The different lengths of CSIs in these proteins serve to

distinguish the Clades 1 and 2 species from each other.

Sequence information for only a limited number of species

from other bacterial group is presented here
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Pasteurellales, they are lacking in 1–2 species. For

example the 1 aa insert in 23S rRNA (guanosine-20-
o)-methyltransferase and the 17 aa insert in glutamate

ammonia ligase adenylyltransferase are specifically

present in all Pasteurellales except H. parasuis

(Supplementary Figs. 31–32). Likewise, the 1 aa

inserts in murein transglycosylase C, ProS protein

and D-methionine-binding lipoprotein are present in

all Pasteurellales except Act. minor and the two

Pasteurella species, respectively (Supplementary

Figs. 33–35). The absence of CSIs in these Pasteu-

rellales species could result from a variety of

possibilities including deeper branching of these

species in relation to other species or replacement

of the gene containing CSI by a gene lacking the CSI

by means of LGTs. However, at present these or other

possibilities cannot be distinguished.

In addition to the above proteins that contained

CSIs that were highly specific for either all or most

Pasteurellales species, in a small number of cases the

identified CSIs in addition to being shared by all or

most Pasteurellales were also present in 1–2 isolated

species from other Gammaproteobacteria. One exam-

ple of such CSIs is a 3–4 aa insert in the DNA

dependent helicase II (Fig. 2b), that is commonly

shared by all sequenced Pasteurellales species as well

as by Tolumonas auensis, belonging to the order

Aeromonadales. However, this CSI is not present in

other Aeromonadales. The other proteins containing

Pasteurellales-specific CSIs with isolated exceptions

include the presence of a 2 aa insert in the hypothetical

protein NTO5HA_0747 that is also shared by Psych-

robacter sp. PRwf-1 (Supplementary Fig. 36A); a 2 aa

deletion in the Lysyl tRNA synthetase that is also

shared byMarinomonas sp. MWYL1 (Supplementary

Fig. 36B); a 1 aa insert in the protein Cof, a haloacid

dehalogenease-like hydrolase, that is also present in

Pantoea sp. At-9b (Supplementary Fig. 37); a 4 aa

deletion in 6-phophogluconolactonase that is also

found in Cardiobacterium hominis (Supplementary

Fig. 38), a 2 aa deletion in the geranyltranstransferase

also present in Allochromatium vinosum, Marinob-

acter algicola and Marinobacter aquaeolei (Supple-

mentary Fig. 39); and lastly a 3 aa insert in the DNA

repair protein RecN that in addition to all Pasteurell-

ales is also present in Cellvibrio japonicus and

Psychromonas sp. CNPT3 (Supplementary Fig. 40).

The shared presence of these CSIs in isolated species

from other groups could result from a variety of

possibilities including lateral gene transfer from

Pasteurellales to these species; independent occur-

rence of similar genetic changes in these species; or

that some of these species might be more closely

related to the Pasteurellales and that they have been

incorrectly assigned to these other genera/orders. We

are unable to distinguish between these possibilities

based upon the available data.

Molecular signatures distinguishing two main

clades of Pasteurellales

The order Pasteurellales currently consists of a single

family Pasteurellaceae and the interrelationship

among different species/genera within this family is

poorly understood (Olsen et al. 2005; Christensen and

Bisgaard 2006; Christensen and Bisgaard 2010). Thus,

molecular markers that can provide reliable insights

concerning the evolutionary relationships among these

species should be of much interest. In phylogenetic

trees, based upon two different large sets of protein

sequences, the sequenced Pasteurellales species

formed two distinct clades (Gioia et al. 2006; Redfield

et al. 2006; Bonaventura et al. 2010), as confirmed in

the present study (Fig. 1). Importantly, the existence

of these two clades is independently strongly sup-

ported by the species distribution patterns of many

CSIs that we have identified in the present work. A

brief description of these CSIs is provided below.

The protein glutamyl-tRNA reductase, which

catalyzes the NADPH-dependant reduction of glut-

amyl-tRNA to glutamyl-1-semialdehyde, contains

two different lengths of CSIs in the same position

that serve to distinguish various Pasteurellaceae

species from all other bacteria and at the same time

they also provide clear distinction between the Clades

I and II species (Fig. 3a). In this case, a 4 aa insert in

a conserved region is uniquely present in all of the

Pasteurellales species that form Clade I (viz. Agg.

actinomycetemcomitans, P. multocida, P. dagmatis,

Act. succinogenes, Man. succinoproducens, H. som-

nus and H. influenzae), whereas in the various species

that comprise Clade II, a 2 aa insert is present in the

same position. Because these CSIs are related in

sequence, the most likely explanation to account for

them is that a 2 aa or 4 aa insert was initially

introduced in a common ancestor of all Pasteurellales

and it was followed by either a 2 aa insert in the

Clade I species or a 2 aa deletion in the Clade II
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species. Similarly to glutamyl-tRNA reductase, in the

protein long chain fatty acid-CoA ligase, which plays

an important role in the breakdown of fatty acids,

different lengths of CSIs in a conserved region are

uniquely present in the two Pasteurellales clades

(Fig. 3b). In this case, a 2 aa insert is present in all of

the Clade I species, whereas the Clade II species have

a 1 aa insert in this position. The presence of different

lengths of CSIs in this protein can also be explained

as above. Interestingly, the homologues of both of

these proteins were not detected in H. ducreyi.

In addition to these CSIs that distinguish both

Clades I and II species, we have also identified 11 CSIs

in widely distributed proteins that are either uniquely

or mainly found in the Clade I species (Table 3A).

Two examples of such CSIs are presented in Fig. 4. In

the universally distributed ribosomal protein S1,

which plays a central role in protein synthesis, an

eight amino acid deletion in a conserved region is

uniquely present in all Clade I Pasteurellales species

(Fig. 4a). The absence of this indel in all other

Pasteurellales as well as other bacteria provides

evidence that this indel represents a deletion in the

Clade I species rather than an insert in other bacteria.

Similarly, in the protein cytochrome-D-ubiquinol

oxidase subunit 1, which is a component of the aerobic

respiratory chain, a 5 aa insert in a conserved region is

uniquely present in all Pasteurellales species belong-

ing to Clade I, but not found in any other bacteria

(Fig. 4b). Sequence alignments for other proteins

which contain CSIs that are specific for Pasteurellales

Clade I are presented in Supplementary Figs. 41–45.

The CSIs in all of the above proteins are highly specific

for Pasteurellales Clade I indicating that they were

introduced in a common ancestor of this clade.

Four other proteins also contain CSIs that are

largely specific for the Clade I. Within Clade I,

H. influenzae shows deepest branching in the phylo-

genetic tree (Fig. 1). We have identified a 2 aa insert

in the protein thiamine-monophosphate kinase that is

commonly shared by all Clade I species except

H. influenzae (Supplementary Fig. 46). The most

likely explanation for this CSI is that the genetic

change responsible for it occurred in a common

ancestor of the remaining Clade I species after the

branching of H. influenzae. For CSIs in three other

proteins, the indels of interest are also present in an

isolated species from Clade II in addition to the

members of Clade I. For example, in the fumarate

reductase iron-sulfur subunit, which is involved in the

interconversion of fumarate and succinate, an 11 aa

insert in a highly conserved region is uniquely present

in various Clade I species and also H. parasusis,

which shows deepest branching in the Clade II

(Supplementary Fig. 47). Likewise, in the cell divi-

sion protein FtsZ, a 3 aa insert is present in various

Clade I species and also Man. haemolytica (Supple-

mentary Fig. 48). The protein lysyl-tRNA synthetase

also contains a 2 aa insert that is specific for the Clade

I. However, in this case, only one of the H. somnus

strain contains this CSI, whereas the other H. somnus

strain has a more divergent homologue that lacks this

indel (Supplementary Fig. 49). The species distribu-

tion patterns of these latter CSIs could result from a

number of possibilities including LGT events or

introduction of these genetic changes at various

stages in the evolution of the Pasteurellales species

that are not apparent from this tree.

The Pasteurellales species Act. pleuropneumoniae,

Act. minor, H. ducreyi, Man. haemolytica and

H. parasuis form Clade II in the phylogenetic tree

(Fig. 1). As indicated above, the proteins glutamyl-

tRNA reductase and long chain fatty acid-CoA ligase

contain distinctive inserts that are specific for the

Clade II species (Fig. 3). We have also identified a

number of other CSIs that are specific for this clade

(Table 3B). In the enzyme DNA adenine methylase,

which is responsible for methylation of the newly

synthesized strand of DNA, a 3 aa insert that is

specific for the Clade II species is present in a highly

conserved region (Fig. 5a). Other sequence align-

ments showing CSI specific to Pasteurellales Clade II

(Table 3B) are shown in Supplementary Figs. 50–52.

The genetic changes responsible for these CSIs were

likely introduced in a common ancestor of the Clade

II species and they strongly support the existence of

this clade.

Within Clade II, the deepest branching in the

phylogenetic tree is observed for H. parasuis (Fig. 1).

Fig. 4 Excerpts from the sequence alignments for a ribosomal
protein S1 and b cytochrome D ubiquinol oxidase subunit 1,

showing two different CSIs in conserved regions of these

proteins that are uniquely present in various Clade 1

Pasteurellales species. The other CSIs those are specific for

the Clade I species are listed in Table 3A. The dashes in the

sequence alignments indicate identity with the amino acid on

the top line
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A clade consisting of the remaining Clade II species

(all except H. parasuis) is strongly supported in the

phylogenetic tree. We have identified three CSIs that

are specific for this subclade of the Clade II.

Information for one of these CSIs is presented in

Fig. 5b, which shows a 5 aa insert in the enzyme

tRNA-(uracil-5-)-methyltransferase. Similar to this

CSI, a 2 aa insert in a highly conserved region of the

ribosomal proteins S4 (Supplementary Fig. 53) and a

7 aa deletion in the enzyme adenylate cyclase is also

specific for this subclade of the Clade II species

(Supplementary Fig. 54). The genetic changes for

these CSIs were likely introduced in a common

ancestor of the remaining Clade II species after the

branching of H. parasuis. In the enzyme DNA gyrase

B, which contains a 2 aa insert specific for the Clade

II species, in the same position where this insert is

found, a 5 aa insert is also uniquely present in the two

succinic acid producing bacteria Act. succinogenes

and Man. succiniciproducens (Supplementary

Fig. 51). The latter two bacteria form a strongly

supported cluster in the phylogenetic tree and the

shared presence of this insert support that they are

specifically related (Fig. 1). The different lengths and

species specificity of these inserts indicate that the

genetic changes responsible for them occurred inde-

pendently in the common ancestors of these two

groups of Pasteurellales species.

Discussion

The members of the Order Pasteurellales are pres-

ently distinguished from other bacteria primarily on

the basis of their distinct branching in phylogenetic

trees (Olsen et al. 2005; Christensen and Bisgaard

2006; Christensen and Bisgaard 2010). Furthermore,

although this order is comprised of at least 15 genera,

due to a lack of reliable information about their

interrelationships, all of them are placed into a single

family (Olsen et al. 2005; Christensen and Bisgaard

2006; Christensen and Bisgaard 2010). We report

here for the first time[60 molecular signatures that

are distinctive characteristics of either all sequenced

Pasteurellales species/strains or a number of well-

defined subclades within this order. Of the signatures

described here, 23 CSIs in widely distributed proteins

are uniquely found in all of the sequenced Pasteu-

rellales species/strains (Table 2) and they are not

found in any other bacteria. Due to their specificity to

the Pasteurellales, the rare genetic changes responsi-

ble for them were likely introduced only once in a

common ancestor of these bacteria and then passed

on to various descendent species (Gupta 1998; Rokas

and Holland 2000; Gupta and Mathews 2010). The

presence of these CSIs in all Pasteurellales and their

absence in all other bacteria strongly indicates that

the genes for these proteins have not been laterally

transferred from Pasteurellales to other bacterial

groups or vice versa (Gogarten et al. 2002; Christen-

sen and Bisgaard 2010). Thus, these CSIs provide

potentially useful molecular markers (synapomor-

phies) for the identification and circumscription of

species from the order Pasteurellales in molecular

terms.

In addition to these CSIs that are uniquely found in

all sequenced Pasteurellales, 21 other CSIs were

identified that are also largely specific for this order

of bacteria. However, in some of these cases the

homologues for these genes/proteins were not

detected in 1 or 2 Pasteurellales species, whereas in

some others an isolated species from other bacterial

groups was also found to contain these CSIs. Because

these CSIs are commonly present in all (or most)

Pasteurellales, with only isolated exceptions showing

no specific pattern, it is highly likely that the genetic

changes responsible for them also occurred in a

common ancestor of the Pasteurellales. This was

likely followed by loss of the genes from a few

species and their acquisition by isolated species from

other groups by LGTs (Gogarten et al. 2002).

However, the possibility that sequence information

for some of these observed exceptions might be

incorrect in the public databases cannot be entirely

ruled out.

All of the genera within the order Pasteurellales

are currently placed into a single family, Pasteurell-

aceae (Olsen et al. 2005; Christensen and Bisgaard

2006; Christensen and Bisgaard 2010). However, the

present work has also identified many CSIs that are

Fig. 5 Partial sequence alignments for the proteins a DNA

adenine methylase showing a 3 aa insert that is specific for

Clade 2 Pasteurellales species and b tRNA (uracil-5-)-

methyltransferase, showing a 5 aa insert, that is uniquely

found in all Clade 2 species except H. parasuis, which is the

deepest branching species in Clade 2 (Fig. 1). Other CSIs

showing similar specificity are listed in Table 3B. The dashes
in the sequence alignments indicate identity with the amino

acid on the top line
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specific for two distinct clades of Pasteurellales,

which are also supported by our phylogenetic anal-

yses (Fig. 1) and that of others (Gioia et al. 2006;

Redfield et al. 2006; Bonaventura et al. 2010). The

first of these clades, supported by 13 CSIs

(Table 3A), includes Aggregatibacter and Pasteu-

rella species and also Act. succinogenes, Man.

succiniciproducens and various strains of H. influen-

zae and H. somnus. The remaining Pasteurellales

species (viz. Act. pleuropneumoniae, Act. minor,

H. ducryi, Man. haemolytica and H. parasuis) formed

the second clade, which was supported by nine

uniquely shared CSIs (Table 3B). Within Clade II,

several CSIs also supported the deeper branching of

H. parasuis in comparison to other species. The

mutually exclusive presence of many of these CSIs in

species from these two clades make a persuasive case

that these clades are evolutionarily distinct and the

genetic changes responsible for these CSIs were

introduced in their common ancestors as indicated in

Fig. 6. It should be noted that in contrast to numerous

CSIs that supported the existence of these two clades,

we have not come across significant numbers of CSIs

that support any other alternative clades. Therefore,

the identified CSIs, independently of phylogenetic

analyses, provide strong evidence for the existence of

these two Pasteurellales clades. We suggest that these

two Pasteurellales clades, whose existence is sup-

ported by both phylogenetic analyses and by many

discrete molecular signatures, should be recognized

as distinct higher taxonomic groupings (i.e. families)

within this order.

Sequence information for all of the identified CSIs

is presently limited to only those Pasteurellales

species/strains, whose genomes have been sequenced.

Hence, to fully understand the evolutionary and

taxonomic significance of these CSIs, it is of much

importance to obtain sequence information for them

from other Pasteurellales species, notably including

the appropriate type strains. For the CSIs that are

specific for all Pasteurellales, due to their exclusive

presence in all sequenced species/strains from this

order and no other ([1500) prokaryotic or eukaryotic

organisms, it is highly likely that they will also be

present in other Pasteurellales species/strains for

whom no sequence information is presently available.

Our earlier work on many CSIs for other prokaryotic

groups indicates that the CSIs of this kind have a high

Fig. 6 A summary

diagram showing the

distribution patterns of

various Pasteurellales-

specific CSIs indicating the

evolutionary relationships

among Pasteurellales

species. The different

clades within this order

that are supported by both

phylogenetic studies and

the identified molecular

signatures are shown
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degree of predictive ability (Griffiths and Gupta 2002;

Gupta 2005; Gao and Gupta 2005; Griffiths and Gupta

2006; Gupta 2009) and many of them will provide

reliable molecular markers for the entire Pasteurellales

order as sequence information for other species

becomes available. However, for those CSIs that are

specific for the two subclades of Pasteurellales, further

studies to obtain sequence information from additional

species/strains should be very informative. Based

upon the presence or absence of the CSIs that are

specific for the two subclades, it should be possible to

assign/place other species into these subclades. This

should help in determiningmore clearly the taxonomic

boundaries of these two subclades. It is also possible

that some species of Pasteurellales may be lacking

both Clades I and II specific CSIs. This would suggest

that such species might be parts of other higher

taxonomic clades within the order Pasteurellales that

have yet to be identified.

The Pasteurellaceae species are important human

and animal pathogens and new species related to

them are continually being discovered (Christensen

and Bisgaard 2010). The identification of these

medically important bacteria at present primarily

relies upon culture-based nutritional and phenotypic

characteristics (Olsen et al. 2005; Christensen and

Bisgaard 2006; Christensen and Bisgaard 2010).

However, such tests are unable to reliably distinguish

members of Pasteurellales species from some other

orders of Gammaproteobacteria (Olsen et al. 2005;

Christensen and Bisgaard 2006; Christensen and

Bisgaard 2010). In this context, the Pasteurellales-

specific CSIs described here provide a novel means

for the identification of these bacteria. Degenerate

PCR primers based on conserved regions of these

CSIs-containing genes, should provide novel and

specific means for the detection of both previously

known as well as novel Pasteurellales species (or

isolates) in different environments.

In the present study, our focus has been mainly on

identifying CSIs that are specific for either all

Pasteurellales or its larger clades. Although our work

has identified many CSIs of these kinds, further

detailed studies on other Pasteurellales genomes

could lead to identification of additional signatures

of this kind. In the present work, we have not

analyzed CSIs that were specific for individual

species/genera or for the smaller clades of Pasteu-

rellales. We have also not yet looked for the presence

of signature proteins (CSPs) that are specific for

either all Pasteurellales or its different subgroups.

Such studies will form the focus of our future work.

A number of Pasteurellales genera (viz. Haemophi-

lus, Actinobacillus and Mannheimia) are not mono-

phyletic and it is important to develop reliable means

to reorganize them (Olsen et al. 2005; Christensen

and Bisgaard 2006; Christensen and Bisgaard 2010).

The identification of large numbers of CSIs and CSPs

those that are specific for individual species or

smaller clades, in addition to their diagnostic values,

should prove very helpful in the reorganization and

circumscription of various Pasteurellales genera.

Most of the CSIs identified in this work are present

in conserved regions of various proteins that are

involved in wide variety of essential cellular func-

tions. Our recent work on a number of CSIs in the

GroEL and DnaK proteins show that these CSIs are

essential for the group of organisms where they are

found (Singh and Gupta 2009). Any deletions or

significant changes in them lead to failure of cell

growth, indicating that they are playing essential

roles in these organisms (Singh and Gupta 2009).

Based upon these observations and the evolutionary

conservation of these CSIs for the Order Pasteurell-

ales, it is expected that these CSIs also play important

(and possibly essential) functional roles in these

bacteria. Hence, further studies on understanding the

cellular functions of these CSIs could provide

important insights into novel genetic, biochemical

and physiological characteristics of members of

Pasteurellales or their different clades.
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CHAPTER 4 

Phylogenomic and Molecular Demarcation of the Core Members of the Polyphyletic 

Pasteurellaceae genera Actinobacillus, Haemophilus, and Pasteurella

*Due to limited space, supplementary figures and tables are not included in the chapter which are available 
along with the rest of the manuscript at: 

Sohail Naushad, Mobolaji Adeolu, Nisha Goel, Aqeel Al-Dahwi, and Radhey S. Gupta (2015)  
International Journal of Genomics; Volume 2015 (2015), Article ID 198560, 15 pages



Preface 

This chapter highlights the use of CSIs for the identification and rectification of different 

polyphyletic genera of the family Pasteurellaceae. The core members of the Actinobacillus, 

Haemophilus, and Pasteurella are identified into “sensu stricto” clades. The CSIs are also 

compared with phylogenetic trees to highlight the groupings of organisms within the family. The 

manuscript is currently under review process. My contribution towards the completion of this 

chapter encompassed the performance of comparative genomic analysis and the construction of 

the phylogenetic trees highlighted in the methods section. In addition, I was involved in 

analyzing the results, preparing the manuscript, and for the preparation of the figures and tables. 

ABSTRACT  

The family Pasteurellaceae contains a number of important human and animal pathogens 

housed within the genera Actinobacillus, Aggregatibacter, Haemophilus, Mannheimia, and 

Pasteurella. The genera Actinobacillus, Haemophilus, and Pasteurella exhibit extensive 

polyphyletic branching in phylogenetic trees and do not represent coherent clusters of species. In 

this study, we have utilized molecular signatures identified from comparative analyses of 

Pasteurellaceae genomes in conjunction with core genome based and multilocus sequence based 

phylogenetic analyses to clarify the phylogenetic and taxonomic boundary of these genera. We 

have identified large clusters of Actinobacillus, Haemophilus, and Pasteurella species which 

represent the “sensu stricto” members of these genera. We have identified 3, 7, and 6 unique 

molecular signatures, in the form of conserved signature indels (CSIs), which are specifically 

shared by members of the Actinobacillus sensu stricto, Haemophilus sensu stricto, and 

Pasteurella sensu stricto, respectively. We have also identified two different sets of 4 molecular 

signatures that are unique characteristics of the pathogen containing genera Aggregatibacter and 

Mannheimia, repectively. Based upon the CSIs identified in this work, it is now possible to 

demarcate the genera Actinobacillus sensu stricto, Haemophilus sensu stricto, and Pasteurella 

sensu stricto on the basis of discrete molecular signatures. The other members of the genera 

Actinobacillus, Haemophilus, and Pasteurella that do not fall within the “sensu stricto” clades 

and contain these molecular signatures should be reclassified as other genera. Additionally, the 

CSIs identified in this work serve as useful diagnostic targets for the development of highly 

specific diagnostic assays for current and novel members of the genera Actinobacillus sensu 

stricto, Haemophilus sensu stricto, Pasteurella sensu stricto, Aggregatibacter and Mannheimia. 
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INTRODUCTION  

The family Pasteurellaceae, the single constituent family of the order Pasteurellales, 

represents a diverse group of commensal and pathogenic bacteria within the class 

Gammaproteobacteria. The family currently contains 19 genera, some of which are particularly 

important human and animal pathogens (Parte, 2013; Muehldorfer et al., 2014). The genera 

Haemophilus contains species responsible for human bacteremia, pneumonia, acute bacterial 

meningitis, and the sexually transmitted disease chancroid (Spinola et al., 2002; Christensen & 

Bisgaard, 2010; Nørskov-Lauritsen, 2014); Aggregatibacter species have been implicated in 

juvenile periodontitis (Henderson et al., 2010); members of the genera Mannheimia, Pasteurella, 

and Actinobacillus have been implicated in the causation of shipping fever in cattle, fowl cholera 

and pleuropneumonia in pigs, respectively (Angen et al., 1999; Bossé et al., 2002; Wilson & Ho, 

2013).  

The family Pasteurellaceae was originally proposed as a higher level taxonomic 

grouping of the related pathogenic genera Actinobacillus, Haemophilus, and Pasteurella (Pohl, 

1979). Classification of organisms into these three genera was primarily based on DNA G-C 

content, and a handful of phenotypic traits (Mannheim et al., 1979). The phenotypic traits were 

later found not to be characteristic of any single genus (Dewhirst et al., 1992). Consequently, the 

genera Actinobacillus, Haemophilus, and Pasteurella each exhibit extensive polyphyly in 

subsequent 16S rRNA based phylogenies (Dewhirst et al., 1992; Olsen et al., 2005). Additional 

studies based on individual or concatenated gene sets and DNA-DNA/rRNA-DNA hybridization 

also support the presence of extensive polyphyly within the genera Actinobacillus, Haemophilus, 

and Pasteurella (Dewhirst et al., 1993; Christensen et al., 2004; Korczak et al., 2004; Kuhnert & 

Korczak, 2006; Christensen et al., 2007; Bonaventura et al., 2010; Naushad & Gupta, 2012).  

Extensive work has been undertaken to amend the classification of the genera 

Actinobacillus, Haemophilus, and Pasteurella (Christensen et al., 2007; Parte, 2013; Wilson & 

Ho, 2013; Nørskov-Lauritsen, 2014). New genera have been created to house phylogenetically 

coherent clusters of Actinobacillus, Haemophilus, and Pasteurella. The species [Actinobacillus] 

actinomycetemcomitans, [Haemophilus] aphrophilus, [Haemophilus] paraphrophilus and 

[Haemophilus] segnis have been transferred to the genus Aggregatibacter (Nørskov-Lauritsen & 

Kilian, 2006); the species [Haemophilus] paragallinarum, [Pasteurella] gallinarum, 

[Pasteurella] avium and [Pasteurella] volantium have been transferred to the genus 
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Avibacterium (Blackall et al., 2005); the species [Haemophilus] somnus and [Haemophilus] agni 

have been transferred to the genus Histophilus (Angen et al., 2003); and the species [Pasteurella] 

haemolytica and [Pasteurella] granulomatis have been transferred to the genus Mannheimia 

(Angen et al., 1999). Additionally, some individual species within the genera Actinobacillus, 

Haemophilus, and Pasteurella that do not cluster with other members of their genus in 

phylogenetic trees have been moved or proposed to be moved to novel or neighbouring genera 

(viz. the transfer of the species [Haemophilus] pleuropneumoniae to the genus Actinobacillus 

(Pohl et al., 1983), the transfer of the species [Pasteurella] anatis to the genus Gallibacterium 

(Christensen et al., 2003), the transfer of the species [Pasteurella] trehalosi to the genus 

Bibersteinia (Blackall et al., 2007), the transfer of the species [Pasteurella] ureae to the genus 

Actinobacillus (Mutters et al., 1986), and the proposed transfer of the species 

[Haemophilus] ducreyi to a novel genus (Christensen & Kuhnert, 2012)). However, despite these 

changes, the classification of the genera Actinobacillus, Haemophilus, and Pasteurella is still 

problematic and each genera continues to contain members which exhibit polyphyletic branching 

(Kuhnert & Korczak, 2006; Christensen et al., 2007; Bonaventura et al., 2010; Naushad & 

Gupta, 2012; Nørskov-Lauritsen, 2014). 

Multiple studies have attempted to define a core group of species which cluster around 

the nomenclatural type species of Actinobacillus, Haemophilus, or Pasteurella as the only true 

members of these genera (i.e. sensu stricto) (Hedegaard et al., 2001; Christensen et al., 2004; 

Korczak et al., 2004; Nørskov-Lauritsen et al., 2005; Olsen et al., 2005; Cattoir et al., 2006; 

Kuhnert & Korczak, 2006), but the taxonomy and phylogeny of these bacteria continue to remain 

inconclusive (Kilian, 2005; Naushad & Gupta, 2012; Nørskov-Lauritsen et al., 2012). Several 

methods have been employed for the demarcation of these genera, however, no simple method or 

criteria is available that can clearly delimit these genera. It has been suggested that genome based 

studies may provide reliable means of clarifying the evolutionary relationships of these bacteria 

(Nørskov-Lauritsen et al., 2012). 

Since the availability of the first complete genome sequence of the Haemophilus 

influenzae (Fleischmann et al., 1995), a large number of genomes for the members of the family 

Pasteurellaceae have become available in public databases (Wattam et al., 2013; NCBI, 2014a). 

The availability of these genomes provides us with an opportunity to complete comprehensive 

genome scale phylogenetic analyses of the family Pasteurellaceae. These genome sequences 
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have also been utilized to carry out comparative genomic analyses to identify molecular 

signatures (viz. Conserved Signature Indels (CSIs) in various proteins), commonly shared by all 

or closely related subsets of species within the family Pasteurellaceae. On the basis of the 

molecular signatures identified from comparative analyses of Pasteurellaceae genomes in 

conjunction with core genome based and multilocus sequence based phylogenetic analyses, we 

have identified sensu stricto clades of Actinobacillus, Haemophilus, and Pasteurella that are 

supported by 3, 7, and 6 unique molecular signatures, respectively. We also report sets of 

molecular signatures that are unique characteristics of the pathogen containing genera 

Aggregatibacter and Mannheimia. 

 

METHODS 

Multilocus Sequence Analysis 

Multilocus sequence analysis was completed for members of the family Pasteurellaceae 

using widely available nucleotide sequences of the 16S rDNA, infB (Translation initiation factor 

IF-2), recN (DNA repair protein), and rpoB (DNA-directed RNA polymerase subunit beta) genes 

which have been used, individually or as part of a set, in a number of previous phylogenetic 

analyses of the family Pasteurellaceae (Hedegaard et al., 2001; Christensen et al., 2004; Korczak 

et al., 2004; Nørskov-Lauritsen et al., 2005; Kuhnert & Korczak, 2006). Gene sequences for 

these four genes were obtained for 52 Pasteurellaceae strains, representing a large majority of 

the known Pasteurellaceae species, and 2 members of Vibrio cholerae from the NCBI nucleotide 

database (NCBI, 2014b). Species which were missing one of these four genes or which did not 

have a gene sequence that was at least 50% of the length of the full gene were excluded from the 

analysis. The four genes were individually aligned using MUSCLE (Edgar, 2004) and manually 

concatenated to create a combined dataset that contained 10 183 nucleotide long alignments. A 

maximum-likelihood tree based on 100 bootstrap replicates of this alignment was constructed 

using MEGA 6.0 (Tamura et al., 2013) while employing maximum composite likelihood 

substitution model.  

 

Pasteurellaceae Core Genome Phylogenetic Tree 

A phylogenetic tree of 76 Pasteurellaceae strains, rooted using 7 members of the family 

Vibrionaceae, based on the core genome of the family Pasteurellaceae was created for this 
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study. The core set of Pasteurellaceae proteins were identified using the UCLUST algorithm 

(Edgar, 2010) to identify widely distributed protein families with at least 30% sequence identity 

and 50% sequence length. Proteins families which were present in less than 50% of the input 

genomes were excluded from further analysis. Potentially paralogous sequences (additional 

proteins from the same organism in a single protein family) within the remaining protein families 

were also excluded from further analysis. Each protein family was individually aligned using 

MAFFT 7 (Katoh & Standley, 2013). Aligned amino acid positions which contained gaps in 

more than 50% of organisms were excluded from further analysis. The remaining amino acid 

positions were concatenated to create a combined dataset that contained 128 080 amino acid long 

alignments. An approximately maximum-likelihood tree based on this alignment was constructed 

using FastTree 2 (Price et al., 2010) while employing the Whelan and Goldman substitution 

model (Whelan & Goldman, 2001).  

 

Identification of Molecular Signatures (CSIs) for different genera of the family 

Pasteurellaceae 

The detailed outline of the process of identifying CSIs has been recently published 

(Gupta, 2014). In brief: Blastp searches were performed on all proteins from the genome of 

Haemophilus influenzae F3047 (Strouts et al., 2012). Ten to fifteen high scoring homologues that 

were present in Haemophilus, other Pasteurellaceae, and Gammaproteobacteria species were 

retrieved, and their multiple sequence alignments were constructed using Clustal X 1.83 

(Jeanmougin et al., 1998). The alignments were visually inspected to identify any conserved 

inserts or deletions (indels) that are restricted to the particular clades of the family 

Pasteurellaceae, which are flanked on each side by at least 5–6 identical/conserved residues in 

the neighbouring 30–40 amino acids. The selected sequences containing the indels and their 

flanking conserved regions were further evaluated by detailed Blastp searches to determine 

species distribution and group specificity. The results of these Blast searches were processed 

using Sig_Create and Seq_Style to construct signature files (Gupta, 2014). Due to space 

constraints, the sequence alignment files presented here contain sequence information for a 

limited number of species within the order Pasteurellaceae and a representative selection of 

outgroup species. However, in each case, all members of the order and outgroups exhibited 

similar sequence characteristics to the representatives. 
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RESULTS AND DISCUSSION 

Phylogenetic Analysis of the Pasteurellaceae 

Elucidating an accurate phylogeny of the members of the family Pasteurellaceae has 

been a long standing challenge in Pasteurellaceae research (Mannheim et al., 1979; Pohl, 1979; 

Dewhirst et al., 1992; Christensen et al., 2007; Bonaventura et al., 2010). Early 16S rRNA based 

studies revealed that the established taxonomy of the family Pasteurellaceae was not consistent 

with their genetically inferred phylogeny (Dewhirst et al., 1992, 1993). This has led to a long 

series of taxonomic revisions within the family Pasteurellaceae; a process which is still taking 

place today (Angen et al., 1999; Blackall et al., 2005; Christensen et al., 2007; Christensen & 

Kuhnert, 2012). However, it was subsequently discovered that phylogenetic trees of 

Pasteurellaceae species based on different genes did not completely agree with each other 

(Christensen et al., 2004; Korczak et al., 2004; Cattoir et al., 2006). In particular, phylogenetic 

trees based on the 16S rRNA gene, often considered the gold standard in bacterial taxonomy and 

phylogeny (Stackebrandt & Ebers, 2006; Konstantinidis & Stackebrandt, 2013), disagreed with 

highly robust multilocus sequence and concatenated protein sequence based phylogenetic trees 

(Gioia et al., 2006; Kuhnert & Korczak, 2006; Redfield et al., 2006; Bonaventura et al., 2010; 

Naushad & Gupta, 2012; Wilson & Ho, 2013).  

Phylogenetic trees based on concatenated sequences for a large number of unlinked and 

conserved loci are more reliable and robust than phylogenetic trees based on any single gene or 

protein (Rokas et al., 2003; Wu et al., 2009). Due to a rapid increase in the availability of 

genomic sequence data, we are now able to complete genome scale phylogenetic analyses of the 

family Pasteurellaceae which cover a vast majority of the diversity within the family. In this 

work we have produced a phylogenetic tree for 74 genome sequenced members of the family 

Pasteurellaceae based on 128 080 aligned amino acid positions (Figure 1A). The branching 

patterns of the core genome phylogenetic tree produced in this work largely agree with a 

previous genome based phylogenetic tree produced for a limited number of Pasteurellaceae 

species (Bonaventura et al., 2010) and a concatenated protein based phylogenetic tree of the 

family Pasteurellaceae produced by our lab in a previous study (Naushad & Gupta, 2012). 

Additionally, we have also produced a multilocus sequence based phylogenetic tree using the 

16S rDNA, infB, recN, and rpoB genes which are commonly used in the phylogenetic analysis of 
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the family Pasteurellaceae (Figure 1B) (Hedegaard et al., 2001; Christensen et al., 2004; 

Korczak et al., 2004; Nørskov-Lauritsen et al., 2005; Kuhnert & Korczak, 2006). This tree also 

showed broadly similar branching patterns to past multilocus sequence based phylogenetic trees 

(Kuhnert & Korczak, 2006; Christensen et al., 2007) and to our core genome based phylogenetic 

tree. Both our core genome based and multilocus sequence based phylogenetic trees provide 

evidence for a division of the Pasteurellaceae into at least two higher taxonomic groups 

(families) which are broadly similar to the two clades of Pasteurellales identified in our previous 

work (Naushad & Gupta, 2012). A similar division of the family Pasteurellaceae into two or 

more large groups is seen in many other robust multilocus or concatenated protein based 

phylogenetic trees (Gioia et al., 2006; Kuhnert & Korczak, 2006; Redfield et al., 2006; 

Bonaventura et al., 2010), however, this division is not readily apparent in phylogenies based on 

the 16S rRNA gene (Wilson & Ho, 2013; Yilmaz et al., 2013). 

A majority of the known genera within the family Pasteurellaceae form well-defined and 

coherent clusters in phylogenetic trees (Figure 1) (Kuhnert & Korczak, 2006; Bonaventura et al., 

2010; Naushad & Gupta, 2012; Wilson & Ho, 2013; Yilmaz et al., 2013). The genera 

Actinobacillus, Haemophilus, and Pasteurella, which were described before the advent of 

genetic characterization, exhibit polyphyletic branching in all gene and protein based 

phylogenetic trees, including the core genome based and multilocus sequence based phylogenetic 

trees created in this work (Figure 1). However, there are large clusters of Actinobacillus, 

Haemophilus, and Pasteurella species identifiable in the phylogenetic trees which represent the 

core or “sensu stricto” members of each genera. The clusters of species that represent 

Actinobacillus sensu stricto, Haemophilus sensu stricto, and Pasteurella sensu stricto are 

indicated in Figure 1. Members of each genera which fall outside of the sensu stricto clusters, 

indicated in our phylogenetic trees by the presence of square brackets around their genus name 

(ex. [Pasteurella] pneumotropica), are only distantly related to the sensu stricto members of their 

genus and will require reclassification in order to make their taxonomy and phylogeny 

concordant. 

 

The Usefulness of Conserved Signature Indels as Phylogenetic and Taxonomic Markers 

Whole genome sequences are a rich resource for the discovery of molecular signatures 

which are unique to a group of organisms (Gao et al., 2009; Cutino-Jimenez et al., 2010; 
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Naushad & Gupta, 2013). One useful class of shared molecular signatures are Conserved 

Signature Indels (CSIs), which are insertions/deletions uniquely present in protein sequences 

from a group of evolutionarily related organisms (Gupta, 2010; Gupta, 2014; Naushad et al., 

2014). The unique, shared presence of multiple CSIs by a group of related species is most 

parsimoniously explained by the occurrence of the genetic changes that resulted in these CSIs in 

a common ancestor of the group, followed by vertical transmission of these CSIs to various 

descendant species (Gupta, 1998; Rokas & Holland, 2000; Gupta, 2014; Naushad et al., 2014). 

Hence, these CSIs represent molecular synapomorphies (markers of common evolutionary 

decent) which can be used to identify and demarcate specific bacterial groups in molecular terms 

and for understanding their interrelationships independently of phylogenetic trees (Gupta, 1998, 

2010; Gupta, 2014; Naushad et al., 2014). CSIs have recently been used to propose important 

taxonomic changes for a number of bacterial groups (viz. Aquificae, Spirochaetes, Thermotogae, 

Xanthomonadales, and Borrelia) at different taxonomic ranks (Gupta & Lali, 2013; Gupta et al., 

2013; Naushad & Gupta, 2013; Adeolu & Gupta, 2014; Bhandari & Gupta, 2014). In the present 

work, we have completed comprehensive comparative analysis of Pasteurellaceae genomes 

(Table 1) in order to identify CSIs that are primarily restricted to the different genera within the 

family Pasteurellaceae. We have identified 3, 7, and 6 unique molecular signatures which are 

shared by Actinobacillus sensu stricto, Haemophilus sensu stricto, and Pasteurella sensu stricto, 

respectively. Information regarding these CSIs and their evolutionary significances are discussed 

below. 

 

Molecular signatures specific for Actinobacillus sensu stricto 

 The genus Actinobacillus was originally defined as a group of growth factor independent 

host-associated rods which shared phenotypic or biochemical similarity with Actionbacillus 

lignieresii, the type species of the genus (Pohl et al., 1983; Olsen, 1993). However, the original 

classification scheme for the genus Actionbacillus led to the inclusion of a highly heterogeneous 

and polyphyletic grouping of species within the genus (Dewhirst et al., 1992, 1993; Olsen et al., 

2005). An assemblage of  Actionbacillus species closely related to Actionbacillus lignieresii has 

been recognized as Actinobacillus sensu stricto (i.e. the core members of the genus 

Actionbacillus) in both our phylogenetic analysis (Figure 1) and past phylogenetic analyses 

(Dewhirst et al., 1992, 1993; Olsen et al., 2005; Kuhnert & Korczak, 2006). Differentiation of 
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Actinobacillus sensu stricto from other Actionbacillus species and the modern criteria for placing 

novel species within the genus Actionbacillus sensu stricto is heavily reliant on genetic and 

genomic criteria, namely, DNA-DNA hybridization values, 16S rRNA sequence similarity, and 

other single gene sequence comparisons (Olsen et al., 2005; Christensen et al., 2007). There are 

currently no known discrete characteristics which are unique to Actionbacillus that define the 

genus. In this work, we have completed a comprehensive comparative analysis of 

Pasteurellaceae genomes in order to identify unique, defining molecular signatures for different 

genera within the family Pasteurellaceae. We have identified 3 CSIs which are unique, defining 

molecular signatures for the sequenced members of Actionbacillus sensu stricto (viz. 

Actionbacillus capsulatus, A. pleuropneumoniae, A. suis, and A. ureae). An example of a CSI 

specific for Actionbacillus sensu stricto is shown in Figure 2. The CSI consists of a 1 amino acid 

insertion in a conserved region of a 3'-nucleotidase which is present in all sequenced members of 

Actionbacillus sensu stricto and absent in all other sequenced Gammaproteobacteria. Sequence 

information for 2 other CSIs which are also unique characteristics of the Actionbacillus sensu 

stricto clade are presented in Supplemental Figure 1 - 2 and their characteristics are briefly 

summarized in Table 2A. 

 

Molecular signatures specific for Haemophilus sensu stricto 

The classification of novel species into the genus Haemophilus was initially based on 

phenotypic and biochemical properties, most importantly, the dependence of growth on the 

presence of factor V and factor X in blood (Olsen, 1993; Olsen et al., 2005; Hayashimoto et al., 

2007). As with Actinobacillus, the classification of Haemophilus on the basis of phenotypic and 

biochemical properties has led to the genus containing an extremely heterogeneous group of 

species (Dewhirst et al., 1992, 1993; Kilian, 2005; Olsen et al., 2005). Species from the genus 

Haemophilus have undergone a number of transfers and reclassifications (Pohl et al., 1983; 

Angen et al., 2003; Blackall et al., 2005; Nørskov-Lauritsen & Kilian, 2006; Christensen & 

Kuhnert, 2012). However, the genus remains highly polyphyletic (Figure 1) (Kuhnert & 

Korczak, 2006; Bonaventura et al., 2010; Christensen & Kuhnert, 2012).The core members of 

the genus Haemophilus (viz. Haemophilus sensu stricto) consists of Haemophilus influenzae, H. 

aegyptius, and H. haemolyticus based on 16S rRNA sequence analysis (Dewhirst et al., 1992, 

1993; Kilian, 2005; Olsen et al., 2005). However, phylogenetic analysis based on DNA-DNA 
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hybridization and multilocus sequence analysis suggests that H. parainfluenzae and H. 

pittmaniae are also members of Haemophilus sensu stricto (Mutters et al., 1989; Nørskov-

Lauritsen et al., 2005). Phylogenetic analysis of rpoB, infB, and concatenated gene sets also 

suggest that [Pasteurella] pneumotropica and related isolates are closely related to Haemophilus 

sensu stricto (Christensen et al., 2004; Korczak et al., 2004). 

Our comparative analysis of Pasteurellaceae genomes has led to the identification of 7 

CSIs that are unique characteristics of Haemophilus sensu stricto which consists of Haemophilus 

influenzae, H. aegyptius, H. haemolyticus, H. parainfluenzae, H. pittmaniae, and [Pasteurella] 

pneumotropica (Figure 1). One example of a CSI specific for the members of Haemophilus 

sensu stricto, shown in Figure 3, consists of a 4 amino acid deletion in a biotin-protein ligase 

which is uniquely found in homologs from Haemophilus sensu stricto and absent in all other 

sequenced Gammaproteobacteria. Sequence information for 6 additional CSIs which are also 

unique characteristics of Haemophilus sensu stricto are presented in Supplemental Figure 3 - 8 

and their characteristics are briefly summarized in Table 2B. These CSIs and our phylogenetic 

trees (Figure 1) suggest that Haemophilus influenzae, H. aegyptius, H. haemolyticus, H. 

parainfluenzae, H. pittmaniae, and [Pasteurella] pneumotropica share a close evolutionary 

relationship and should all be considered members of Haemophilus sensu stricto. Additionally, 

these results also suggest that [Pasteurella] pneumotropica is incorrectly classified as a member 

of the genus Pasteurella and should be reclassified as “Haemophilus pneumotropica”. 

 

Molecular signatures specific for Pasteurella sensu stricto 

 The genus Pasteurella is highly heterogeneous and polyphyletic (Figure 1) (Olsen et al., 

2005). Similar to the members of Actinobacillus, bacterial isolates were originally classified as 

members of the genus Pasteurella based on growth factor independent growth and phenotypic or 

biochemical similarity to Pasteurella multocida, the type species of the genus (Snipes & 

Biberstein, 1982; Olsen, 1993). The monophyletic cluster of Pasteurella species that branch with 

Pasteurella multocida are considered the core members of the genus (viz. Pasteurella sensu 

stricto) (Korczak et al., 2004; Olsen et al., 2005; Kuhnert & Korczak, 2006; Wilson & Ho, 

2013). Our comparative analysis of Pasteurellaceae genomes has led to the identification of 6 

CSIs which are unique characteristics for the sequenced members of Pasteurella sensu stricto 

(viz. Pasteurella multocida and P. dagmatis). An example of a CSI uniquely found in the 
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sequenced members of Pasteurella sensu stricto, consisting of a 4 amino acid insertion in a 

conserved region of Menaquinone-specific isochorismate synthase, is shown in Figure 4. This CSI is 

only found in the sequenced members of Pasteurella sensu stricto and is absent from all other 

sequenced Gammaproteobacteria. Partial sequence alignments for 5 additional CSIs which are 

also unique characteristics of Pasteurella sensu stricto are presented in Supplemental Figures 9 - 

13 and their characteristics are briefly summarized in Table 2C. 

 

Molecular signatures specific for the genera Aggregatibacter or Mannheimia 

The genus Aggregatibacter was proposed as a novel taxonomic classification for a 

monophyletic cluster of Actinobacillus and Haemophilus species which branched distinctly from 

the “sensu stricto” members of their respective clades (Nørskov-Lauritsen & Kilian, 2006). 

Similarly, the genus Mannheimia was proposed as a novel classification for the 

Pasteurella Haemolytica complex which did not branch with Pasteurella sensu stricto in 

phylogenetic trees (Angen et al., 1999). Currently other than branching in phylogenetic trees or 

relatedness in DNA-DNA hybridization studies, the members of the genera Aggregatibacter or  

Mannheimia do not share any single unique or defining biochemical or molecular characteristic 

that can differentiate them from all other bacteria (Angen et al., 2002; Nørskov-Lauritsen, 2014).  

In this study we have identified 4 CSIs that are unique molecular characteristics shared 

by all sequenced species of the genus Aggregatibacter and another 4 CSIs which are uniquely 

found in all sequenced members of the genus Mannheimia. Examples of CSIs specific to the 

sequenced members of Aggregatibacter and Mannheimia are shown in Figure 5. A partial 

sequence alignment of a nhaC family sodium:proton antiporter containing a 3 amino acid 

insertion specific for all sequenced species of the genus Aggregatibacter is shown in Figure 5A 

and a partial sequence alignment of a methyl-galactoside ABC transporter substrate-binding 

protein containing a 1 amino acid deletion specific for all sequenced species of the genus 

Mannheimia is shown in Figure 5B. In each case, the identified CSIs were only found in the 

sequenced members of the genera Aggregatibacter or Mannheimia and were absent from all 

other sequenced Gammaproteobacteria. Partial sequence alignments additional CSIs specific for 

the genera Aggregatibacter or Mannheimia are provided in Supplemental Figures 14 - 19 and 

their characteristics are summarized in Table 2D - 2E. These CSIs are the first discrete molecular 

characteristics which are unique for the genera Aggregatibacter and Mannheimia and support 
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their observed monophyly in phylogenetic trees. Additionally, these CSIs could be useful targets 

for the development of PCR based diagnostic assays for the genera Aggregatibacter and 

Mannheimia which amplify the CSI containing DNA segment using the conserved flanking 

regions of the CSIs (Ahmod et al., 2011; Wong et al., 2014). 

 

CONCLUSION 

The genera Actinobacillus, Haemophilus, and Pasteurella, within the family 

Pasteurellaceae, are known to exhibit extensive polyphyletic branching. We have utilized 

molecular signatures and phylogenetic analyses to clarify the taxonomic boundary of these 

genera. We have been able to identify large clusters of Actinobacillus, Haemophilus, and 

Pasteurella species which represent the “sensu stricto” members of these genera. We have 

identified 3, 7, and 6 unique molecular signatures which are specifically shared by the members 

of the genera Actinobacillus sensu stricto, Haemophilus sensu stricto, and Pasteurella sensu 

stricto, respectively. The group specificity of the molecular signatures we have identified in this 

work are summarized in Figure 6 and their characteristics are briefly summarized in Tables 2. 

Our comparative genomic analyses have not come across any CSIs that were unique 

characteristics of all sequenced members of the genera Actinobacillus, Haemophilus, or 

Pasteurella as currently defined, suggesting that the members of these genera  that do not fall 

into the “sensu stricto” clusters should not be considered members their respective genus. 

Examinations of phenotypic and biochemical characteristics do not provide a reliable 

means of assigning a novel isolate to the genera Actinobacillus, Haemophilus, and Pasteurella 

(Christensen et al., 2007). However, based upon the CSIs described in this work, it is now 

possible to demarcate the genera Actinobacillus sensu stricto, Haemophilus sensu stricto, and 

Pasteurella sensu stricto on the basis of the presence or absence of unique molecular signatures. 

It is important to note that the current analysis of CSIs is limited to the currently available 

genomic sequence data and may show slight variance as additional bacterial genomes are 

sequenced. However, earlier work on CSIs for other groups of bacteria provides evidence that 

the identified CSIs have strong predictive value and will likely be found in other members of 

these groups as more species are sequenced and novel species are isolated (Gao & Gupta, 2012; 

Gupta & Lali, 2013; Bhandari & Gupta, 2014; Howard-Azzeh et al., 2014). The conserved 

nature of the sequence regions that contain these CSIs, in conjunction with their strong predictive 

PhD – Sohail Naushad McMaster University - Biochemistry

78



value, makes CSIs promising targets for the development of highly specific diagnostic assays for 

Actinobacillus sensu stricto, Haemophilus sensu stricto, Pasteurella sensu stricto, 

Aggregatibacter and Mannheimia (Ahmod et al., 2011; Wong et al., 2014). Additionally, further 

analysis of these genus specific CSIs should lead to the discovery of their functional role in their 

respective organisms and may provide important insights into novel distinguishing features of 

these groups of organisms. 
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TABLE 1 
Genome characteristics of the sequenced Pasteurellaceae included in our analyses 

Organism name BioProject Size 
(Mb) Proteins G-C 

(%) References 

Actinobacillus pleuropneumoniae L20 CP000569 2.27 2013 41.3 (Foote et al., 2008) 
Actinobacillus pleuropneumoniae serovar 3 str. JL03 CP000687 2.24 2036 41.2 (Xu et al., 2008) 
Actinobacillus pleuropneumoniae serovar 7 str. AP76 CP001091 2.35 2142 41.2 STHHb (2008) 
Actinobacillus ureae ATCC 25976a AEVG0 2.30 2475 - BCMg (2011) 
Actinobacillus minor 202a ACFT0 2.13 2050 39.3 McGill University (2010) 
Actinobacillus minor NM305a ACQL0  2.43 2411 39.3 McGill University (2010) 
Actinobacillus succinogenes 130Z CP000746 2.32 2079 44.9 DOE-JGIB (2007) 
Aggregatibacter aphrophilus NJ8700 CP001607 2.31 2219 42.2 Di Bonaventural et al, 2009 
Aggregatibacter actinomycetemcomitans D11S-1 CP001733 2.20 2280 44.3 (Chen et al., 2009) 
Aggregatibacter actinomycetemcomitans D7S-1 CP003496 2.31 2250 44.3 (Chen et al., 2010) 
Aggregatibacter segnis ATCC 33393a AEPS0 1.99 1956 - BCMg (2010) 
Gallibacterium anatis UMN179 CP002667 2.69 2500 39.9 Johnson et al, 2011 
Haemophilus aegyptius ATCC 11116a AFBC0 1.92 2020 - BCMg (2011) 
Haemophilus ducreyi 35000HP AE017143 1.70 1717 38.2 Ohio State University (2003) 
Haemophilus haemolyticus M21621a AFQQ0 2.09 1894 - (Jordan et al., 2011) 
Haemophilus influenzae 10810 FQ312006 1.98 1903 38.1 WTSIh (2010) 
Haemophilus influenzae F3031 FQ670178 1.99 1770 38.2 (Strouts et al., 2012) 
Haemophilus influenzae F3047 FQ670204 2.01 1786 38.2 (Strouts et al., 2012) 
Haemophilus influenzae 22.1-21a AAZD0 1.89 2224 38.0 (Hogg et al., 2007) 
Haemophilus influenzae 3655 AAZF0 1.88 1929 38.0 (Hogg et al., 2007) 
Haemophilus influenzae 6P18H1a ABWW0 1.91 1893 38.2 CGS, ASRIe (2008) 
Haemophilus influenzae 7P49H1a ABWV0 1.83 1752 37.9 CGS, ASRIe (2008) 
Haemophilus influenzae NT127a ACSL0 1.87 1809 38.0 BIGSPc (2009) 
Haemophilus influenzae PittAAa AAZG0 1.88 1981 38.1 (Hogg et al., 2007) 
Haemophilus influenzae PittIIa AAZI0 1.95 2028 38.0 (Hogg et al., 2007) 
Haemophilus influenzae PittHHa AAZH0 1.84 1977 38.0 (Hogg et al., 2007) 
Haemophilus influenzae R3021a AAZJ0 1.88 2307 37.9 (Hogg et al., 2007) 
Haemophilus influenzae RdAWa ACSM0 1.80 1718 38.0 BIGSPc (2009) 
Haemophilus influenzae 86-028NP CP000057 1.91 1792 38.2 (Harrison et al., 2005) 
Haemophilus influenzae PittEE CP000671 1.81 1613 38.0 (Hogg et al., 2007) 
Haemophilus influenzae PittGG CP000672 1.89 1661 38.0 (Hogg et al., 2007) 
Haemophilus influenzae Rd KW20 L42023 1.83 1657 38.2 (Fleischmann et al., 1995) 
Haemophilus influenzae R2846 CP002276 1.82 1636 38.0 UW-SBRId (2004) 
Haemophilus influenzae R2866 CP002277 1.93 1795 38.1 UW-SBRId (2004) 
Haemophilus parainfluenzae ATCC 33392 a AEWU0 2.11 2010 - BCMg (2011) 
Haemophilus parainfluenzae T3T1 FQ312002 2.09 1975 39.6 WTSIh (2011) 
Haemophilus parasuis 29755a ABKM0 2.22 2244 39.8 Iowa State University (2008) 
Haemophilus parasuis SH0165 CP001321 2.27 2021 40.0 (Yue et al., 2009) 
Haemophilus pittmaniae HK 85a AFUV0 2.18 2390 - J. Craig Venter Institute (2011) 
Haemophilus sputorum CCUG13788a AFNK0 2.14 2073 - Aarhus University Hospital (2011) 
Haemophilus parahaemolyticus HK385a AJSW0 1.81 1764 - J. Craig Venter Institute (2011) 
Haemophilus paraphrohaemolyticus HK411a AJMU0 2.02 2025 - J. Craig Venter Institute (2011) 
Haemophilus sp. oral taxon 851 str. F0397a AGRK0 1.84 1809 - GCG-WUf (2012) 
Histophilus somni 2336 CP000947 2.26 1980 37.4 DOE-JGIB (2010) 
Histophilus somni 129PT CP000436 2.01 1798 37.2 (Challacombe et al., 2007) 
Mannheimia succiniciproducens MBEL55E AE016827 2.31 2370 42.5 (Hong et al., 2004) 
Mannheimia haemolytica PHL213a AASA0 2.57 2695 41.1 (Gioia et al., 2006)  
Pasteurella multocida subsp. multocida str. Pm70 AE004439 2.26 2012 40.4 (May et al., 2001) 
Pasteurella dagmatis ATCC 43325a ACZR0 2.25 2053 37.4 BCMg (2009) 

a The genomes of these species/strains are currently under scaffolds/contigs status 
b Stiftung Tieraerztliche Hochschule Hannover (STHH) 
c The Broad Institute Genome Sequencing Platform (BIGSP) 
d University of Washington; Seattle Biomedical Research Institute (UW-SBRI) 
e Center for Genomic Sciences, Allegheny-Singer Research Institute (CGS, ASRI) 
f Genome Sequencing Center (GSC) at Washington University (WashU) School of Medicine 
g Baylor College of Medicine (BCM) 
h Wellcome Trust Sanger Institute (WTSI) 
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     TABLE 2 
     Conserved signature indels specific for genera within the family Pasteurellaceae  

  
 
 Protein name 

Gene 
Name 

GenBank 
Identifier Figure no. Indel Size 

Indel 
Positiona 

(A) CSIs Specific for Actinobacillus  sensu stricto 

3'-nucleotidase surE 126208128 Fig. 2 1 aa ins 367-402 
GTP pyrophosphokinase relA 126207889 Sup. Fig 1 1 aa ins 368-412 
Anaerobic glycerol-3-phosphate 
dehydrogenase subunit glpA 491834528 Sup. Fig 2 1 aa ins 359-400 

(B) CSIs Specific for Haemophillus  sensu stricto 

Biotin-protein ligase birA 144979005   Fig. 3 6 aa del 138-178 
Aspartate ammonia-lyase  aspA 145630289 Sup. Fig 3 1 aa ins 34-75 
NAD(P) transhydrogenase subunit alpha pntA 145631394 Sup. Fig 4 1 aa del 352-378 
Fumarate reductase subunit C frdC 301169552 Sup. Fig 5 3 aa ins 31-89 
Hypothetical tRNA/rRNA 
methyltransferase - 145636352 Sup. Fig 6 1 aa del 17-58 

Gamma-glutamyl kinase proB 145629980 Sup. Fig 7 1 aa ins 197-253 
ACP phosphodieterase acpD 68250119 Sup. Fig 8 2 aa del 119-159 

(C) CSIs Specific for Pasteurella sensu stricto  

Menaquinone-specific isochorismate 
synthase menF 386834899 Fig. 4 4 aa ins 29-86 

 tRNA s(4)U8 sulfurtransferase thiI 15602400 Sup. Fig 9 2 aa del 412-446 
FKBP-type peptidyl-prolyl cis-trans 
isomerase slyD 378775595 Sup. Fig 10 2 aa del 151-188 

Aspartate-semialdehyde dehydrogenase asd 383311492 Sup. Fig 11 1 aa del 173-245 
Lactate permease family transporter lldP 492154065 Sup. Fig 12 2 aa ins 390-427 
Cell division protein ftsA ftsA 492155843 Sup. Fig 13 1 aa ins 357-387 

(D) CSIs Specific for Aggregatibacter  

nhaC family sodium:proton antiporter nhaC 493769836 Fig. 5A 3 aa ins 396-437 
Outer membrane protein  omp  261866907 Sup. Fig 14 4 aa del 25-64 
Multidrug transporter murJ murJ 365966332 Sup. Fig 15 1 aa del 190-220 
NADH dehydrogenase nuoE 387120244 Sup. Fig 16 1 aa ins 372-412 

(E)  CSIs Specific for Mannheimia 

Methyl-galactoside ABC transporter 
substrate-binding protein - 472335016  

Fig. 5B 1 aa del 33-73 

UDP-N-acetylmuramoylalanyl-D-
glutamate--2,6-diaminopimelate ligase murE 472333011  

Sup. Fig 17 2 aa del 418-473 

Glutathione-regulated potassium-efflux 
protein kefC 472333189 Sup. Fig 18 1 aa ins 504-531 

Glycerol-3-phosphate acyltransferase plsB 472334521 Sup. Fig 19 2 aa del 214-252 
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Figure 1(A). A maximum likelihood whole genome phylogenetic tree of sequenced members of the family 
Pasteurellaceae (B) A maximum likelihood phylogenetic tree based on concatenated nucleotide sequence 
alignments of the 16S rDNA, infB, recN, and rpoB genes. Both trees are rooted using members of the 
Vibrionaceae (not shown). Nodes with >80% bootstrap support are indicated by diamond shaped symbols at the 
node. Clusters of species representing Actinobacillus sensu stricto, Haemophilus sensu stricto, Pasteurella sensu 
stricto, Aggregatibacter and Mannheimia are indicated by brackets. Members of the genera Actinobacillus, 
Haemophilus, and Pasteurella which do not fall into their respective “sensu stricto” clades are indicated by the 
presence of square brackets around their generic name (ex. [Pasteurella] pneumotropica). 

Haemophilus influenzae 224-21Haemophilus influenzae 224 21p
Haemophilus influenzae 7P49H1Haemophilus influenzae 7P49H1p
Haemophilus influenzae 86-028NPHaemophilus influenzae 86 028Np
Haemophilus influenzae 6P18H1Haemophilus influenzae 6P18Hp
Haemophilus influenzae PittHHHaemophilus influenzae PittHHp
Haemophilus influenzae 10810Haemophilus influenzae 10810p
Haemophilus aegyptius ATCC 11116Haemophilus aegyptius ATCC 1p gyp
Haemophilus influenzae F3031Haemophilus influenzae F3031p
Haemophilus influenzae RdAWHaemophilus influenzae RdAWp
Haemophilus influenzae 221-21Haemophilus influenzae 221 21p
Haemophilus influenzae PittAAHaemophilus influenzae PittAAp
Haemophilus influenzae KR494Haemophilus influenzae KR494p
Haemophilus haemolyticus M19501Haemophilus haemolyticus M19501p y
Haemophilus haemolyticus M19107Haemophilus haemolyticus M1910p y
Haemophilus haemolyticus HK386Haemophilus haemolyticus HK386p y
Haemophilus sp. oral taxon 851 str. F0397Haemophilus sp. oral taxon 851 str. F039p p
[Pasteurella] pneumotropica DSM 21403[Pasteurella] pneumotropica DSM 21[ ] p p

Haemophilus parainfluenzae HK2019Haemophilus parainfluenzae HK2019p p
Haemophilus parainfluenzae ATCC 33392Haemophilus parainfluenzae ATCp p

Haemophilus pittmaniae HK 85

Haemophilus sensu stricto 

Haemophilus pittmaniae HK 85p p
Aggregatibacter actinomycetemcomitans D11S-1Aggregatibacter actinomycetemcomitans D11S 1gg g y
Aggregatibacter actinomycetemcomitans ANH9381Aggregatibacter actinomycetemcomitans ANH9gg g y
Aggregatibacter actinomycetemcomitans I23CAggregatibacter actinomycetemcomitans I23Cgg g y

Aggregatibacter actinomycetemcomitans RhAA1Aggregatibacter actinomycetemcomitans RhAA1gg g y
Aggregatibacter actinomycetemcomitans SC1083Aggregatibacter actinomycetemcomitans Sgg g y
Aggregatibacter aphrophilus ATCC 33389Aggregatibacter aphrophilus ATCC gg g p p
Aggregatibacter aphrophilus F0387Aggregatibacter aphrophilus F0387gg g p p
Aggregatibacter segnis ATCC 33393Aggregatibacter segnis ATCC 33393gg g g
Aggregatibacter sp. oral taxon 458 str. W10330

Aggregatibacter 

Aggregatibacter sp. oral taxon 4gg g p
Avibacterium paragallinarum 72Avibacterium paragallinarum 72p g
Avibacterium paragallinarum 221Avibacterium paragallinap gg
Histophilus somni 2336Histophilus somni 2336p
Histophilus somni 129PTp

Pasteurella dagmatis ATCC 43325Pasteurella dagmatis ATCC 4g
Pasteurella multocida 1500EPasteurella multocida 1500E
Pasteurella multocida P1059Pasteurella multocida P1059
Pasteurella multocida 1500CPasteurella multocida 1500C
Pasteurella multocida 671 90Pasteurella multocida 671 9
Pasteurella multocida 3480

Pasteurella sensu stricto 
Pasteurella multocida 3480
[Actinobacillus] succinogenes 130Z[Actinobacillus[[ ] succinogenes 130Z[ ] g
Basfia succiniciproducens MBEL55EBasfia succiniciproducens MBEL55p
[Pasteurella] bettyae CCUG 2042[Pasteurella] bettyae CCUG 20[ ] y
[Haemophilus] parasuis 29755[Haemophilus] parasuis 29755[ p ] p
[Haemophilus] parasuis 84-15995[Haemophilus] parasuis 84 1599[ p ] p
[Haemophilus] parasuis SH0165[Haemophilus] parasuis SH016[ p ] p
[Haemophilus] parasuis gx033[Haemophilus] parasuis gx033[[ p ] p g
[Haemophilus] parasuis ZJ0906[Haemophilus] parasuis ZJ090[ p ]] p
[Haemophilus] parasuis MN-H[Haemophilus] parasuis MN H[ p ] p
[Haemophilus] parasuis 12939[Haemophilus] parasuis 12939[ p ] p
[Haemophilus] parasuis SW114[Haemophilus] parasuis SW1[ p ] p
[Haemophilus] parasuis D74[Haemophilus] parasuis D74]
Bibersteinia trehalosi USDA-ARS-USMARC-190Bibersteinia trehalosi USDA ARS USMARC 190
Bibersteinia trehalosi USDA-ARS-USMARC-188Bibersteinia trehalosi USDA ARS USMARC 1
[Haemophilus] paraphrohaemolyticus HK411[Haemophilus] paraphrohaemolyticus HK411[ p ]] p p y
[Haemophilus] paraphrohaemolyticus HK385[Haemophilus] paraphrohaemp ] p p
[Haemophilus] sp. HK 2154[Haemophilus] sp. HK 2154[ p ] p
[Haemophilus] parainfluenzae CCUG 13788[Haemophilus] parainfluenza[ p p
[Actinobacillus] minor NM305[Actinobacillus[[ ] minor NM3[[[ ]
[Actinobacillus] minor 202[Actinobacillus[[ ] minor 202[ ]
Actinobacillus ureae ATCC 25976Actinobacillus ureae ATCC 2
Actinobacillus suis H91-0380Actinobacillus suis H91 0380
Actinobacillus capsulatus DSM 19761Actinobacillus capsulatus DSM 19761p
Actinobacillus pleuropneumoniae 1096Actinobacillus pleuropneumoniae 1096p p
Actinobacillus pleuropneumoniae L20ct obac us p eu op eu o ae 0
Actinobacillus pleuropneumoniae 56153Actinobacillus pleuropneumoniae 56p pp p
Actinobacillus pleuropneumoniae S8

Actinobacillus sensu stricto 

p p
[Haemophilus] ducreyi 35000HP[Haemophilus] ducreyi 35000HP[ p ] y

Mannheimia varigena USDA-ARS-USMARC-1388Mannheimia varigena USDA ARS USMARC 1388g
Mannheimia varigena USDA-ARS-USMARC-1296Mannheimia varigena USDA ARS USMARC 1296g
Mannheimia varigena USDA-ARS-USMARC-1312Mannheimia varigena USDA ARS USMARC 1312g
Mannheimia varigena USDA-ARS-USMARC-1261Mannheimia varigena USDA Ag
Mannheimia haemolytica D35Mannheimia haemolytica D35y
Mannheimia haemolytica D153Mannheimia haemolytica D153y
Mannheimia haemolytica PKL10

Mannheimia 

Mannheimia haemolytica Py
Gallibacterium anatis 1265612Gallibacterium anatis 12656
Gallibacterium anatis F 149

0.05

Haemophilus influenzae Rd KW20
Haemophilus influenzae R2866
Haemophilus influenzae 10810
Haemophilus aegyptius CCUG 25716
Haemophilus haemolyticus M21639
Haemophilus pittmaniae HK 85

Haemophilus parainfluenzae T3T1
[Pasteurella] pneumotropica DSM 21403

Heamophilus sensu stricto 

[Actinobacillus] porcinus NM319
Lonepinella koalarum ATCC 700131
Avibacterium paragallinarum JF4211
Avibacterium gallinarum NCTC 11188
[Haemophilus] felis ATCC 49733
Pasteurella dagmatis ATCC 43325
Pasteurella multocida ATCC 43137
Pasteurella multocida HN06
Pasteurella multocida 36950

Pasteurella sensu stricto 

Aggregatibacter actinomycetemcomitans D11S-1
Aggregatibacter aphrophilus NJ8700 Aggregatibacter 
[Actinobacillus] succinogenes 130Z
Necropsobacter rosorum CCUG 28028

Basfia succiniciproducens JF4016
Basfia succiniciproducens MBEL55E
[Pasteurella] bettyae CCUG 2042
Bisgaardia hudsonensis M327/99/2
[Haemophilus] sputorum HK 2154

Volucribacter psittacicida CCUG 47536
[Actinobacillus] indolicus 46KC2
[Haemophilus] parasuis KL0318
Nicoletella semolina JF2465
Bibersteinia trehalosi USDA-ARS-USMARC-192
[Actinobacillus] muris NCTC 12432

Otariodibacter oris Baika1
Vespertiliibacter pulmonis E127/08
[Haemophilus] paraphrohaemolyticus HK385
[Haemophilus] paraphrohaemolyticus HK411
Histophilus somni 2336
[Actinobacillus] minor NM 305
Actinobacillus lignieresii NCTC 4189
Actinobacillus pleuropneumoniae L20
Actinobacillus arthritidis CCUG 24862
Actinobacillus capsulatus DSM 19761
Actinobacillus suis ATCC 33415
Actinobacillus ureae CCUG 2139

Actinobacillus sensu stricto 

Mannheimia haemolytica D171
Mannheimia varigena USDA-ARS-USMARC-1261
Mannheimia granulomatis DSM 19156

Mannheimia 

[Haemophilus] ducreyi 3500HP
Gallibacterium anatis F 149

Gallibacterium melopsittaci F450
Chelonobacter oris 1662
[Pasteurella] testudinis CCUG 19802

0.1

A) B)
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                                                           367                                402   
Act. pleuropneumonia ser. 5b str. L20          126208128   QDDPTIQIVNQAQKAYVEN V VVKGLPELTGLPVLSA 
Act. pleuropneumoniae serovar 6 str. Femo      306860341   ------------------- - ----------------        
Act. pleuropneumoniae serovar 1 str. 4074      306853561   ------------------- - ----------------    
Act. pleuropneumoniae serovar 9 str. CVJ13261  306862597   ------------------- - ----------------  
Act. pleuropneumoniae serovar 11 str. 56153    306866939   ------------------- - ---------------- 
Act. pleuropneumoniae serovar 12 str. 1096     306869187   ------------------- - ---------------- 
Act. pleuropneumonia ser. 3 str. JL03          165976058   ------------------- - --------A------- 
Act. pleuropneumonia ser. 7 str. AP76          190149956   ------------------- - --------A------- 
Act. pleuropneumoniae serovar 13 str. N273     306871346   ------------------- - --------A------- 
Act. pleuropneumoniae serovar 2 str. S1536     306855886   ------------------- - --------A-------   
Act. pleuropneumoniae serovar 2 str. 4226      302647429   ------------------- - --------A-------   
Act. pleuropneumoniae serovar 4 str. M62       306858147   ------------------- - --------A------- 
Act. pleuropneumoniae serovar 10 str. D13039   306864716   ------------------- - --------A------- 
Actinobacillus capsulatus                      517480365   ------------------- - --------A-------           
Actinobacillus suis H91-0380                   407692352   ------------------- - --------A------- 
Actinobacillus suis ATCC 33415                 672592002   ------------------- - --------A------- 
Actinobacillus ureae                           491832514   ------------------- - ---S----A------- 
Actinobacillus minor                           492353747   -----V-------------   I-----Q-A---I--- 
Haemophilus parasuis                           75992966    -----V-------------   I-----Q-A---I--- 
Haemophilus paraphrohaemolytic                 491992285   ------------------K   -APSVA-M----I--- 
Haemophilus parahaemolyticus                   491987878   ------------------K   -ASSVA-MA---I--- 
Bibersteinia trehalosi USDA-AR                 470167188   ----------A--------   A--A--D-A---I--- 
Mannheimia haemolytica USDA-AR                 472333619   -------------------   --------A---I--- 
Mannheimia haemolytica M42548                  482886678   -------------------   --------A---I--- 
Basfia succiniciproducens                      52424119    ----------------T--   ---N----A------- 
Actinobacillus succinogenes 13                 152977811   ----------R-----A-K   IM-N--K-AK------ 
Pasteurella bettyae                            492137838   ----------------A--   I--N----A---I--- 
Pasteurella dagmatis                           492150287   -----V----------A--   ---N----A------- 
Pasteurella multocida subsp. m                 383310907   -----V-------R--A--   ---N----A------- 
Pasteurella multocida 36950                    378774943   -----V-------R--A--   ---N----A------- 
Aggregatibacter actinomycetemc                 491743308   -------------------   -APSV-AMA---I--- 
Aggregatibacter aphrophilus NJ                 251792866   ------------------K   -APSV-AMA---I--- 
Aggregatibacter segnis                         493770251   ------------------K   -APSV-AMA---I--- 
Haemophilus haemolyticus                       491849990   ------------------K   -ASSVA-MA---I--- 
Haemophilus influenzae                         491951884   ------------------K   -APS-AAMA---I--- 
Plesiomonas shigelloides                       499151755   -----V----N-------H   F-Q-D-D-D-I----- 
Yersinia bercovieri                            491414840   -----V----N--R--T-H   FIQ-D-D-A------- 
Serratia odorifera                             491094352   -----V----N-------H   YIQ-D-D-AD------ 
Enterobacter cloacae SCF1                      311281241   -----V-V--M-------H   FIQ-D-D-AN------ 
Dickeya zeae Ech1591                           251788420   -----V----N-------H   FIQ-D-D-AE------ 
Citrobacter freundii                           489927089   -----V-V--N-------H   FIQ-D-D-AK------ 
Shigella flexneri                              491253659   -----V-V--N-------H   YIQ-D-D-AK------ 
Cronobacter turicensis z3032                   260599446   -----V-V--N-------H   FIQ-D-D-AT------ 
Vibrio vulnificus YJ016                        37678593    -----V----L---D---R   FIQ-D-D-A------- 
Klebsiella variicola At-22                     288937493   -----V-V--M-------H   FIQ-D-D-AK------ 
Pantoea ananatis LMG 5342                      378765502   -----V----N--R----H   FIQ-D-D-AT------ 
Escherichia coli                               446511916   -----V-V--N-------H   YIQ-D-D-AK------ 
 
 
 

Figure 2. A partial sequence alignment of a 3'-nucleotidase showing a 1 amino acid 
insertion identified in all members of Actinobacillus sensu stricto. This insertion was not 
found in the homologues from any member of the genus Actinobacillus that was not part 
of the “sensu stricto” clade or any other member of the Gammaproteobacteria. Sequence 
information for a representative subset of the family Pasteurellaceae and the class 
Gammaproteobacteria are shown, but unless otherwise indicated, similar CSIs were 
detected in all members of the indicated group and not detected in any other bacterial 
species in the top 250 BLAST hits. The dashes (-) in the alignments indicate identity with 
the residue in the top sequence. GenBank identification (GI) numbers for each sequence 
are indicated in the second column. Sequence information for other CSIs specific to 
Actinobacillus sensu stricto are presented in Supplemental Figures 1 - 2 and their 
characteristics are summarized in Table 2A. 

Actinobacillus 
sensu stricto 

Other 
Pasteurellaceae 

Other 
Gammaproteobacteria 

0/250 
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                                                    138                                      173    
Haemophilus influenzae 22.1-21          144979005   LSLVIGLAIAEVL        NVQVKWPNDILFDERKLGGILVE 
Haemophilus influenzae PittHH           145269679   -------------        ----------------------- 
Haemophilus influenzae R3021            144983393   -------------        ----------------------- 
Haemophilus influenzae R2866            386263583   -------------        ----------------------- 
Haemophilus influenzae PittAA           145267548   -------------        ----------------------- 
Haemophilus influenzae PittII           145271085   -------------        ----------------------- 
Haemophilus influenzae R2846            386265397   -------------        ----------------------- 
Haemophilus influenzae 10810            378696350   -------------        ----------------------- 
Haemophilus influenzae 7P49H1           229810402   -------------        ----------------------- 
Haemophilus influenzae PittEE           148715656   -------------        ----------------------- 
Haemophilus influenzae 86-028NP         68057028    -------------        ----------------------- 
Haemophilus influenzae F3031            317432060   -------------        ----------------------- 
Haemophilus influenzae CGSHiCZ412602    646229376   -------------        ----------------------- 
Haemophilus influenzae 7P49H1           229810402   -------------        ----------------------- 
Haemophilus influenzae 3655             144986658   -------------        ----------------------- 
Haemophilus influenzae 6P18H1           229812060   -------------        ----------------------- 
Haemophilus influenzae NT127            260094107   -------------        ----------------------- 
Haemophilus influenzae KR494            540365110   -------------        ----------------------- 
Haemophilus influenzae Rd KW20          16272182    -------------        ----------------------- 
Haemophilus influenzae PittGG           501001793   -------------        ----------------------- 
Haemophilus haemolyticus M21621         341954888   -------------        -------------G--------- 
Haemophilus haemolyticus HK386          386907988   -------------        -------------G--------- 
Haemophilus haemolyticus M19107         341948169   -------------        -------------G--------- 
Haemophilus haemolyticus M21127         341948545   -------------        K------------G--------- 
Haemophilus haemolyticus M19501         341948213   -------------        ---------M--EG--------- 
Pasteurella pneumotropica               517167265   ----V------AF        G------------G-------I-  
Haemophilus sp. oral taxon 851          696223133   -------------        -------------G--------- 
Haemophilus parainfluenzae ATCC 33392   325159690   -----------A-        --K--------LSG--------- 
Haemophilus parainfluenzae T3T1         301156028   -----------A-        --K--------LSG--------- 
Haemophilus parainfluenzae HK262        385192842   -----------A-        -AK------V-LSG---------  
Haemophilus pittmaniae                  343517642   ---A-------TF        GA-------V-YQDA-MA--SLD   
Haemophilus sputorum                    359299234   ----VA-VL--SF TELGIS DI-IK----VYYQGK------I- 
Haemophilus paraphrohaemolyticus        386390324   ----VS-I---A- QAQNVQ DI-I------YYQGK-M----I- 
Haemophilus parahaemolyticus            387773709   ----VS-I---A- QAQNVQ DI-I-----VYYQGK-M----I- 
Haemophilus ducreyi                     33151348    ----VA-I---T- QAQQVE HI-I------YYQGK-M----I- 
Haemophilus parasuis                    219871466   ----VSVL---TF QTLNVP HI-I------YYQGK-M----I- 
Histophilus somni                       113460565   --S-L---T---- NEMGA  E-KL-----L-LFG---A----- 
Aggregatibacter segnis                  315634470   --T------VQA- VELDMY GF---------VN----A----- 
Aggregatibacter actinomycetemcomitans   261867631   --S------VQA- AELDMY GF---------VND---A----- 
Aggregatibacter aphrophilus             251792305   --S------VQS- VELDMY GF---------VND---A----- 
Actinobacillus pleuropneumoniae         190151209   -----S-I---S- QAQQVE -I-I------YYCSK-M----I- 
Actinobacillus ureae                    322515677   -----S-I---S- QAQQVE -I-I------Y-CGK-M----I- 
Actinobacillus minor                    223041563   ----VA-I---S- QAQGVK DI-I-----VY-QGK-M----I- 
Actinobacillus succinogenes             152978568   ---TV-M--HRAI RKLGSD QTKL-----L-LHG---A---I- 
Basfia succiniciproducens               161510992   ------M---DAI KSAGGK EINL-----L-LNG---A---I- 
Mannheimia haemolytica                  254361412   ----VA-I---S- TVQNVK DI-I------YYQGK-M----L- 
Pasteurella multocida                   15602161    ----V-M----T- KQAGAL -IGL-----V-LHG---A----- 
Pasteurella dagmatis                    260913039   ----V-M---DT- RRTGVR --KL-----V-LNG---A----- 
Gallibacterium anatis                   332289774   ---AV-M-V-QA- TELNLH S--L------WLNGK------I- 
Cronobacter sakazakii                   156935825   ------IVM---- HELGAA Q-R------LYLHD---A----- 
Edwardsiella ictaluri                   238918134   ------IVM---- QALGAA G-K------LYLND---A----- 
Enterobacter cloacae                    311281472   ------IVM---- QRLGAE G-R------LYLQD---A----- 
Erwinia tasmaniensis                    188532305   ------IV---A- QQQGAP DIR-------YLND---A----- 
Escherichia coli                        218702608   ------IVM---- RKLGAD K-R------LYLQD---A----- 
Klebsiella pneumoniae                   152972835   ------IV----- QQLGAE Q-R-------YLQD---S----- 
Pantoea vagans                          308188898   ------IVM--T- RALGAD D-R-------YLND---A----- 
Photorhabdus luminescens                37528549    ----V-IV----- HRFGAG RIR------LYL-DK--A----- 
Serratia odorifera                      270265458   ------IVM---- QRLGAE E-R------LYLND---A----- 
 
 
  

Figure 3 A partial sequence alignment of 1,4-dihydroxy-2-naphthoate octaprenyltransferase 
showing a 2 amino acid insertion identified in all members of Haemophilus sensu stricto. 
This insertion was not found in the homologues from any member of the genus 
Haemophilus that was not part of the “sensu stricto” clade or any other member of the 
Gammaproteobacteria. Sequence information for other CSIs specific to Haemophilus 
sensu stricto are presented in Supplemental Figures 3 - 8 and their characteristics are 
summarized in Table 2B. 
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            29             80 
Pasteurella multocida 3480           386834899    WYAGTLGVMGPAYADFCVTIRSAFIE QAEN DSQLCVFAGAGIVEGSIPLLEW 
Pasteurella multocida HN06           383310853    -----------T-------------- ---- ---------------------- 
Pasteurella multocida Pm70           15601918     -------------------------- ---- ----------------------  
Pasteurella multocida Anand1         338217984    -------------------------- ---- ---------------------- 
Pasteurella multocida X73            404383748    -------------------------- ---- ---------------------- 
Pasteurella multocida 2000           512753744    -------------------------- ---- ---------------------- 
Pasteurella multocida 93002          512754797    -------------------------- ---- ---------------------- 
Pasteurella multocida 671/90         512760432    -------------------------- ---- ---------------------- 
Pasteurella multocida HB03           512755642    -------------------------- ---- ---------------------- 
Pasteurella multocida P1933          512755642    -------------------------- ---- ---------------------- 
Pasteurella multocida P52VAC         401690557    -------------------------- ---- ---------------------- 
Pasteurella multocida                404384736    -------------------------- ---- ---------------------- 
Pasteurella multocida RIIF           512761090    -------------------------- ---- ---------------------- 
Pasteurella multocida 1500C          512763080    -------------------------- ---- ---------------------- 
Pasteurella multocida PMTB           544580815    -------------------------- ---- ---------------------- 
Pasteurella multocida 36950          378774883    -------------------------- ---- ---------------------- 
Pasteurella dagmatis                 492154802    -------F-SKMQ------------- -MD- Q-K------------------- 
Pasteurella bettyae                  492145910    -------F-SQVKSE----L----V-      QNRIRI-------A-------- 
Basfia succiniciproducens            52425850     -------F-NR-R-E----L----V-      QNRIR--------A--V----- 
Actinobacillus succinogenes 13       152978460    ---------TKEHSE-----------      SNKIR--------A--V----- 
Aggregatibacter actinomycetemc       387121592    -------FFNR-R-E-----------      ADKIR-----------V----- 
Aggregatibacter segnis               493768552    -------FFNQQQ-E---A-----V-      ADKIH-----------V----- 
Gallibacterium anatis UMN179         332289482    ----AI--ISH-F-E---GL---KLT      HQ--HL-------KE-QADE-- 
Histophilus somni 129PT              113460763    ----A--I-TETESE-------S---      QDYIRI---------------- 
Haemophilus parainfluenzae T3T       345428676    ---------SQNLSE-----------      EN-VR-----------Q-VE-- 
Haemophilus pittmaniae               494450864    -------L-SREQ-E-----------      QQ-IR--------A--D--A-- 
Haemophilus influenzae Rd KW20       16272240     ---------SDVCSE---A-------      GHRIR--------A--Q--E-- 
Haemophilus sputorum                 494790952    ----A--FVS-ERSE----L---QVH      GNK-I-Y------A--E-QA-- 
Haemophilus parasuis SH0165          219871425    ----A--YFT-EQ-E---ML---L-Q      AN-ITFY-------K-D-QS-- 
Haemophilus ducreyi 35000HP          33151806     -------YFHTDH-E-T--L---K-D      HN--TLY------AE-QADS-- 
Actinobacillus minor                 492367157    -------IL-EDE-E----L---Q-K      QN-VTLY------QD-E--S-- 
Actinobacillus ureae                 491835912    -------YLQ-DE-E---AL---Q--      QNCITLY-------E-E-QS-- 
Actinobacillus suis H91-0380         407691822    -----F-YLQ-DE-E---AL---Q--      QNCITLY-------E-E-QS-- 
Actinobacillus pleuropneumonia       190150367    -------YLQ-DE-E---AL---Q--      RNRITLY-------E-E-QS-- 
Mannheimia haemolytica USDA-AR       472333297    ----------NEE-E----L---L-S      QNSITLY------S--D-QS-- 
Bibersteinia trehalosi USDA-AR       470166611    -------YFS--Q-E----L---LVR      AKEML-Y------AE-E-ES-- 
Moritella sp. PE36                   492903543    --S-A--YV-QQKSE---A----R-L      ENE-QL-------P--D-MS-- 
Grimontia sp. AK16                   488492100    --S-SV-YLS-EQSE---A----L-V      -NKVHL-------P--VAES-- 
Plesiomonas shigelloides             499151062    ----SV-HISRER-E-T-A----L-Q      QN-VHL-------P--D-EA-- 
Photobacterium damselae subsp.       358410570    --S-AV-YLSRQHSE---A----L-A      GEE-HL-------P--D-SS-- 
Escherichia sp. TW09231              446418461    ----SA-YLSLQQSE---SL---K-S      -NVVRLY------R--D-EQ-- 
Aliivibrio salmonicida LFI1238       209694656    --S-AV-FLSQQRSE---A----LVM      GNK-HL-------P--E-SS-- 
Vibrio fischeri ES114                59712279     --S-AV-FLSQQRSE---A----LVM      GNK-HL-------P--E-SS-- 
Yokenella regensburgei               493874499    ----SA-YLSRQQSE---AL---MVS      GET-RLY------R--D-E--- 
Yersinia bercovieri                  491418549    ----SA-YLSRQQSE-S--L---WL-      -QWVNLY------A--D-E--- 
Aliivibrio fischeri                  491562394    --S-AV-FLSQQRSE---A----LVM      GNK-HL-------P--E-SS-- 
Photobacterium sp. AK15              494734248    --S-AV-FLSRQRSE---A----L-M      GEE-HL-------P--TADS-- 
Klebsiella oxytoca                   490215845    ----SA-YLSL-QSE---SL---KVQ      QHT-RLY------S--D-EQ— 
 
 
 
 
  
 

Figure 4. A partial sequence alignment of Menaquinone-specific isochorismate synthase 
showing a 4 amino acid insertion identified in all members of Pasteurella sensu stricto. 
This insertion was not found in the homologues from any member of the genus Pasteurella 
that was not part of the “sensu stricto” clade or any other member of the 
Gammaproteobacteria. Sequence information for other CSIs specific to Pasteurella sensu 
stricto are presented in Supplemental Figures 9 - 13 and their characteristics are 
summarized in Table 2C. 

Pasteurella 
sensu stricto 

Other 
Pasteurellaceae 

Other 
Gammaproteobacteria 

0/250 

PhD – Sohail Naushad McMaster University - Biochemistry

85



 
                                                                  396                                      437  
Aggregatibacter segnis ATCC 33393                   315476949     TSWGTFGIMLPIAAAIASHAMP GSV EFMLPCLSAVMAGAVCG 
Aggregatibacter aphrophilus NJ                      251792630     -----------------A--AA --- -L--------------- 
Aggregatibacter aphrophilus F0387                   353346368     -----------------A--AA --- -L--------------- 
Agg. actinomycetemcomitans D7S-1                    387119969     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype d str. I63B     347995553     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype b str. SCC1398  348005459     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype c str. SCC2302  348008621     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype c str. AAS4A    443542862     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype b str. I23C     348010852     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype b str. SCC4092  443544948     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype str. D18P1      348000709     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype c str. D17P-2   348656398     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype e str. SC1083   347993209     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans serotype e str. SCC393   348000829     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans RhAA1                    359757150     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans D11S-1                   261868126     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans ANH9381                  365967906     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans D17P-3                   348654113     ---------------------H --- ----------------- 
Agg. actinomycetemcomitans Y4                       429151349     ---------------------H --- ----------------- 
Avibacterium paragallinarum                         523674050     -----------------AN-A-     -L--------------- 
Gallibacterium anatis UMN179                        332288121     ---------------M-AN-D-     AL--------------- 
Pasteurella pneumotropica                           517167962     --------------SM-TN-A-     -L--A------------ 
Pasteurella dagmatis                                492147403     -----------------AN-A-     -L--------------- 
Actinobacillus succinogenes 13                      152978710     -----------------TN-A-     -LL-------------- 
Actinobacillus capsulatus                           517482329     --------------GM-INVDT     GLLI--M---------- 
Actinobacillus minor                                492354008     ------------G-SM-VNSD-     NLII-------------  
Pasteurella multocida 36950                         378774582     -----------------ANTA-     -L--------------- 
Pasteurella dagmatis                                492147403     -----------------AN-A-     -L--------------- 
Pasteurella bettyae                                 492137490     -----------------VN-A-     -LL-------------- 
Actinobacillus ureae                                491832364     --------------GM-INVDT     GLLI--M---------- 
Bibersteinia trehalosi USDA-AR                      470166919     ---------------M-AN-E-     ALL--S----------- 
Haemophilus parasuis SH0165                         219871308     ---------------M-AN-E-     ALL-------------- 
Haemophilus sputorum                                494789693     ------A-----G-SM-M-SE-     ALII---A---S----- 
Succinivibrionaceae bacterium                       498141043     --------------T--IN-NS     -LLI------------- 
Psychromonas sp. CNPT3                              470479953     -------------GDM-GATDV     A----M----L--S-F- 
Shewanella denitrificans OS217                      91793888      --------------DM-MGSDS     TM---M----L----F- 
Grimontia hollisae                                  491648712     -------------GDL-GATDI     AL---M----L----F- 
Vibrio harveyi                                      13655509      -------------GDM-GATDV     AL---M----L----F- 
Aeromonas molluscorum                               492636195     -----------L-GDM-AASEI     SM---M----L----F- 
Vibrio sp. Ex25                                     262394622     -------------GDM-GATDL     AL---M----L----F- 
 
                                                                  33                                        73 
Mannheimia haemolytica USDA-ARS-USMARC-183          472335016     YKYDDNFMALMRKEIEKEGKTQK   VELLMNDSQNTQSIQNDQ 
Mannheimia haemolytica D171                         525657229     -----------------------   ------------------ 
Mannheimia haemolytica serotype A2 str. OVINE       261308718     -----------------------   ------------------ 
Mannheimia haemolytica D35                          528822364     -----------------------   ------------------ 
Mannheimia haemolytica USMARC_2286                  526467663     -----------------------   ------------------ 
Mannheimia haemolytica serotype 6 str. H23          452088105     -----------------------   ------------------   
Mannheimia haemolytica M42548                       481064088     -----------------------   ------------------      
Mannheimia haemolytica D174                         523435054     -----------------------   ------------------ 
Mannheimia haemolytica D153                         523448251     -----------------------   ------------------  
Mannheimia haemolytica D38                          528824940     -----------------------   ------------------ 
Mannheimia haemolytica MhBrain2012                  528874222     -----------------------   ------------------ 
Mannheimia haemolytica MhSwine2000                  528877290     -----------------------   ------------------   
Mannheimia haemolytica D193                         528878523     -----------------------   ------------------ 
Mannheimia varigena USDA-ARS-USMARC-1312            575444678     -------------------QA--   -Q---------------- 
Mannheimia varigena USDA-ARS-USMARC-1296            575442543     -------------------QA--   -Q---------------- 
Mannheimia varigena USDA-ARS-USMARC-1261            575442169     -------------------QA--   -Q---------------- 
Mannheimia varigena USDA-ARS-USMARC-1388            575448350     -------------------QA--   -Q---------------- 
Mannheimia granulomatis                             652755709     -------------------AN--   -N--------A------- 
Bibersteinia trehalosi USDA-AR                      470166988     -N------S------VQ-AARM- E -N--L-----A-----N- 
Haemophilus parasuis SH0165                         219870684     --------S---Q-----V-VVG G -D--------A------- 
Haemophilus paraphrohaemolytic                      491990832     ------------------AAQH- D ------------------ 
Haemophilus sputorum                                497813944     --------S------N--A-ALN D ----------A------- 
Actinobacillus minor                                492352703     ------------------A-NL- D ------------------ 
Actinobacillus suis H91-0380                        407693344     ---------------D--ANQL- D -K---------------- 
Mannheimia succiniciproducens                       52424698      ---------------D--ATNL- D -Q--------A------- 
Gallibacterium anatis UMN179                        332289959     --------S------N-DAEKVE G IK--------A------- 
Aggregatibacter actinomycetemc                      491699858     --------S------Q-NAEQLQ N -K--------A------- 
Haemophilus parainfluenzae T3T                      345429694     --------S------D--A-ALG G I---------A------- 
Haemophilus influenzae 86-028N                      68249417      --------S------D--A-VVG G IK--------A------- 
Erwinia amylovora                                   490274190     --------SMV--D----A-NSP G -Q--------S--T---- 
Klebsiella oxytoca                                  490205456     --------SVV--A---D--SAP D -Q--------D--K---- 
Yokenella regensburgei                              493874411     --------SVV--A---DA-ASP D IQ--------D--K---- 
Tolumonas auensis DSM 9187                          237809379     --------SAV--A-----DQYP D IK--------D--K---- 
Citrobacter rodentium ICC168                        283785958     --------SVV--A--ADA-AAP D -Q--------D--K---- 
Escherichia coli                                    487492822     --------SVV--A--QDA-AAP D -Q--------D--K---- 
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Figure 5. A partial sequence alignment of (A) a nhaC family sodium/proton antiporter containing 
a 3 amino acid insertion specific for all sequenced species of the genus Aggregatibacter (B) a 
methyl-galactoside ABC transporter substrate-binding protein containing a 1 amino acid deletion 
specific for all sequenced species of the genus Mannheimia. In each case, the identified CSIs were 
only found in the sequenced members of the genera Aggregatibacter or Mannheimia and were 
absent from all other all other sequenced Pasteurellaceae and Gammaproteobacteria. Sequence 
information for other CSIs specific to Pasteurella sensu stricto are presented in Supplemental 
Figures 14 - 19 and their characteristics are summarized in Table 2D and 2E. 
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Figure 6. A summary diagram depicting the distribution of identified CSIs for different 
genera within the family Pasteurellaceae. 

 Haemophilus sensu stricto

 Aggregatibacter 

 Pasteurella sensu stricto 

 Actinobacillus sensu stricto 

 Mannheimia 

7 CSIs specific for 
Haemophilus sensu 
stricto (Table 2B) 

4 CSIs specific for 
Aggregatibacter 
(Table 2D) 

6 CSIs specific for 
Pasteurella sensu 
stricto (Table 2C) 

3 CSIs specific for 
Actinobacillus sensu 
stricto (Table 2A) 

4 CSIs specific for 
Mannheimia  
(Table 2E) 
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CHAPTER 5 

Phylogenomics and Molecular Signatures for Species from the 

Plant Pathogen-containing Order Xanthomonadales 

The following Chapter describes the applications of phylogenetic and comparative genomic 

analyses for the identification of CSIs unique to order Xanthomonadales. The members of 

this order are mostly plant pathogens. The identified CSIs help to demarcate 

Xanthomonadales order from other Gammaproteobacteria in clear molecular terms. The 

Chapter also reviews the impact of LGT on Xanthomonadales genome. I was involved in the 

identification of CSIs, data analysis, writing of the manuscript and construction of the 

figures and tables. 

*Due to limited space, supplementary figures and tables are not included in the chapter but can be accessed 
along with the rest of the manuscript at: 

Naushad,H.S. and Gupta,R.S. (2013). Phylogenomics and molecular signatures for species from the plant 
pathogen-containing order Xanthomonadales. PLoS. One. 8, e55216. 
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Abstract

The species from the order Xanthomonadales, which harbors many important plant pathogens and some human
pathogens, are currently distinguished primarily on the basis of their branching in the 16S rRNA tree. No molecular or
biochemical characteristic is known that is specific for these bacteria. Phylogenetic and comparative analyses were
conducted on 26 sequenced Xanthomonadales genomes to delineate their branching order and to identify molecular
signatures consisting of conserved signature indels (CSIs) in protein sequences that are specific for these bacteria. In
a phylogenetic tree based upon sequences for 28 proteins, Xanthomonadales species formed a strongly supported clade
with Rhodanobacter sp. 2APBS1 as its deepest branch. Comparative analyses of protein sequences have identified 13 CSIs in
widely distributed proteins such as GlnRS, TypA, MscL, LysRS, LipA, Tgt, LpxA, TolQ, ParE, PolA and TyrB that are unique to all
species/strains from this order, but not found in any other bacteria. Fifteen additional CSIs in proteins (viz. CoxD, DnaE, PolA,
SucA, AsnB, RecA, PyrG, LigA, MutS and TrmD) are uniquely shared by different Xanthomonadales except Rhodanobacter
and in a few cases by Pseudoxanthomonas species, providing further support for the deep branching of these two genera.
Five other CSIs are commonly shared by Xanthomonadales and 1–3 species from the orders Chromatiales, Methylococcales
and Cardiobacteriales suggesting that these deep branching orders of Gammaproteobacteria might be specifically related.
Lastly, 7 CSIs in ValRS, CarB, PyrE, GlyS, RnhB, MinD and X001065 are commonly shared by Xanthomonadales and a limited
number of Beta- or Gamma-proteobacteria. Our analysis indicates that these CSIs have likely originated independently and
they are not due to lateral gene transfers. The Xanthomonadales-specific CSIs reported here provide novel molecular
markers for the identification of these important plant and human pathogens and also as potential targets for development
of drugs/agents that specifically target these bacteria.
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Introduction

The Xanthomonadales are gram-negative, non-spore forming,

catalase-positive, aerobic, rod shape bacteria [1], which are part of

the class Gammaproteobacteria [2]. This order is comprised of

two families Xanthomonadaceae and Sinobacteraceae that

contain 22 and 6 genera, respectively (http://www.bacterio.cict.

fr/classifphyla.html#Proteobacteria). The Xylella and Xanthomonas

species, which are part of the order Xanthomonadales, cause

a wide variety of serious diseases in more than 400 agriculturally

important plants. Some of the economically important crops that

are affected by species from these two genera include tomato,

cabbage, pepper, banana, citrus, rice, grapes, peach, plum,

almond, coffee and maple [3–9] Additionally, Xylella fastidiosa is

responsible for causing leaf scorch disease in many landscape and

ornamental plants including oak, elm, mulberry, sycamore, maple

and oleander [7,9–11]. The diseases caused by these bacteria lead

to major crop losses globally and thus they constitute serious

agricultural and economic threat. In addition to these important

phytopathogens, the Xanthomonadales also harbors the genus

Stenotrophomonas, whose members (viz. S. maltophila) are multidrug

resistant opportunistic pathogens, responsible for many hospital-

acquired infections in immuno-compromised patients. These latter

bacteria are also implicated in respiratory infections in cystic

fibrosis patients [12–14].

The species from the order Xanthomonadales and its different

families/genera are currently distinguished from other bacteria

primarily on the basis of their branching in the 16S rRNA trees

[1,4,15]. There is no biochemical, morphological or physiological

characteristics known that are uniquely shared by various species

from this order. Although Xanthomonadales are an order within

the class Gammaproteobacteria, in phylogenetic trees based upon

some genes/proteins sequences, these species are observed to

branch with other classes of proteobacteria, particularly the

Betaproteobacteria [16–20]. However, detailed phylogenetic

studies based upon two independent, large datasets of concate-

nated protein sequences have now established that the species

from the order Xanthomonadales are a deep branching clade

within the class Gammaproteobacteria [21,22]. Several recently

identified molecular signatures that are uniquely shared by

Xanthomonadales and all other Gammaproteobacteria also

support the placement of this group within the Gammaproteo-
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bacteria [21,23]. The anomalous branching of Xanthomonadales

in some phylogenetic trees possibly results from the deep

branching of Xanthomonadales within the Gammaproteobacteria

and also in some cases by lateral gene transfers (LGTs). In

particular, extensive work by Menck and coworkers indicate that

about 25% of the genes in Xanthomonas, which include many

genomic islands as well as some genes involved in the biosynthesis

of NAD, arginine and cysteine, are acquired by LGTs [16,24–28].

Because Xanthomonadales harbor many major phytopathogens

and also some important human pathogens, it is important to

understand the evolutionary relationships among these bacteria

and identify molecular markers that are specific for either all

Xanthomonadales or its different genera. Due to the importance

of these bacteria for agriculture and human health, the complete

genome sequences for 26 Xanthomonadales species/strains are

now available in the NCBI database (see Table 1). In addition,

genomes for many other species/strains from this order are

currently being sequenced and partial sequence information for

them is also available in the databases. These genomes provide

valuable resource for discovering molecular and biochemical

characteristics that are uniquely shared by these bacteria and

which should provide novel means for their identification and also

as potential new targets for development of drugs targeting these

bacteria. Earlier comparative genomic studies on Xanthomona-

dales have focused on identifying characteristics that are re-

sponsible for the virulence and host specificity of different strains

and pathovars of Xanthomonas and Xylella and on understanding the

role of LGTs in their genome evolution [3,4,4,7,8,11,29–34,34–

36]. A recent study on DNA repair proteins also identified four

conserved indels that were specific for the available Xanthomona-

dales species [28]. However, thus far no detailed study has been

carried out which is aimed at identifying genetic or molecular

characteristics that are uniquely shared by either all Xanthomona-

dales or its different genera.

Using genome sequence data, our recent work has focused on

identifying Conserved Signature Indels (inserts or deletions) (CSIs)

of defined lengths that are present at specific locations in widely

distributed proteins and which are uniquely found in particular

groups of organisms [37–40]. The most parsimonious explanation

of these CSIs is that they resulted from highly specific genetic

changes that first occurred in a common ancestor of the particular

groups of species and were then passed on to various descendants

[37,40,41]. Further, depending upon the presence or absence of

these CSIs in outgroup species, it is possible to infer whether

a given CSI is an insert or a deletion and this information can be

used to develop rooted phylogenetic relationships independently of

phylogenetic trees [21,37,42–45]. Additionally, the shared pres-

ence of some CSIs in unrelated groups of bacteria can also identify

possible cases of LGTs [46]. In this work, we report detailed

phylogenetic and comparative analyses of protein sequences from

Xanthomonadales genomes to identify CSIs that are specific for

these organisms. These studies have identified 13 CSIs that are

specific for all sequenced Xanthomonadales species and many

others CSIs that provide information regarding evolutionary

relationships among these bacteria. These molecular signatures

provide novel and highly specific means for identification of

Xanthomonadales species and for different types of studies on

these bacteria. We also report here several CSIs that are

commonly shared by Xanthomonadales and either Beta- and/or

Alpha-proteobacteria. However, our analysis indicates that the

shared presence of these CSIs in Xanthomonadales and these

other bacterial groups is due to independent occurrence of similar

genetic changes and not due to LGTs.

Methods

Phylogenetic Analyses
Phylogenetic analyses were conducted on a concatenated

sequence alignment for 28 conserved and widely distributed

proteins that have been widely used for phylogenetic studies

[21,47,48] and are present in all the Xanthomonadales. These

proteins included, alanyl-tRNA synthetase, arginyl-tRNA synthe-

tase, cell division protein FtsY, chaperonin GroEL, dimethylade-

nosine transferase, DNA gyrase subunit A, DNA gyrase subunit B,

DNA polymerase I, DNA-dependent helicase II, elongation factor

Tu, histidyl-tRNA synthetase, isoleucyl-tRNA synthetase, methio-

nyl-tRNA synthetase, molecular chaperone DnaK, O-sialoglyco-

protein endopeptidase, phenylalanyl-tRNA synthetase subunit

alpha, phosphatidate cytidylyltransferase, prolyl-tRNA synthetase,

RpoB, RpoC, SecA, SecY, serine hydroxymethyltransferase, seryl-

tRNA synthetase, signal recognition particle protein, thioredoxin

reductase, tryptophanyl-tRNA synthetase and valyl-tRNA synthe-

tase. For each of these proteins, sequences for all sequenced

Xanthomonadales and a number of other Gamma-, Beta- and

Alpha-proteobacteria were retrieved by Blastp searches and

multiple sequence alignments were created by using the

CLUSTAL_X 2.0 [49]. These sequence alignments were concat-

enated into a single large file and the poorly aligned regions from

the alignment were removed using Gblocks 0.91 b program [50].

After removal of poor aligned regions, a total of 14621 aligned

positions were present in the final dataset. A neighbor-joining (NJ)

tree based on 100 bootstrap replicates was constructed using the

JTT matrix-based method [51] in MEGA 5 [52]. A maximum-

likelihood tree based upon the same sequence data set was also

constructed using the Whelan and Goldman+Freq. model [53]

using MEGA5. All positions containing gaps were not considered

during these tree constructions.

Identification of Xanthomonadales Specific Conserved
Signature Indels (CSIs)

To search for signature sequences in different proteins that are

specific for Xanthomonadales or for its subclades, Blastp searches

were carried out on each proteins (open reading frame) from the

genome of Xylella fastidiosa 9a5c against the NCBI nr database

[35]. The results of blast searches were examined for high scoring

homologs. For those proteins for whom high scoring homologs (E

value ,1e220) were present in Xanthomonadales and several

other bacteria, about 10–15 sequences representing different

groups were retrieved and multiple sequence alignments were

constructed using the CLUSTAL_X 2.0 program [49]. The

sequence alignments were visually inspected to identify any

conserved indels that were restricted to Xanthomonadales and

which were flanked on both sides by at least 5–6 identical/

conserved residues in the neighboring 30–50 amino acids

[21,40,54]. The conserved indels, which in addition to Xantho-

monadales were also present in few other species, were also

retained. The indels that were not flanked on both sides by

conserved regions were not further evaluated as they do not

provide useful molecular markers [23,37,40]. The species distri-

bution of all indels thus identified (,150) was further examined by

detailed Blastp searches against the nr database (500 top hits) on

short sequence segments containing the indels and their flanking

conserved regions. Based upon detailed Blast searches, many

original indels queries were found to be uninformative for this

study due to a variety of reasons including their presence in only

a single species/strain, lack of sequence conservation, presence of

other confounding indels in the same area in other species, lack of

specificity of the indels for any particular group and large variation
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in their lengths, etc. Hence, such indels were not further studied.

However, for different indels those were specific for Xanthomona-

dales or present in a limited number of other bacteria, sequence

information for them were compiled into signature files that are

shown here. Due to space considerations, the signature files shown

here contain information for only a limited number of species from

other bacteria such as Alpha, Beta and Gammaproteobacteria and

different strains of the same species are also not shown. However,

unless otherwise noted, all of these CSIs are specific for the

indicated groups and they are also present in different strains of

the Xanthomonadaceae species for which sequence information is

available (Table 1).

Results

Phylogenetic Analysis of Genome Sequenced
Xanthomonadales

The genome sequences are now available for 26 Xanthomona-

dales including 15 for Xanthomonas species/strains [5,6,29–

33,55,56], 5 for different strains/pathovars of Xylella fastidiosa

[10,34,35,57], 3 for Stenotrophomonas species/strains [12], 2 for

Pseudoxanthomonas species [58] and for the Rhodanobacter sp.

2APBS1. Some characteristics of these genomes are listed in

Table 1. Their genome sizes varied from 2.5 Mb to 5.3 Mb and

the xylem-inhabiting bacterium Xylella fastidiosa had the smallest or

most reduced genome. Further, in contrast to other Xanthomona-

dales species/strains whose mol G+C % was in the range of 61–

67%, the Xylella strains/pathovars have much lower G+C content.

The reduced genome size and the lower G+C mole content of

Xylella strains/pathovars have likely resulted from their adaptation

to the more stable xylem environment [7].

The sequence information from these genomes was also used to

examine the evolutionary relationships among the sequenced

Xanthomonadales species. Detailed phylogenetic studies on

Gammaproteobacteria and other proteobacteria based upon

concatenated sequences for different large datasets of protein

sequences have been reported previously [19,21,22]. In these trees

[4,28,59], species from the order Xanthomonadales formed

a monophyletic clade and one of the deepest branching lineages

within the Gammaproteobacteria [21,22]. Hence, in the present

work, phylogenetic trees based upon concatenated sequences were

mainly constructed to clarify the branching order of species within

the order Xanthomonadales. The dataset employed in this study

included sequence information for only a limited number of other

Table 1. Sequence Characteristics of Xanthomonadales genomes.

Organism
GenBank
Accession No.

Size
(Mbp)

No. of
Proteins

% GC
content Reference

Stenotrophomonas maltophilia K279a AM743169.1 4.8 4386 66 [12]

Stenotrophomonas maltophilia R551-3 CP001111.1 4.6 4039 66 [12]

Stenotrophomonas sp. SKA14 ACDV00000000 4.9 4469 66 JCVI *

Xanthomonas albilineans GPE PC73 FP565176.1 3.7 3114 63 [32]

Xanthomonas axonopodis pv. citri str. 306 AE008923.1 5.3 4312 64 [56]

Xanthomonas axonopodis pv. citrumelo FL 1195 CP002914.1 5.0 4181 65 [55]

Xanthomonas campestris pv. raphani strain 756C CP002789.1 4.9 4520 65 [33]

Xanthomonas campestris pv. campestris str. 8004 CP000050.1 5.1 4271 64 [30]

Xanthomonas campestris pv. campestris str. ATCC 33913 AE008922.1 5.1 4179 65 [56]

Xanthomonas campestris pv. campestris str. B100 AM920689.1 5.1 4466 65 [56]

Xanthomonas campestris pv. vesicatoria str. 85-10 AM039952.1 5.4 4487 64 [29]

Xanthomonas vesicatoria ATCC 35937 AEQV00000000 5.5 4927 65 [31]

Xanthomonas gardneri ATCC 19865 AEQX00000000 5.5 5027 65 [31]

Xanthomonas oryzae pv. oryzicola BLS256 CP003057.1 4.8 4474 64 [33]

Xanthomonas oryzae pv. oryzae KACC10331 AE013598.1 5.0 4064 63 [5]

Xanthomonas oryzae pv. oryzae MAFF 311018 AP008229.1 5.0 4372 63 NIAS*

Xanthomonas oryzae pv. oryzae PXO99A CP000967.1 5.2 4988 63 [6]

Xanthomonas perforans 91-118 AEQW00000000 5.2 4637 63 [31]

Xylella fastidiosa 9a5c AE003849.1 2.8 2766 52 [35]

Xylella fastidiosa M23 CP000941.1 2.5 2104 51 [10]

Xylella fastidiosa M12 CP001011.1 2.6 2161 51 [10]

Xylella fastidiosa Temecula1 AE009442.1 2.5 2034 51 [34]

Xylella fastidiosa subsp. fastidiosa GB514 CP002165 2.5 2216 51 [57]

Pseudoxanthomonas spadix BD-a59 CP003093.2 3.5 3149 67 [58]

Pseudoxanthomonas suwonensis 11-1 CP002446.1 3.4 3070 70 DOE-JGI*

Rhodanobacter sp. 2APBS1 AGIL00000000 4.0 3800 68 DOE-JGI*

*NIAS =Genome was sequenced by National Institute of Agrobiological Sciences, Japan.
*DOE-JGI = Genome was sequenced by DOE Joint Genome Institute USA.
*JCVI =Genome was sequenced by J. Craig Venter Institute, USA.
doi:10.1371/journal.pone.0055216.t001
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proteobacteria. Figure 1 shows a NJ distance tree based upon

concatenated protein sequences, which was rooted using se-

quences from Alphaproteobacteria. The branching order of

various Xanthomonadales species in the ML tree (Figure S1) is

very similar to that seen in the NJ tree. In both ML and NJ tree,

the Xanthomonadales species formed a strongly supported clade

branching within the other Gammaproteobacteria. This clade was

separated from all other Gammaproteobacteria by a long branch.

Similar monophyletic grouping and branching of the Xanthomo-

nadales species within the Gammaproteobacteria have been

observed in earlier studies [19,21,22]. Among the sequenced

Xanthomonadales species, Rhodanobacter was found to be the

deepest branching species and it was separated from all other

Xanthomonadales by a long branch. Interestingly, the sequenced

Xanthomonas species showed polyphyletic branching in the tree,

with X. albilineans branching deeply and separately from the other

Xanthomonas species (Figure 1 and Figure S1). The tree shown in

Figure 1 provides a phylogenetic framework for understanding

and interpreting the significance of various CSIs observed in this

work.

Identification of Conserved Signature Indels that are
Specific for Xanthomonadales

Our work has identified 13 CSIs that are uniquely present in all

sequenced Xanthomonadales including the deepest branching

Rhodanobacter. Two examples of these CSIs are shown in Figure 2A

& B. In the first case (Figure 2A), an 18 aa insert in highly

conserved region of the protein glutaminyl-tRNA synthetase,

which plays an essential role in protein synthesis by linking

glutamine to its cognate tRNA [60]. The large insert in GlnRS is

uniquely shared by all available sequences from Xanthomonadales

species but not found in any other bacteria (at least the top 500

blast hits). In the other example shown here (Figure 2B), a 4 aa

insert in a GTP-binding elongation factor protein (typA) is

commonly shared by all sequenced Xanthomonadales, but again

it is not found in any other bacteria. Both these CSIs are present in

highly conserved regions of the proteins and their sequences are

also highly conserved. Because these CSIs are lacking in other

bacteria, they constitute inserts in the Xanthomonadales rather

than deletions in other bacteria [38]. The sequence information

for other CSIs that are uniquely present in all sequenced species/

strains of Xanthomonadales is presented in Figures S2–S12 and

a summary of their characteristics is provided in Table 2 (first 13

entries). These CSIs include a 7 aa insert in amino acid/peptide

transported protein; 5 aa insert in conserved region of the large-

conductance mechanosensitive channel protein; a 3 aa insert in

LysRS; 2 aa insert in highly conserved region of the protein lipoyl

synthase (LipA); 1 aa inserts in the proteins Tgt, LpxA and TolQ;

a 13 aa deletion in alpha-2-macroglobulin domain-containing

protein and 1 aa deletions in the ParE, PolA and TyrB proteins.

Because these CSIs are present in all sequenced Xanthomonadales

but not found in any other bacteria, the most likely explanation is

that genetic changes responsible for them first occurred in

a common ancestor of the Xanthomonadales and then passed

on to various descendants by vertical descent.

In addition to these CSIs that are uniquely found in all

Xanthomonadales, we have also come across 6 other CSIs, where

in addition to the Xanthomonadales, the identified CSIs are also

present in 1–3 other Gammaproteobacteria. These species are

generally from some of the other deep branching orders of

Gammaproteobacteria such as Chromatiales, Methylococcales and

Cardiobacteriales, which branch in the proximity of Xanthomona-

dales [21,22,28]. One example of such a CSI consisting of a 1 aa

deletion in a conserved region of the protein glutaminyl-tRNA

synthetase that is commonly shared by various Xanthomonadales

and also by a few Methylococcales and Cardiobacteriales species is

presented in Figure 3. Sequence information for others CSIs of this

kind is presented in Figures S13–S17 and in Table 2 (last six

records). Cutino-Jimenez et al. [28]also reported a CSI in

Topoisomerase I that was commonly shared by various Xanthomo-

nadales, Methylococcales, Cardiobacteriales, Chromatiales, Legionellales and

Thiotrichales. The information provided by these CSIs could prove

useful in establishing a specific relationship of the Xanthomona-

dales to these other deep branching orders of Gammaproteobac-

teria.

CSIs Supporting the Deeper Branching of Rhodanobacter
within the Xanthomonadales

In the phylogenetic tree shown in Figure 1 and Figure S1,

Rhodanobacter sp. 2APBS1 exhibited the deepest branching amongst

the sequenced Xanthomonadales. During our analyses, we have

found 15 CSIs that are uniquely shared by all other Xanthomona-

dales except Rhodanobacter, supporting the deeper branching of this

species in comparison to other Xanthomonadales. Two examples

of such CSIs that are uniquely found in different Xanthomona-

dales, but not in Rhodanobacter are shown in Figure 4A & B. In both

these cases 5 aa inserts in highly conserved regions of the proteins

uroporphyrinogen decarboxylase (Figure 4A) and in the protein

tRNA delta(2)-isopentenylpyrophosphate transferase (Figure 4B)

are uniquely shared by different sequenced Xanthomonadales

except Rhodanobacter. These CSIs are not present in any other

bacteria. A summary of the characteristics of different CSIs

showing this type of species distribution pattern is presented in

Table 3 and the sequence alignments of the corresponding

proteins are provided as Figures S18–S30. The proteins in which

these CSIs are found include protoheme IX farnesyltransferase

(CoxD), DNA polymerase III alpha subunit (DnaE), DEAD box

helicase domain-containing protein, ribose-5-phosphate isomerase

A (RpiA), DNA polymerase I (PolA), glucose-6-phosphate 1-

dehydrogenase (Zwf1), AspRS, 2-oxoglutarate-dehydrogenase E1

component (SucA), coproporphyrinogen III oxidase (CpoX), and

TrmD. In a few of these cases, the CSIs under consideration was

also not found in one or both of the Pseudoxanthomonas species,

supporting their deeper branching in comparison to other

Xanthomonadales genera (viz. Xylella, Xanthomonas and Stenotropho-

monas) (Figures S32–S34). In a recent study, Cutino-Jimenez et al.

[28] had reported four CSIs in DNA repair proteins that were

indicated to be specific for Xanthomonadales. Our analyses of

these CSIs, which were also identified in our work, indicate that

they are lacking in either Rhodanobacter (4 aa insert in DnaE and 1

aa insert in RecA) or both Rhodanobacter and in P. suwonensis (5 aa

insert in MutS and .50 aa insert in LigA) (Figures S29–S31 and

S35). The information for these CSIs is also summarized in

Table 3. Based upon the species distribution of these CSIs and the

branching positions of Rhodanobacter (and Pseudoxanthomonas) in

phylogenetic trees, the genetic changes responsible for these CSIs

likely occurred in common ancestors of other Xanthomonadales

species after the divergence of Rhodanobacter sp. 2APBS1 and also in

some cases that of Pseudoxanthomonas species.

In addition to the CSIs discussed above 4 other proteins

contains CSIs of different lengths at the same position, which are

uniquely shared by all sequenced species/strains of Xanthomona-

dales except Rhodanobacter sp. 2APBS1 and in some cases

Pseudoxanthomonas. However, these CSIs due to differences in their

lengths are also able to distinguish between different genera of

Xanthomonadaceae. Two examples of such CSIs are presented in

Figure 5. In the first case in the protein 59-nucleotidase (Figure 5A),

which catalyzes the hydrolysis of nucleotides to nucleosides, a 13
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Figure 1. Phylogenetic tree for Xanthomonadales based on concatenated sequences for 28 conserved proteins. The tree shown is a NJ
distance tree, however, similar branching was observed in the ML tree (Figure S1). The observed bootstrap scores for various nodes are shown on the
branch points. The tree was rooted using sequences from Alphaproteobacteria.
doi:10.1371/journal.pone.0055216.g001
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Figure 2. Examples of conserved signature indels (CSIs) that are specific for the order Xanthomonadales. Excerpts are shown from the
sequence alignments of (A) Glutaminyl t-RNA synthetase and (B) GTP-binding elongation factor proteins showing two CSIs that are uniquely found in
various sequenced Xanthomonadales species, but not found in any other bacteria. Information for other CSIs that are specific for the
Xanthomonadales is provided in Figures S2–S12 and Table 2. The dashes in these as well as all other alignments show identity with the amino acid on
the top line. The Gene bank identification numbers of various sequences are shown in the second column and the numbers on the top indicate the
position of this sequence in the species shown on the top line. The sequence information is shown here for only representative species. However,
unless otherwise indicated, these CSIs are highly specific for the indicated group of species.
doi:10.1371/journal.pone.0055216.g002
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aa insert is uniquely shared by all Xanthomonas and Xylella species,

whereas the two Stenotrophomonas species have an 11 aa insert in the

same position. Because both these CSIs are present at the same

position and they are related in sequences, the most likely

explanation about their occurrence is that a 13 aa insert was

initially introduced in a common ancestor of the Xanthomonas,

Xylella and Stenotrophomonas genera and it was followed by a 2 aa

deletion in the genus Stenotrophomonas. Alternatively, an 11 aa insert

was initially introduced in a common ancestor of these three

genera followed by another 2 aa insert in a common ancestor of

the Xanthomonas and Xylella genera. Likewise, in a conserved region

of the asparagine synthase b protein (AsnB), a 5 aa insert is present

in various Xylella, Xanthomonas and Pseudoxanthomonas, whereas the

two Stenotrophomonas species have a smaller insert (4 aa) in this

position (Figure S27). The AsnB protein also contains another CSI

in a different position (see Figure S28), where a 1 aa insert is

present in Xylella, Xanthomonas and Pseudoxanthomonas, species,

whereas the two Stenotrophomonas species have a 2 aa insert in the

same position. In another example of this kind, in the protein CTP

synthetase, a 2 aa insert in a conserved region is uniquely shared

by various Xylella, Xanthomonas and Stenotrophomonas species/strains,

whereas the two Pseudoxanthomonas species contain a 1 aa insert in

this position (Figure 5B). These CSIs, in addition to supporting the

deeper branching of Rhodanobacter in comparison to other

Xanthomonadales, also serve to differentiate Stenotrophomonas and

Pseudoxanthomonas species from other genera of Xanthomonadaceae.

CSIs that are Commonly Shared by Xanthomonadales
and Some Alpha- and Beta-proteobacteria

In addition to the above proteins that contained CSIs, which

were highly specific for Xanthomonadales species (or 1–2 closely

related species), our analyses have also identified 7 other CSIs,

which in addition to various Xanthomonadales are also shared by

some Betaproteobacteria and/or Alphaproteobacteria. Two ex-

amples of these CSIs are shown in Figures 6 and 7. In the protein

valyl-tRNA synthetase, which plays an essential role in protein

synthesis, a 13 aa insert in a highly conserved region is present in

all sequenced Xanthomonadales, except Rhodanobacter (Figure 6).

Interestingly, a very similar CSI is also present in several species

belonging to the class Alphaproteobacteria (e.g. Ahrensia sp.

R2A130, Labrenzia alexandrii, Rhodobacter capsulatus, Sagittula stellata

etc.) whereas other Alphaproteobacteria do not contain this insert.

In the other example shown here (Figure 7), in the protein

carbamoyl phosphate synthase large subunit (CarB), a 1 aa insert

in a conserved region is commonly shared by various Xanthomo-

nadales and a subgroup of Betaproteobacteria (mainly Burkholder-

iales), but not by any other bacterial groups. The shared presence

of similar CSIs by different Xanthomonadales and species from

these other classes of proteobacteria could result from a variety of

possibilities including lateral transfers of genes for these proteins

between these two groups of bacteria or alternatively by

independent occurrence of similar genetic changes in these

lineages.

Table 2. Conserved Signatures Indels that are specific for Xanthomonadales.

Protein Name
Gene
Name

GenBank
Identifier Figure No Indel Size

Indel
Positiona Exceptionsb

Glutaminyl-tRNA synthetase glnS 194364460 Figure 2A 18 aa ins 239–295 None

GTP-binding elongation factor protein typA 58580596 Figure. 2B 4 aa ins 303–350 None

Amino acid/peptide transporter – 71275790 Figure S2 7 aa ins 164–213 None

Large-conductance mechanosensitive channel mscL 294667079 Figure S3 5 aa ins 40–85 None

Lysyl-tRNA synthetase lysS 194365604 Figure S4 3 aa ins 34–85 None

Lipoyl synthase lipA 58583575 Figure S5 2 aa ins 156–209 None

Queuine tRNA-ribosyltransferase tgt 194365393 Figure S6 1 aa ins 289–339 None

Acyl-(acyl-carrier-protein)–UDP-N-acetyl-glucosamine O-
acyltransferase

lpxA 71275623 Figure S7 1 aa ins 164–210 None

TolQ protein tolQ 21232451 Figure S8 1 aa ins 177–217 None

Alpha-2-macroglobulin domain-containing protein – 194366795 Figure S9 13 aa del 607–661 None

DNA topoisomerase IV subunit B parE 84624476 Figure S10 1 aa del 282–326 None

DNA polymerase I polA 194367713 Figure S11 1 aa del 28–65 None

Aromatic amino acid aminotransferase tyrB 28197970 Figure S12 1 aa del 306–354 None

Glutaminyl-tRNA synthetase glnS 194364460 Figure 3 1 aa del 77–131 Methylobacter tundripaludum,
Methylomicrobium album
BG8,Dichelobacter nodosus

DNA polymerase III subunit beta RpoB 194363780 Figure S13 1 aa del 44–81 Marinomonas sp. MWYL1,
Thioalkalivibrio sp. HL-EbGR7

Lipid-A-disaccharide synthase lpxB 190573490 Figure S14 2 aa ins 317–358 Cardiobacterium hominis,
Allochromatium vinosum,
Alteromonadales bacterium

Carbamoyl phosphate synthase large subunit carB 166711938 Figure S15 1 aa ins 403–457 Marinobacter sp. ELB17

Putative secreted protein – 188992701 Figure S16 1 aa ins 1285–1318 Teredinibacter turnerae

Aminopeptidase P pepP 294627124 Figure S17 1 aa del 211–246 Thioalkalivibrio sp. HL-
EbGR7,Alkalilimnicola ehrlichii

aThe indel position provided indicates the region of the protein containing the CSI.
bFor details go to respective figures.
doi:10.1371/journal.pone.0055216.t002
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To distinguish between these possibilities, phylogenetic trees for

the ValRS and CarB sequences for the same species as shown in

Figures 6 and Figure 7 were constructed. In the tree based upon

ValRS sequences, which is shown Figure 8, all of the Alphapro-

teobacteria species (both containing and lacking the insert) formed

a strongly supported clade that branched distinctly from the

Xanthomonadales. The Xanthomonadales species in this tree

branched in between the clades consisting of Betaproteobacteria

and the other Gammaproteobacteria, but that is not surprising in

view of phylogenetic position within the Gammaproteobacteria. If

the shared presence of the CSI in the Xanthomonadales and the

CSI-containing Alphaproteobacteria was due to LGTs, then the

Alphaproteobacteria containing this CSI should have branched

with the Xanthomonadales, which is not observed here. Similarly,

in the tree based upon CarB sequences (Figure S36), all of the

Betaproteobacteria branched together and no association was

observed between the insert containing Betaproteobacteria and

the Xanthomonadales. These results do not support the possibility

that LGT was responsible for the shared presence of CSIs in these

two groups. Instead in the phylogenetic trees shown in Figure 8

and Figure S36, the clades comprising of the inserts containing

Alphaproteobacteria or Betaproteobacteria formed distinct sub-

clades within the rest of the Alpha- or Beta-proteobacteria. Thus,

it is likely that the genetic changes responsible for these CSI

Figure 3. Partial sequence alignment of glutaminyl t-RNA synthetase showing a CSI that is specifically present in various
sequenced Xanthomonadales and some other Gammaproteobacteria. This CSI as well as a few other CSIs identified in this work (see Table 2
and Figures S13–S17) suggest a possible relationship of Xanthomonadales to these deep branching orders of Gammaproteobacteria.
doi:10.1371/journal.pone.0055216.g003
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occurred independently in the common ancestors of these

subclades of species.

Besides these two proteins that contained CSIs, which were

commonly shared by Xanthomonadales and either some Alpha-

or Beta-proteobacteria, five other proteins were identified that

contained CSIs showing similar species distributions. These

included: two CSIs consisting of 1 aa conserved deletions in

a hypothetical protein XOO1065 and the protein orotate

phosphoribosyltransferase (PyrE) that are commonly shared by

various Xanthomonadales and some Betaproteobacteria (Figures

S37 and S38); two CSIs consisting of 1 aa and 2 aa inserts in the

proteins putative ribonuclease HII (RnhB) and glycyl-tRNA

synthetase subunit beta (GlyS) that are also commonly shared by

various Xanthomonadales and some Betaproteobacteria (Figures

S39 and S40); a 1 aa deletion in a conserved region in the septum

site-determining protein MinD that is commonly shared by

Xanthomonadales and some Alpha- and Beta-proteobacteria

(Figure S41). The phylogenetic trees based upon the sequences

of these proteins are shown in Figures S42 to S46. In all of these

trees, the proteobacterial groups which contained similar CSIs as

found in the Xanthomonadales did not branch with the

Xanthomonadales. These results provide evidence that the CSIs

in these other bacterial groups have originated independently and

their shared presence is not due to LGTs from Xanthomonadales.

Discussion

The Xanthomonadales species harbor many major plant

pathogens [3,4,9] as well as some important human pathogens.

However, these bacteria are presently distinguished from other

bacteria solely on the basis of their branching in phylogenetic trees

(primarily 16S rRNA) and no molecular or biochemical charac-

teristic that is uniquely shared by various species from this group of

bacteria is currently known [1]. This paper reports detailed

phylogenetic and comparative genomic analyses of sequenced

Xanthomonadales species to identify molecular markers that are

specific for these bacteria and which are also helpful in

understanding their evolutionary relationships. We report here

for the first time 13 molecular signatures consisting of conserved

indels in widely distributed proteins that are distinctive character-

istics of all sequenced Xanthomonadales species, but they are not

found in any other bacteria. In view of their Xanthomonadales-

specificity, the most parsimonious explanation to account for these

CSIs is that the rare genetic changes responsible for them occurred

Table 3. CSIs that are specific for Xanthomonadales except Rhodanobacter sp. 2APBS1.

Protein Name
Gene
Name

GenBank
Identifier Figure No Indel Size

Indel
Positiona Specificity within Xanthomonadales

Uroporphyrinogen decarboxylase hemE 294625972 Figure 4A 5 aa ins 295–340 All except Rhodanobacter sp. 2APBS1

tRNA delta(2)-isopentenylpyrophosphate transferase miaA 194365248 Figure 4B 5 aa ins 219–256 All except Rhodanobacter sp. 2APBS1

Protoheme IX farnesyltransferase coxD 15837961 Figure S18 4 aa ins 150–192 All except Rhodanobacter sp. 2APBS1

DNA polymerase III subunit alpha dnaE 21242159 Figure S19 1 aa ins 583–638 All except Rhodanobacter sp. 2APBS1

DEAD box helicase domain-containing protein – 194364258 Figure S20 1 aa ins 155–200 All except Rhodanobacter sp. 2APBS1

Ribose-5-phosphate isomerase A rpiA 194367055 Figure S21 1 aa ins 127–169 All except Rhodanobacter sp. 2APBS1

DNA polymerase I polA 21244827 Figure S22 1 aa ins 136–180 All except Rhodanobacter sp. 2APBS1

Aspartyl-tRNA synthetase aspS 194366904 Figure S23 4 aa del 343–391 All except Rhodanobacter sp. 2APBS1

2-oxoglutarate-dehydrogenase E1 component sucA 194366403 Figure S24 1 aa del 782–830 All except Rhodanobacter sp. 2APBS1

Coproporphyrinogen III oxidase cpoX 194367710 Figure S25 1 aa del 166–215 All except Rhodanobacter sp. 2APBS1

2-oxoglutarate-dehydrogenase E1 component sucA 194366403 Figure S26 1 aa del 106–164 All except Rhodanobacter sp. 2APBS1

Asparagine synthase b protein asnB 285018780 Figure S27 4–5 aa ins 404–445 All except Rhodanobacter sp. 2APBS1

Asparagine synthase b protein asnB 194365058 Figure S28 1–2 aa ins 96–132 All except Rhodanobacter sp. 2APBS1

DNA polymerase III subunit alpha b dnaE 77747494 Figure S29 4 aa ins 522–576 All except Rhodanobacter sp. 2APBS1

DNA repair protein RecAb recA 15836728 Figure S30 2 aa ins 172–238 All except Rhodanobacter sp. 2APBS1

59-nucleotidase – 21231001 Figure 5A 11–13 aa ins 123–188 All except Rhodanobacter sp. 2APBS1
& Pseudoxanthomonas suwonensis

CTP synthetase pyrG 194365226 Figure 5B 2 aa ins 253–291 All except Rhodanobacter sp. 2APBS1
Pseudoxanthomonas suwonensis &
Pseudoxanthomonas suwonensis

DNA mismatch repair protein MutS b mutS 15838317 Figure S31 5 aa ins 765–806 All except Rhodanobacter sp. 2APBS1 &
Pseudoxanthomonas suwonensis

DNA polymerase III subunit alpha dnaE 194365029 Figure S32 2 aa del 65–120 All except Rhodanobacter sp. 2APBS1 &
Pseudoxanthomonas suwonensis

tRNA (guanine-N(1)-)-methyltransferase trmD 194364933 Figure S33 2 aa ins 140–200 All except Rhodanobacter sp. 2APBS1 &
Pseudoxanthomonas suwonensis

Glucose-6-phosphate 1-dehydrogenase zwf 190573773 Figure S34 4 aa del 290–334 All except Rhodanobacter sp. 2APBS1 &
Pseudoxanthomonas spadix BD-a59

DNA ligase NAD dependent b ligA 77747612 Figure S35 57–65 aa ins 461–583 All except Rhodanobacter sp. 2APBS1 &
Pseudoxanthomonas suwonensis

aThe indel position provided indicates the region of the protein containing the CSI.
bThese CSIs have been previously described [28].
doi:10.1371/journal.pone.0055216.t003
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Figure 4. Examples of CSIs those are present in various Xanthomonadales species except Rhodanobacter sp. 2APBS1. Excerpts are
shown from the sequence alignments of (A) uroporphyrinogen decarboxylase (HemE) and (B) tRNA delta(2)-isopentenylpyrophosphate transferase
(MiaA) proteins showing two conserved signature indels (boxed) that are specifically found in various sequenced Xanthomonadales species, except
Rhodanobacter sp. 2APBS1. These CSIs were likely introduced in these genes in a common ancestor of the Xanthomonadales after branching of
Rhodanobacter. Information for CSIs in other proteins showing similar species specificities is provided in Figures S18–S30 and Table 3.
doi:10.1371/journal.pone.0055216.g004
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only once in a common ancestor of the Xanthomonadales and

were then passed on to various descendent species vertically as

shown in Figure 9 [37,54,61]. Further, the absence of these CSIs

in all other bacteria strongly indicates that the genes for these

proteins have not been laterally transferred from Xanthomona-

dales to other bacterial groups or vice versa. Thus, these molecular

signatures (or synapomorphies) provide novel means for the

identification and circumscription of species from the order

Xanthomonadales in clear molecular terms.

We also report in this work detailed phylogenetic analyses of

(sequenced) Xanthomonadales species based upon concatenated

sequences for 28 widely distributed proteins. Earlier phylogenetic

studies on Xanthomonadales are mainly based upon 16S rRNA or

single genes such as Gyrase B and most of them cover only the

genus Xanthomonas [4,15,59,62,63]. Among a number of novel

relationships seen in this tree, these trees showed that Rhodanobacter

sp. 2APBS1 formed the deepest branch within the Xanthomona-

dales and it was separated from all other species by a long branch.

Figure 5. Example of CSIs those are able to distinguish two different clades of Xanthomonadales. Partial sequence alignments are
shown of the proteins (A) 59-nucleotidase and (B) CTP synthetase showing two CSI, which due to their different lengths are able to distinguish
between two different clades of Xanthomonadales. In (A), a 13 aa insert is present in all of the Xanthomonas and Xylella species, whereas the two
Stenotrophomonas spp. contain an 11 aa insert in this position. Similarly, in (B), all of the Xanthomonas, Xylella and Stenotrophomonas species have a 2
aa insert, whereas the two Pseudoxanthomonas spp. contain a 1 aa insert in this position. Different possibilities to account for these CSIs are
discussed in the text.
doi:10.1371/journal.pone.0055216.g005
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The branching of Pseudoxanthomonas and then other Xanthomonada-

ceae genera followed it. Importantly, our analyses have also

identified 15 CSIs that are uniquely present in all other

Xanthomonadales, except Rhodanobacter and in a few cases also

by the Pseudoxanthomonas species. The genetic changes responsible

for theses CSIs were likely introduced in a common ancestor of the

other Xanthomonadales after the branching of Rhodanobacter and

also in some cases Pseudoxanthomonas (Figure 9) and they provide

independent evidence for the deep branching of these lineages

with respect to other genera within this order.

Xanthomonadales species are indicated to have undergone

extensive LGTs with other prokaryotic taxa particularly Alpha,

Beta and some orders of Gamma- proteobacteria and in some

cases with Archaea as well [16,24–27]. In the present work, we

have also identified several examples where a given CSI, in

addition to being shared by all or most Xanthomonadales, was

also present in some species from other groups of bacteria, most

commonly from Alpha-, Beta- and Gamma- proteobacteria. Of

these CSIs, five were present only in 1–3 species from other deep

branching orders of Gammaproteobacteria and their possible

significance is discussed below. Seven other CSIs were commonly

shared by various Xanthomonadales and also several Betaproteo-

bacteria and/or both Alpha- and Beta- proteobacteria. The shared

presence of these CSIs between Xanthomonadales and these other

proteobacteria could result from a number of possibilities in-

cluding later transfer of the corresponding genes between these

groups of bacteria or independent occurrence of similar genetic

changes in these groups. However, phylogenetic trees based upon

these protein sequences showed that Xanthomonadales species

and the Alpha- and/or Beta- proteobacteria containing similar

Figure 6. Partial sequence alignments of valyl t-RNA synthetase showing a 13 aa insert that is commonly shared by various
Xanthomonadales and a subgroup of Alphaproteobacteria. Other Alpha- and Gamma-proteobacteria do not contain this insert.
doi:10.1371/journal.pone.0055216.g006
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CSIs branched separately from each other, indicating that the

presence of similar CSIs in these groups of bacteria was not due to

LGTs. Therefore, genetic changes leading to similar CSIs in these

groups likely occurred independently due to similar functional

requirements for these CSIs. Although in our work we have not

come across many examples of LGTs between Xanthomonadales

and other groups of bacteria, our analyses is based only on

proteins that contain conserved indels. Such genes/proteins

represent only a small fraction of the total genes that are found

in various genomes. Because most of these proteins are involved in

essential functions, they are less prone to LGTs. In contrast,

extensive work that Menck and coworkers have carried out on

identification of cases of LGTs is primarily on species from the

genus Xanthomonas [16,24–27], which have thus far not studied in

detail.

Xanthomonadales is one of the deepest branching orders within

the Class Gammaproteobacteria. Some of the other orders that

branch in its proximity include Chromatiales, Methylococcales,

Cardiobacteriales, Legionelalles and Thiotrichales. However, the re-

lationship of Xanthomonadales to these other orders is presently

not understood. In the present work, we also identified six other

CSIs (Table 2, last six entries), which in addition to various

Xanthomonadales were also uniquely shared by 1 or 2 species

from these orders of Gammaproteobacteria. The shared presence

of these CSIs by Xanthomonadales and some of these other orders

of Gammaproteobacteria suggests that either these orders are

closely related or that similar genetic changes have occurred in

them independently. However, further information from addi-

tional species from these orders will be necessary to establish

whether the Xanthomonadales and some of these other orders of

Gammaproteobacteria are specifically related and form a higher

taxonomic clade within the Gammaproteobacteria.

The focus of the present study was on identifying molecular

signatures that are specific for either the entire Xanthomonadales

order or some of its deep branching lineages. Thus far, we have

not carried out careful analyses of various signature sequences that

are specific for specific genera viz. Xylella, Xanthomonas, Stenotropho-

monas and Pseudoxanthomonas and such studies will be part of our

future work. Nonetheless, based upon the identified molecular

signatures it is now possible to identify and circumscribe species

from the order Xanthomonadales from all other bacteria in clear

molecular terms based upon large numbers of discrete molecular

characteristics. Based upon our earlier work on CSIs for other

groups/phyla of bacteria, most of these CSIs have degree of

Figure 7. Partial sequence alignment of carbamoyl phosphate synthase showing a 1 aa insert that is commonly shared by
Xanthomonadales and a subgroup of Betaproteobacteria. The distinct branching of these two groups in a phylogenetic tree based upon
CarB sequence (Figure S36) provides evidence that this shared CSIs is not a result of LGT.
doi:10.1371/journal.pone.0055216.g007
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Figure 8. Phylogenetic tree based upon valyl t-RNA synthetase sequences. The distinct branching of Xanthomonadales and the
Alphaproteobacteria containing this insert suggests that the shared presence of this CSIs in these two groups is not due to a LGT.
doi:10.1371/journal.pone.0055216.g008
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predictive ability [21,64–66] and thus they are useful in identifying

both known as well as unknown species belonging to these clades

(viz. Xanthomonadales) in different environments. Xanthomona-

dales harbor many important plant pathogens that cause a variety

of diseases in economically important crops and plants [3–9]. In

addition, they also contain Stenotrophomonas, which are oppor-

tunistic human pathogens [12–14]. Thus, novel methods for

sensitive and specific identification of species from this order in

different settings are of much importance. Most of the Xantho-

monadales-specific CSIs discovered in this work are present in

highly conserved regions of the genes/proteins. Hence, based

upon these gene sequences degenerate PCR primers (based upon

either flanking conserved regions or the indel region and a flanking

conserved region) could be readily designed to examine the

presence or absence of gene sequences containing these CSIs in

any given sample [64,67]. Thus, molecular probes based upon

these CSIs and/or their flanking regions should provide novel and

specific means for the detection of new as well as existing

Xanthomonadales species in different environments. The Xantho-

monadales-specific CSIs, in addition to their usefulness for

evolutionary and diagnostic studies, also provide novel and useful

tools for genetic and biochemical investigations and possible

means for identification of agents that specifically target these

plant pathogenic bacteria.

Figure 9. A summary diagram showing the species specificity of various CSIs identified in this work and the evolutionary stages
where the genetic changes responsible for them were likely introduced.
doi:10.1371/journal.pone.0055216.g009
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Supporting Information

Figure S1 A maximum-likelihood tree based upon
concatenated sequences for 28 conserved proteins. The

tree shows the branching of Xanthomonadales group with

Gammaproteobacteria. The tree was rooted using Alphaproteo-

bacteria. The numbers on the nodes indicate statistical support for

the nodes.

(PDF)

Figure S2 Partial sequence alignment of a conserved
region in the amino acid/peptide transporter showing
a 7 aa insert that is specific for all Xanthomonadales.

(PDF)

Figure S3 Partial sequence alignment of large-conduc-
tance mechanosensitive channel protein showing the
presence of a 5 aa insert that is commonly shared by
Xanthomonadales.

(PDF)

Figure S4 Partial sequence alignment of lysyl-tRNA
synthetase showing a 3 aa insert that is uniquely shared
by all members of Xanthomonadales.

(PDF)

Figure S5 Partial sequence alignment of lipoyl synthase
showing a 2 aa insert that is commonly shared by
Xanthomonadales.

(PDF)

Figure S6 Partial sequence alignment of a conserved
region in the queuine tRNA-ribosyltransferase showing
a 1 aa insert that is specific for Xanthomonadales.

(PDF)

Figure S7 Partial sequence alignment of a conserved
region in the acyl-(acyl-carrier-protein)–UDP-N-acetyl-
glucosamine O-acyltransferase showing a 1 aa insert
that is commonly shared by Xanthomonadales.

(PDF)

Figure S8 Partial sequence alignment of a conserved
region in the TolQ protein showing a 1 aa insert that is
commonly shared by Xanthomonadales.

(PDF)

Figure S9 Partial sequence alignment of a conserved
region in alpha-2-macroglobulin domain-containing
protein showing a 13 aa deletion that is uniquely present
in Xanthomonadales.

(PDF)

Figure S10 Partial sequence alignment of a conserved
region of DNA topoisomerase IV subunit B showing a 1
aa deletion that is commonly specifically found in
Xanthomonadales.

(PDF)

Figure S11 Partial sequence alignment of DNA poly-
merase I showing a 1 aa deletion that is uniquely shared
by all members of Xanthomonadales.

(PDF)

Figure S12 Partial sequence alignment of a conserved
region of aromatic amino acid aminotransferase show-
ing a 1 aa deletion that is uniquely shared by Xantho-
monadales.

(PDF)

Figure S13 Partial sequence alignment of a conserved
region of DNA polymerase III subunit beta showing a 1
aa deletion that is present in Xanthomonadales. The CSI

has also been found to be shared by Marinomonas sp. MWYL1 and

Thioalkalivibrio sp. HL-EbGR7.

(PDF)

Figure S14 Partial sequence alignment of a conserved
region of lipid-A-disaccharide synthase a 2 aa insert that
is present in Xanthomonadales. The CSI has also been

found to be shared by Cardiobacterium hominis, Allochromatium vinosum

and Alteromonadales bacterium.

(PDF)

Figure S15 Partial sequence alignment of carbamoyl
phosphate synthase large subunit a 1 aa insert that is
present in Xanthomonadales. The CSI has also been found

to be shared by Marinobacter sp. ELB17.

(PDF)

Figure S16 Partial sequence alignment of putative
secreted protein showing a 1 aa insert that is present
in Xanthomonadales. The CSI has also been found to be

shared by Teredinibacter turnerae.

(PDF)

Figure S17 Partial sequence alignment of a conserved
region of aminopeptidase P, showing a 1 aa deletion that
is commonly shared by Xanthomonadales. The CSI has

also been found to be shared by Thioalkalivibrio sp. HL-EbGR7 and

Alkalilimnicola ehrlichii.

(PDF)

Figure S18 Partial sequence alignment of protoheme IX
farnesyltransferase showing a 4 aa insert that is
uniquely shared by subclade of Xanthomonadales after
the divergence of Rhodanobacter sp. 2APBS1.

(PDF)

Figure S19 Partial sequence alignment of DNA poly-
merase III subunit alpha, showing a 1 aa insert that is
uniquely present in Xanthomonadales except Rhodano-
bacter sp. 2APBS1.

(PDF)

Figure S20 Partial sequence alignment of a conserved
region in the DEAD box helicase domain-containing
protein showing a 1 aa insert that is specific for
Xanthomonadales except Rhodanobacter sp. 2APBS1.

(PDF)

Figure S21 Partial sequence alignment of a conserved
region in ribose-5-phosphate isomerase A, showing a 1
aa insert that is commonly shared by Xanthomonadales
except Rhodanobacter sp. 2APBS1.

(PDF)

Figure S22 Partial sequence alignment of a conserved
region in DNA polymerase I, showing a 1 aa insert that is
uniquely shared by a subclade of Xanthomonadales
except Rhodanobacter sp. 2APBS1.

(PDF)

Figure S23 Partial sequence alignment of aspartyl-tRNA
synthetase, showing a 4 aa deletion that is commonly
shared by all Xanthomonadales except Rhodanobacter
sp. 2APBS1.

(PDF)
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Figure S24 Partial sequence alignment of a conserved
region of 2-oxoglutarate-dehydrogenase E1 component,
showing a 1 aa deletion that is unique to Xanthomona-
dales except Rhodanobacter sp. 2APBS1.

(PDF)

Figure S25 Partial sequence alignment of a conserved
region of coproporphyrinogen III oxidase, showing a 1
aa deletion that is unique to Xanthomonadales except
Rhodanobacter sp. 2APBS1.

(PDF)

Figure S26 Partial sequence alignment of a conserved
region in 2-oxoglutarate-dehydrogenase E1 component,
showing a 1 aa deletion that is uniquely shared by
Xanthomonadales except Rhodanobacter sp. 2APBS1.

(PDF)

Figure S27 Partial sequence alignment of a conserved
region of asparagine synthase b protein that is showing
a 4–5 aa insert, unique to Xanthomonadales except
Rhodanobacter sp. 2APBS1.

(PDF)

Figure S28 Partial sequence alignment of a conserved
region of Asparagine synthase b protein, showing a 1–2
aa insert that is uniquely shared by Xanthomonadales
except Rhodanobacter sp. 2APBS1. While genus Stenotro-

phomonas can be differentiated from other Xanthomonadales

because of having 1 aa insert instead of 2 aa.

(PDF)

Figure S29 Partial sequence alignment of a conserved
region DNA polymerase III subunit alpha showing a 4 aa
insert that is commonly shared by Xanthomonadales
except Rhodanobacter sp. 2APBS1. This CSI was previously

identified by [28] as all Xanthomonadales specific signature.

(PDF)

Figure S30 Partial sequence alignment of a conserved
region of RecA showing a 2 aa insert that is commonly
shared by Xanthomonadales except Rhodanobacter sp.
2APBS1. This CSI was previously identified by [28] as all

Xanthomonadales specific signature.

(PDF)

Figure S31 Partial sequence alignment of a conserved
region of MutS showing a 5 aa insert that is commonly
shared by Xanthomonadales except Pseudoxanthomo-
nas suwonensis and Rhodanobacter sp. 2APBS1. This CSI

was previously identified by [28] as all Xanthomonadales specific

signature.

(PDF)

Figure S32 Partial sequence alignment of a conserved
region of DNA polymerase III subunit alpha, showing a 2
aa deletion that is commonly shared by all Xanthomona-
dales except Pseudoxanthomonas suwonensis and Rho-
danobacter sp. 2APBS1. These two have only 1 aa deletion at

the same position.

(PDF)

Figure S33 Partial sequence alignment of tRNA (gua-
nine-N(1)-)-methyltransferase, showing a 2 aa insert
that is commonly present in all members of Xanthomo-
nadales except Pseudoxanthomonas suwonensis and
Rhodanobacter sp. 2APBS1.

(PDF)

Figure S34 Partial sequence alignment of a conserved
region in glucose-6-phosphate 1-dehydrogenase, show-
ing a 4 aa deletion that is uniquely present in all
Xanthomonadales except Pseudoxanthomonas spadix
BD-a59 and Rhodanobacter sp. 2APBS1 which has 3 aa
insert.
(PDF)

Figure S35 Partial sequence alignment of a conserved
region of DNA ligase NAD dependent, showing a 57–65
aa insert that is commonly shared by all Xanthomona-
dales except Pseudoxanthomonas suwonensis and Rho-
danobacter sp. 2APBS1. Both these species do not contain the

insert of same length. This CSI was previously identified by [28] as

all Xanthomonadales specific signature.

(PDF)

Figure S36 A Neighbor-joining tree based upon carba-
moyl phosphate synthase large subunit sequence. The

Tree is showing the distinct branching of Xanthomonadales from

various b-Proteobacteria with and without insert.

(PDF)

Figure S37 Partial sequence alignment of a conserved
region of Hypothetical protein XOO1065, showing a 1 aa
deletion that is present in Xanthomonadales. The deletion

has also been found to be shared by few species from b-

Proteobacteria but not in all of them.

(PDF)

Figure S38 Partial sequence alignment of a conserved
region of orotate phosphoribosyltransferase, showing a 1
aa deletion that is present in all Xanthomonadales. The

deletion has also been found to be shared by species from b-

Proteobacteria.

(PDF)

Figure S39 Partial sequence alignment of a conserved
region of Putative ribonuclease HII, showing a 1 aa
insert that is present in Xanthomonadales. The CSI has

also been found to be shared by few species from b-Proteobacteria

but is not present in all.

(PDF)

Figure S40 Partial sequence alignment of a conserved
region of glycyl-tRNA synthetase subunit beta, showing
a 2 aa insert that is present in Xanthomonadales. The

insert has also been found to be shared by some b-Proteobacteria.

(PDF)

Figure S41 Partial sequence alignment of a conserved
region of the septum-site determining protein MinD,
showing a 1 aa deletion that is present in Xanthomona-
dales. This CSI is also present in some species from b-

Proteobacteria.

(PDF)

Figure S42 A Neighbor-joining tree based upon se-
quences from hypothetical protein X001065. The Tree is

showing the Xanthomonadales and various b-Proteobacteria that

share the 1 aa deletion. Species representing some other

Gammaproteobacteria are also shown in tree.

(PDF)

Figure S43 A Neighbor-joining tree for Proteobacterial
species based upon orotate phosphoribosyltransferase
sequences. The Xanthomonadales and different b-Proteobac-

teria that contain the 1 aa deletion in this protein do not branch

together in this tree suggesting that the deletion in these two
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groups have likely occurred independently. The tree shows only

representative species from other Gammaproteobacteria and

Alphaproteobacteria and it was rooted using sequences from

Epsilonproteobacteria.

(PDF)

Figure S44 A Neighbor-joining tree based upon se-
quences from putative ribonuclease HII. The Tree is

showing the Xanthomonadales and various b-Proteobacteria with

insert. The tree also shows representative species from other

Gammaproteobacteria and Alphaproteobacteria.

(PDF)

Figure S45 A maximum-likelihood tree based upon
sequences from glycyl-tRNA synthetase subunit beta.
The Tree shows the branching of Xanthomonadales separately

from the other insert containing Betaproteobacteria. The species

distribution of this insert could be explained by either the

independent occurrence of a similar genetic event in the

Betaproteobacteria and the Xanthomonadales, or that this insert

was introduced in a common ancestor of the Beta- and Gamma-

proteobacteria, followed by its loss from other Gammaproteobac-

teria after the divergence of deep-branching Xanthomonadales.

(PDF)

Figure S46 A Neighbor-joining tree based upon se-
quences from septum site-determining protein MinD
protein. The Tree is showing the branching of Xanthomona-

dales distinctly from the other insert containing Betaproteobac-

teria.

(PDF)
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CHAPTER 6 

A Phylogenomic and Molecular Marker Based Taxonomic Framework for the 

Order Xanthomonadales: Proposal to Transfer of the Families Algiphilaceae and 

Solimonadaceae to the Order Nevskiales ord. nov. and to Create a New Family 

Within the Order Xanthomonadales, the Family Rhodanobacteraceae fam. nov., 

Containing the Genus Rhodanobacter and its Closest Relatives 

The work presented in this Chapter highlights the utility of CSIs for the bacterial systematics 

and taxonomy. The CSIs identified in our earlier work, described in Chapter 5, were 

rechecked for their reliability and predictability. Based upon our analyses on all known and 5 

de novo sequenced Xanthomonadales genomes, we have proposed a complete taxonomic 

revision of this order. My contribution towards the completion of this chapter included the 

culturing of bacteria, DNA extraction, sequencing and assembling of 5 new 

Xanthomonadales genomes, followed by the examination of the genomes for the detection of 

CSIs. I was also involved in the construction of phylogenetic trees, writing of the manuscript 

and construction of the figures and tables provided. 

*Due to limited space, supplementary figures and tables are not included in the chapter but can be accessed 
along with the rest of the manuscript at: 

Naushad,S., Adeolu,M., Wong,S., Sohail,M., Schellhorn,H.E., and Gupta,R.S. (2014). A phylogenomic and 
molecular marker based taxonomic framework for the order Xanthomonadales: proposal to transfer the 
families Algiphilaceae and Solimonadaceae to the order Nevskiales ord. nov. and to create a new family 
within the order Xanthomonadales, the family Rhodanobacteraceae fam. nov., containing the genus 
Rhodanobacter and its closest relatives. Antonie Van Leeuwenhoek. 
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Abstract The current taxonomy of the order Xan-

thomonadales is highly problematic and no compre-

hensive phylogenomic studies have been completed

that include the most divergent members within the

order. In this work, we have completed a phyloge-

nomic analysis of a wide range of genomes, five of

which were sequenced for the first time for this work,

representing the vast majority of the diversity within

the order Xanthomonadales. Using comparative geno-

mic techniques, we have identified a large number of

conserved signature inserts/deletions (CSIs) that are

specifically found in different groups of related

organisms, at different taxonomic levels, within the

order. Our phylogenetic analyses do not support a

monophyletic grouping of the members of the order

Xanthomonadales and no CSIs were identified which

are uniquely shared by all sequenced species within

this order. However, our work has identified 10 CSIs

which are specific to all members of the family

Xanthomonadaceae and an additional 10 and 11 CSIs

that are specific to one of two phylogenetically well-

defined clades within the family Xanthomonadaceae.

On the basis of the identified CSIs and the results of

phylogenomic analyses, we propose a new taxonomic

framework for the order Xanthomonadales. In this

proposal, the families Algiphilaceae and Solimonad-

aceae (Nevskiaceae), which do not branch with the

other members of the order Xanthomonadales, are

transferred into the order Nevskiales ord. nov. The

remaining members of the order Xanthomonadales are

divided into two families: the family Xanthomonad-

aceae, containing the genus Xanthomonas and its

closest relatives, and a new family, Rhodanobacter-

aceae fam. nov., containing the genus Rhodanobacter

and its closest relatives. Additionally, we have also

emended descriptions of the order Lysobacterales, the

family Lysobacteraceae, and the family Nevskiaceae

to indicate that they are earlier synonyms of the order

Xanthomonadales, the family Xanthomonadaceae,

and the family Solimonadaceae, respectively.
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Introduction

The order Xanthomonadales is an early diverging

group of bacteria within the class Gammaproteobac-

teria (Cutino-Jimenez et al. 2010;Williams et al. 2010;

Naushad and Gupta 2013). The order Xanthomona-

dales currently contains 5 families (viz. Algiphilaceae,

Nevskiaceae, Sinobacteraceae, Solimonadaceae, and

Xanthomonadaceae) which contain 30 genera encom-

passing a large number of species that possess a diverse

range of phenotypic and biochemical characteristics

(Saddler and Bradbury 2005a; Parte 2013). The

members of this order include a number of major plant

pathogens that have significant economic and agricul-

tural impact. Members of the genera Xylella and

Xanthomonas, in particular, are major phytopathogens

which cause a wide variety of serious diseases in more

than 400 agriculturally important plants including

tomatoes, bananas, citrus plants, rice, and coffee plants

(da Silva et al. 2002; Van Sluys et al. 2003; Lee et al.

2005; Chatterjee et al. 2008; Salzberg et al. 2008; Ryan

et al. 2011). The order also contains the genus

Stenotrophomonas which harbours a number of

increasingly important multidrug resistant opportunis-

tic pathogens that are responsible for hospital-acquired

infections in immunodeficient patients (Crossman

et al. 2008; Looney et al. 2009). Despite the important

plant and human pathogens present within this order,

the taxonomy of this group is highly problematic and

no comprehensive phylogenetic studies have been

completed that focus specifically on the interrelation-

ships of the different members within the order

Xanthomonadales (Gao et al. 2009; Cutino-Jimenez

et al. 2010; Williams et al. 2010; Naushad and Gupta

2013; Tindall 2014b).

The current taxonomy of the order Xanthomona-

dales is largely based on 16S rRNA sequence analysis

(Saddler and Bradbury 2005a; Gutierrez et al. 2012;

Losey et al. 2013). However, the 16S rRNA gene

sequence has shown limited ability to resolve the

branching and relationships of organisms within the

order Xanthomonadales (Zhou et al. 2008; Cutino-

Jimenez et al. 2010; Yilmaz et al. 2013). Phylogenetic

trees based on the 16S rRNA gene sequence often do

not resolve a monophyletic cluster of all Xanthomo-

nadales; the most divergent members of the order

often branch separately from the majority of the

species within the group (Yilmaz et al. 2013). Apart

from the 16S rRNA sequence, no biochemical,

morphological or physiological characteristics are

known which distinguish the order Xanthomonadales

from all other bacteria or the families and major

phylogenetic clusters within the order from each other

(Saddler and Bradbury 2005a; Gutierrez et al. 2012;

Losey et al. 2013). Thus, it is of interest to identify

shared characteristics that can clearly elucidate the

evolutionary relationships within this highly diverse

group of organisms and form the basis for a coherent

taxonomic framework of the order.

Whole genome sequences for members of the order

Xanthomonadales provide a rich resource for the

discovery of molecular characteristics which are

unique to evolutionarily related organisms (Gao et al.

2009; Cutino-Jimenez et al. 2010; Naushad and Gupta

2013). One useful type of shared molecular character-

istic that has been a focus of recent research are

Conserved Signature Indels (CSIs), which are inser-

tions/deletions uniquely present in protein sequences

from a group of evolutionarily related organisms

(Gupta 2010; Gao and Gupta 2012b; Gupta and Lali

2013; Gupta et al. 2013; Gupta 2014). Due to the

specificity of CSIs for particular groups of bacteria,

they represent molecular synapomorphies (markers of

common evolutionary decent) which can be used to

identify and demarcate specific bacterial groups in

clear molecular terms (Gupta 1998, 2010). We have

previously carried out comparative genomic analysis

of a limited number of members from the order

Xanthomonadales in which we identified a large

number of CSIs in diverse proteins that were uniquely

present in all analyzed members of the order or a

subgroup of the Xanthomonadales (Naushad and

Gupta 2013). In this work, we have extended these

studies, by carrying out detailed phylogenomic and

comparative genomic analyses on a greatly expanded

dataset on members of the order Xanthomonadales

which includes 43 genomes from the NCBI, JGI, and

EzBioCloud genome databases and 5 additional Xan-

thomonadales genomes, which we have sequenced de

novo, representing 2 families, 20 genera, and 42 named

species. Our analyses have identified no phylogenetic
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support for a monophyletic grouping of all sequenced

members the order Xanthomonadales and no CSIs

were identified which are uniquely shared by all

sequenced species within the order Xanthomonadales

suggesting that the order Xanthomonadales does not

represent a single monophyletic lineage. Additionally,

we have identified 31 CSIs which are either specific to

the family Xanthomonadaceae or to one of its

subgroups which demarcate these groups in molecular

terms. On the basis of the identifiedCSIs and the results

of phylogenomic analyses, we propose a new taxo-

nomic framework for the order Xanthomonadales. In

this proposal, the families Algiphilaceae and Solimo-

nadaceae (Nevskiaceae), which do not branch with the

other members of the order Xanthomonadales, are

transferred into the order Nevskiales ord. nov, along

with their closest evolutionary neighbour, the family

Salinisphaeraceae fam. nov. The remaining members

of the order Xanthomonadales are divided into two

families: the family Xanthomonadaceae, containing

the genus Xanthomonas and its closest relatives, and a

new family, Rhodanobacteraceae fam. nov., contain-

ing the genus Rhodanobacter and its closest relatives.

Lastly, the descriptions of the order Lysobacterales,

the family Lysobacteraceae, and the family Nevskia-

ceae are emended to indicate that they are earlier

synonyms of the order Xanthomonadales, the family

Xanthomonadaceae, and the families Solimonadaceae

and Sinobacteraceae, respectively.

Methods

DNA extraction and genome sequencing

FiveXanthomonadales isolateswere sequenced denovo

in this study; Dyella japonica DSM 16301T (Genbank

accession number JPLA00000000), Luteibacter rhizo-

vicinus DSM 16549T (JPLB00000000), Thermomonas

brevis DSM 15422T (JPLC00000000), Xanthomonas

hyacinthi DSM 19077T (JPLD00000000), and Xantho-

monas pisiDSM18956T (JPLE00000000). The isolates

were obtained from the German Collection of Micro-

organisms and Cell Cultures (Leibniz-Institut DSMZ).

The isolates were grown for 24 h under the growth

conditions described in Supplemental Table 1. Geno-

mic DNA was extracted using a CTAB based DNA

extraction methodology (Wilson 1987) with specific

modifications for Xanthomonadales described by

Jaufeerally-Fakim and Dookun (2000). The DNA

samples were diluted to 0.2 ng/ll and standard

Illumina multiplex libraries were generated using

the Nextera XT DNA Sample Prep Kit. The fragment

size distribution of each library was verified using the

Agilent High Sensitivity DNA Kit. Sequencing was

performed using an Illumina HiSeq 2000 and 150 bp

paired end reads were generated. Genomes were

assembled using CLC Genomics Workbench 7.0.4

with default de novo assembly parameters and

trimmed for contamination using the UniVec vector

database (Build 8.0) (Table 1).

Phylogenetic sequence analysis

Phylogenetic analysis was performed on a concate-

nated sequence alignment of 15 highly conserved

housekeeping proteins (viz. dimethyladenosine trans-

ferase, alanyl-tRNA synthetase, arginyl-tRNA syn-

thetase, chaperone protein DnaK, signal recognition

particle-docking protein FtsY, chaperonin GroL, DNA

gyrase subunit A, DNA gyrase subunit B, ATP-

dependent DNA helicase UvrD, valyl-tRNA synthe-

tase, Isoleucyl-tRNA synthetase, DNA polymerase I,

SecA, RpoB, and RpoC) which have been widely used

for phylogenetic analysis (Kyrpides et al. 1999;

Charlebois and Doolittle 2004; Ciccarelli et al.

2006). Sequences for these proteins were obtained

from the NCBI and JGI-IMG genome databases for

strains of all Xanthomonadales and a representative

selection of outgroup Gammaproteobacteria (which

included members from the orders Aeromonadales,

Alteromonadales, Cardiobacteriales, Chromatiales,

‘‘Enterobacteriales’’, Legionellales, Methylococcales,

Oceanospirillales, Pasteurellales, Pseudomonadales,

‘‘Salinisphaerales’’, Thiotrichales, and ‘‘Vibrionales’’)

and Betaproteobacteria. Sequences for these proteins

were also obtained from the five Xanthomonadales

genomes which we have sequenced in this work and

the genome of Riemerella anatipestifer, which was

used to root the tree. Multiple sequence alignments for

these proteins were created using Clustal_X 1.83

(Jeanmougin et al. 1998) and concatenated into a

single alignment file. Poorly aligned regions from this

alignment file were removed using Gblocks 0.92

(Castresana 2000). The resulting alignment, which

contained 6995 aligned amino acids, was used for

phylogenetic analysis. The maximum-likelihood tree

based on 100 bootstrap replicates of this alignment
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Table 1 Characteristics of the Xanthomonadales genomes used for phylogenetic analysis

Organism Accession # Genome

size (Mb)

G-C % Genome source

Arenimonas composti TR7-09 AUFF01 3.16 70.8 DOE-JGI

Arenimonas oryziterrae DSM 21050 ATVD01 3.09 65.6 DOE-JGI

Dyella ginsengisoli LA-4 AMSF01 4.55 67.7 Shanghai Jiao Tong University

Frateuria aurantia DSM 6220 CP003350 3.60 63.4 DOE-JGI

Hydrocarboniphaga effusa AP103 AKGD01 5.19 65.2 Chonbuk National University

Ignatzschineria larvae DSM 13226 AZOD01 2.46 40.4 DOE-JGI

Luteimonas mephitis DSM 12574 AULN01 3.42 68.5 DOE-JGI

Lysobacter antibioticus HS124 CAQP01 5.14 69.0 OARDC

Lysobacter defluvii DSM 18482 AUHT01 2.72 70.3 DOE-JGI

Nevskia ramosa DSM 11499 ATVI01 4.52 64.4 DOE-JGI

Pseudoxanthomonas sp. GW2 ALIP01 3.35 71.4 Shanghai Jiao Tong University

Pseudoxanthomonas spadix BD-a59 CP003093 3.45 67.7 Lee et al. (2012)

Pseudoxanthomonas suwonensis 11-1 CP002446 3.42 70.2 DOE-JGI

Rhodanobacter denitrificans 2APBS1 CP003470 4.23 67.5 Kostka et al. (2012)

Rhodanobacter fulvus Jip2 AJXU01 3.88 65.6 Im et al. (2004)

Rhodanobacter sp. 115 AJXS01 4.24 64.7 Kostka et al. (2012)

Rhodanobacter spathiphylli B39 AJXT01 3.91 66.5 De Clercq et al. (2006)

Rhodanobacter thiooxydans LCS2 AJXW01 4.09 67.2 Lee et al. (2007)

Rudaea cellulosilytica DSM 22992 ARJQ01 4.34 63.6 DOE-JGI

Silanimonas lenta DSM 16282 AUBD01 2.65 71.1 DOE-JGI

Singularimonas variicoloris DSM 15731 ARNM01 4.12 69.1 DOE-JGI

Solimonas flavus DSM 18980 AUFV01 4.46 68.9 DOE-JGI

Stenotrophomonas maltophilia K279a AM743169 4.85 66.3 JCV

Stenotrophomonas sp. SKA14 ACDV01 5.02 66.4 Crossman et al. (2008)

Wohlfahrtiimonas chitiniclastica DSM 18708 AQXD01 1.99 44.1 DOE-JGI

Xanthomonas albilineans GPE PC73 FP565176 3.85 62.9 Pieretti et al. (2009)

Xanthomonas arboricola MAFF 301420 BAVC01 5.00 65.3 NIFTS

Xanthomonas axonopodis 12-2 AJJO01 5.27 64.4 Kasetsart University

Xanthomonas campestris 8004 CP000050 5.15 65.0 Qian et al. (2005)

Xanthomonas citri Aw12879 CP003778 5.40 64.7 Jalan et al. (2013)

Xanthomonas fragariae LMG 25863 AJRZ01 4.18 62.2 ILVO

Xanthomonas fuscans 4834-R FO681494 5.09 64.7 Darrasse et al. (2013)

Xanthomonas gardneri ATCC 19865 AEQX01 5.53 63.7 University of Florida

Xanthomonas oryzae KACC 10331 AE013598 4.94 63.7 Lee et al. (2005)

Xanthomonas perforans 91-118 AEQW01 5.26 65.0 University of Florida

Xanthomonas sacchari NCPPB 4393 AGDB01 4.90 69.0 Studholme et al. (2011)

Xanthomonas translucens ART-Xtg29 ANGG01 4.10 68.6 ART

Xanthomonas vasicola NCPPB 1326 AKBK01 4.95 63.3 Studholme et al. (2011)

Xanthomonas vesicatoria ATCC 35937 AEQV01 5.53 64.1 University of Florida

Xylella fastidiosa 9a5c AE003849 2.73 52.6 Meidanis et al. (2002)

Xylella fastidiosa Ann-1 AAAM04 2.73 52.0 DOE-JGI

Xylella fastidiosa M12 CP000941 2.48 51.9 Chen et al. (2010)

Xylella fastidiosa Temecula 1 AE009442 2.52 51.8 Van Sluys et al. (2003)

Genomic information was collected from: http://www.ncbi.nlm.nih.gov/genomes/

DOE-JGI Genome sequenced by the United States Department of Energy Joint Genome Institute, OARDC genome sequenced by the

Ohio Agricultural Research and Development Center, JCV genome sequenced by the J. Craig Venter Institute, NIFTS genome

sequenced by the National Agriculture and Food Research Organization Institute of Fruit Tree Science, ILVO genome sequenced by

the Institute for Agricultural and Fisheries Research, ART genome sequenced by the Research Station Agroscope Reckenholz-

Tänikon
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was constructed usingMEGA 5.2 (Tamura et al. 2011)

employing the Whelan and Goldman substitution

model.

A 16S rRNA gene sequence based phylogenetic

tree was also created based on 197 sequences that

included representative strains of all cultured Xantho-

monadales genera. 16S rRNA gene sequences larger

than 1,200 bp were obtained for all strains used in our

concatenated protein based phylogenetic tree and all

type strains classified under the order Xanthomona-

dales in the Ribosomal Database Project (Cole et al.

2014). A maximum-likelihood tree based on these

sequences was created using 100 bootstrap replicates

of the 16S rRNA sequence alignments in MEGA 5.2

(Tamura et al. 2011) employing the General Time-

Reversible (Tavaré 1986) substitution model.

Identification and assessment of specificity

of conserved signature indels

Identification of CSIs that are commonly shared by

members of the Xanthomonadaceaewas carried out as

described by Naushad and Gupta (2013). Briefly, for

the identification of CSIs, BLASTp searches were

performed on each protein in the genome of Rhoda-

nobacter fulvus Jip2. These searches were performed

using the default BLAST parameters against all

available sequences in the GenBank non-redundant

database. For those proteins for which high scoring

homologs (E values\ 1e-20) were present in other

species from the Xanthomonadales, multiple sequence

alignments were created using the Clustal_X 1.83

program (Jeanmougin et al. 1998). These alignments

were visually inspected for the presence of insertions

or deletions that were flanked on both sides by at least

5–6 conserved amino acid residues in the neighbour-

ing 30–40 amino acids. Indels that were not flanked by

conserved regions were not further considered, as they

do not provide useful molecular markers. To assess the

specificity of the indels we identified here and to

reassess the specificity of the indels identified in our

previous work, we carried out detailed BLASTp and

tBLASTn searches against both the NCBI and JGI-

IMG genome databases using as query short sequence

segments containing the indel and the flanking con-

served regions (60–100 amino acids long). Local

tBLASTn searches were also completed on the indel

containing regions for genomes of Xanthomonadales

organisms missing from the NCBI and JGI-IMG

genome databases. To ensure that the identified

signatures are only present in Xanthomonadales

homologues, the 250 BLAST hits with the highest

similarity to the query sequence were examined for the

presence or absence of these CSIs. Signature files were

created and formatted using the programs Sig_Create

and Sig_Style (accessible from Gleans.net) as

described by Gupta (2014). In this work, we report

the results of CSIs that are specific for different groups

within the Xanthomonadales and where similar CSIs

were not observed in any other bacteria in the top 250

BLAST hits. Due to space constraints, the sequence

alignment files presented here contain sequence

information for a limited number of species within

the order Xanthomonadales and a representative

selection of outgroup species. However, in each case,

all members of the order and outgroups exhibited

similar sequence characteristics to the representatives.

Results

Phylogenetic analysis

The current understanding of the evolutionary rela-

tionships of the Xanthomonadales is based largely on

analyses of the 16S rRNA gene (Saddler and Bradbury

2005a; Gutierrez et al. 2012; Losey et al. 2013). In past

studies, the 16S rRNA gene sequence has shown

limited ability to resolve some of the phylogenetic

relationships of organisms within the order Xantho-

monadales (Zhou et al. 2008; Yilmaz et al. 2013).

Phylogenetic trees based on multiple conserved genes/

proteins have been shown to provide greater resolving

power than those based on any single gene or protein

(Rokas et al. 2003; Wu et al. 2009). Thus, we have

constructed a highly resolved phylogenetic tree of the

Xanthomonadales based on a concatenated set of 15

housekeeping and ribosomal proteins (Fig. 1). In this

concatenated protein based phylogenetic tree a major-

ity of the members of the Xanthomonadales formed a

well-supported monophyletic clade which branched as

an outgroup of the other members of the Gammapro-

teobacteria. The members of the order Xanthomona-

dales formed two distinct and well-supported main

monophyletic clades: one clade consisting of members

of the family Xanthomonadaceae and another clade

consisting of the family Solimonadaceae (including

the genera Nevskia and Hydrocarboniphaga) and the
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species Salinisphaera shabanensis, a member of the

family ‘‘Salinisphaeraceae’’. The Xanthomonada-

ceae clade contained two smaller clades that were

well-supported by bootstrap analysis. The first of

these clades, contained the genera Xanthomonas,

Xylella, Stenotrophomonas, Lutimonas, Lysobacter

and their relatives (Clade 1) while the second clade

contained the genera Rudaea, Dylella, Luteibacter,

Rhodanobacter and Frateuria (Clade 2). Two mem-

bers of the Xanthomonadales, Wohlfahrtiimonas

chitiniclastica and Ignatzschineria larvae, branched

separately from the rest of the order, in a well-

supported clade with members of the order Cardio-

bacteriales, another early diverging group within the

class Gammaproteobacteria.

We have also produced a phylogenetic tree based

on the 16S rRNA gene which contains representative

species of Xanthomonadales that encompass all of the

currently named genera (Fig. 2). The 16S rRNA based

phylogenetic tree exhibited broadly similar branching

to our concatenated protein based phylogenetic tree. In

the 16S rRNA gene tree, the families Xanthomonad-

aceae and Solimonadaceae did not form a monophy-

letic clade and were separated by a large number of

organisms. The family Xanthomonadaceae was

divided into two well-supported clades which were

analogous to the clades found in our concatenated

protein based phylogenetic tree (Clades 1 and 2). In

the 16S rRNA gene tree, the family Solimonadaceae

(including the genera Nevskia, Hydrocarboniphaga,

and Alkanibacter) branched with the family Algiphil-

aceae, another disparate group within the Xanthomo-

nadales, and the genus Steroidobacter, which is

currently recognized as a member of the Xanthomo-

nadaceae. As in our concatenated protein based

phylogenetic tree, Solimonadaceae and the other

disparate members of the Xanthomonadales showed

an association with the members of the genus Salin-

isphaera, the sole members of the family ‘‘Salinisph-

aeraceae’’. Additionally, in the 16S rRNA based

phylogenetic tree, the genera Wohlfahrtiimonas and

Ignatzschineria, which branched with the order Car-

diobacteriales in our concatenated protein based

phylogenetic tree, formed a weakly supported mono-

phyletic group with the other members of the family

Xanthomonadaceae. However, Wohlfahrtiimonas and

Ignatzschineria were well separated from the other

Xanthomonadaceae by a long branch.

Conserved signature indels

CSIs that are restricted to a group of related species are

a novel class of molecular marker with high utility for

evolutionary studies (Gupta 1998; Rokas and Holland

2000; Gupta 2010; Gao and Gupta 2012a; Gupta

2014). Recently, CSIs have been used to define novel

taxonomic groups and to propose important taxonomic

changes for various groups of bacteria (viz. Spiro-

chaetes, Aquificae, Neisseriales, and Bacillus) at

different taxonomic ranks (Adeolu and Gupta 2013;

Bhandari et al. 2013; Gupta and Lali 2013; Gupta et al.

2013). We have recently reported a comparative

genomic analysis on a limited number of members

of the order Xanthomonadales in which we identified a

large number of CSIs in diverse proteins that were

uniquely present in all available members of the order

or different phylogenetic groups within the order and

absent in homologs from all other bacterial groups

(Naushad and Gupta 2013). However, the genomes

analyzed in our previous study were all from members

of one family within the Xanthomonadales, the family

Xanthomonadaceae, and did not include any of the

more divergent species within the order whose phy-

logenetic placement is less clear. In this work, we have

reassessed the specificity of these previously identified

CSIs for a large number of additional Xanthomona-

dales, including five strains which we have sequenced,

de novo, covering a vast majority of the diversity

within the order and thereby have identified 31 CSIs

which are either specific to the family Xanthomonad-

aceae or to one of its subgroups and absent in all other

sequenced bacterial groups.

Of the 31 CSIs described in this work, none were

present in all members of the order Xanthomonadales.

All of the CSIs identified in our previous study of the

Xanthomonadales (Naushad and Gupta 2013) were

found to be specific to only the family Xanthomonad-

aceae or one of its subgroups. Of the 31 CSIs

identified, 10 were uniquely found in all or most

members of the Xanthomonadaceae, except Wo-

hlfahrtiimonas and Ignatzschineria, and absent in

organisms from all other sequenced bacterial groups.

One example of a CSI uniquely present in members of

the Xanthomonadace is shown in Fig. 3. In the

example, an 18 aa insertion in a conserved region of

glutaminyl t-RNA synthetase is uniquely present in all

members of the Xanthomonadace, except
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Wohlfahrtiimonas and Ignatzschineria, but it is not

found in sequences from any other bacterial group.

Sequence information for the 9 other CSIs specific for

all members of the Xanthomonadace, except Wo-

hlfahrtiimonas and Ignatzschineria are presented in

Supplemental Figs. 1–9 and a summary of all 10

Xanthomonadace specific CSIs is presented in

Table 2A. Our analyses have also identified 10 CSIs

which were found to be unique molecular character-

istics of most members of Clade 1 of the

Xanthomonadaceae. Two examples of such CSIs are

presented in Fig. 4. One CSI, a 4 aa insert in DNA

polymerase III subunit alpha, is present in all members

of Clade 1 of the Xanthomonadaceae except Silani-

monas lenta (Fig. 4a), while the other CSI, a 4 aa

insert in the protein protoheme IX farnesyltransferase,

is uniquely present in all members of Clade 1 of the

Xanthomonadaceae except the early branching genera

Arenimonas and Silanimonas (Fig. 4b). Sequence

information for the other identified CSIs specific to

Fig. 1 A maximum-

likelihood phylogenetic tree

of the order

Xanthomonadales, other
Gammaproteobacteria, and
Betaproteobacteria based
on the concatenated amino

acid sequences of 25

conserved proteins.

Bootstrap values are shown

at branch nodes. The major

groups within the order

Xanthomonadales as well as
the related taxa,

Salinisphaeraceae and
Cardiobacteriales, are
indicated
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the members of Clade 1 of the Xanthomonadaceae are

presented in Supplemental Figs. 10–17 and summa-

rized in Table 2B.

Our analyses have also identified 11 CSIs that were

specifically found in diverse proteins frommembers of

Clade 2 of the Xanthomonadaceae, 7 of which were

uniquely found in all members of Clade 2 of the

Xanthomonadaceae except the early branching genus

Rudaea. An example of a CSI specifically found in all

members of Clade 2 of the Xanthomonadaceae is

shown in Fig. 5a. In this CSI a 1 aa insert in the

protein uridylyltransferase is shown to be found in all

members of Clade 2 of the Xanthomonadaceae and

absent in all other Xanthomonadales and all other

bacterial groups. Another CSI, a 4 aa insert in the

protein CDP-diacylglycerol–glycerol-3-phosphate

3-phosphatidyltransferase, specifically found in all

members of Clade 2 of the Xanthomonadaceae

except Rudaea cellulosilytica is shown in Fig. 5b.

Sequence information for the other identified CSIs

Fig. 2 A maximum-

likelihood tree based on the

16S rRNA gene sequences

of representative strains of

all named Xanthomonadales
species. Bootstrap values are

shown at branch nodes. The

major groups within the

order Xanthomonadales as
well as the related taxon,

Salinisphaeraceae, are
indicated
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specific to the members of Clade 2 of the Xantho-

monadaceae are presented in Supplemental

Figs. 18–26 and summarized in Table 2C and D.

Our analyses have not identified any CSIs uniquely

found in all of the disparate members of the

Xanthomonadales or uniquely shared by the genera

Wohlfahrtiimonas and Ignatzschineria and the rest of

the Xanthomonadaceae.

Discussion

The current phylogeny of the order Xanthomonadales

is based largely on the analysis of 16S rRNA gene

sequences (Saddler and Bradbury 2005a; Gutierrez

et al. 2012; Losey et al. 2013). However, the 16S

rRNA gene based phylogenies exhibit limited support

for a single monophyletic clade consisting of all

Fig. 3 A partial sequence alignment of the protein Glutaminyl

t-RNA synthetase, showing a CSI (boxed) that is uniquely

present in all members of the order Xanthomonadales. Sequence
information for only representative Xanthomonadales and a

limited number other bacteria is shown here. However, unless

otherwise indicated, similar CSIs were present in all members of

the indicated group and not detected in any other bacterial

species in the top 250 BLAST hits. The dashes (-) in the

alignments indicate identity with the residue in the top sequence.

GenBank identification (GI) numbers for each sequence are

indicated in the second column. Sequence information for 10

other CSIs that are specific for all sequenced Xanthomonadales
is provided in Supplemental Figs. 1–9 and Table 2A
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members of the Xanthomonadales (Yilmaz et al. 2013;

Fig. 2). The current taxonomy of the order Xantho-

monadales is not concordant with 16S rRNA gene

based phylogenies of the members of the order and the

nomenclature of the order Xanthomonadales and a

majority of the family names within this order are

problematic and not in accordance with the

International Code of Nomenclature of Bacteria (Oren

2010; Yilmaz et al. 2013; Tindall 2014a, b). However,

apart from the 16S rRNA gene, no reliable morpho-

logical, biochemical, or molecular characteristics are

known that are specifically shared by all members of

this order or its distinct subgroups and can be used for

their demarcation and classification (Saddler and

Table 2 Conserved signature indels that are specific for different groups of Xanthomonadales

Protein name GI number Figure number Indel size Indel position

A: CSIs Specific for Xanthomonadales (Lysobacterales)

Glutaminyl t-RNA synthetase 194364460 Figure 3 18 aa ins 239–295

GTP-binding protein 58580596 Sup. Fig. 1 4 aa ins 303–350

Queuine tRNA-ribosyltransferase 194365393 Sup. Fig. 2 1 aa ins 289–339

Lipoyl synthase 58583575 Sup. Fig. 3 2 aa ins 156–209

Lysyl-tRNA synthetase 194365604 Sup. Fig. 4 3 aa ins 34–85

Dihydroorotate dehydrogenase 71275790 Sup. Fig. 5 7 aa ins 164–213

Carbamoyl phosphate synthase large subunit 166711938 Sup. Fig. 6 1 aa ins 403–457

Aspartate aminotransferase 28197970 Sup. Fig. 7 1 aa del 316–354

DNA polymerase I 194367713 Sup. Fig. 8 1 aa del 28–65

DNA topoisomerase IV subunit B 84624476 Sup. Fig. 9 1 aa del 282–326

B: CSIs Specific for Xanthomonadaceae (Lysobacteriaceae)

DNA polymerase III subunit alpha 77747494 Figure 4a 4 aa ins 522–576

Uroporphyrinogen decarboxylase 294625972 Sup. Fig. 10 5 aa ins 295–340

DNA polymerase I 21244827 Sup. Fig. 11 1 aa ins 136–180

Coproporphyrinogen III oxidase 194367710 Sup. Fig. 12 1 aa del 166–215

tRNA isopentenyltransferase 194365248 Sup. Fig. 13 5 aa ins 219–256

Protoheme IX farnesyltransferase 15837961 Figure 4b 4 aa ins 150–192

Ribose-5-phosphate isomerase A 194367055 Sup. Fig. 14 1 aa ins 127–169

Aspartyl-tRNA synthetase 194366904 Sup. Fig. 15 4 aa del 343–391

2-oxoglutarate dehydrogenase E1 194366403 Sup. Fig. 16 1 aa del 782–830

Asparagine synthetase B 194365058 Sup. Fig. 17 2 aa ins 98–132

C: CSIs Specific for Rhodanobacteriaceae

Uridylyltransferase 495713257 Figure 5a 1 aa ins 272–310

Xanthomonadin exporter protein 383315419 Sup. Fig. 18 1 aa del 171–196

Signal peptidase 494142978 Sup. Fig. 19 24 aa ins 111–165

Tryptophan synthase subunit alpha 383316227 Sup. Fig. 20 1 aa del 121–157

D: CSIs Specific for all Rhodanobacteriaceae except Rudaea

CDP-diacylglycerol–glycerol-3-phosphate

3-phosphatidyltransferase

469817908 Figure 5b 4 aa ins 63–120

Protease tldD 495491439 Sup. Fig. 21 1 aa del 75–126

S-adenosylmethionine decarboxylase 383315616 Sup. Fig. 22 2 aa del 71–123

DEAD/DEAH box helicase 494777343 Sup. Fig. 23 1 aa ins 720–756

F0F1 ATP synthase subunit gamma 495082201 Sup. Fig. 24 17 aa ins 177–230

Proline aminopeptidase P II 469819587 Sup. Fig. 25 1 aa del 135–178

Glycosyl transferase 469816683 Sup. Fig. 26 2 aa del 101–140
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Fig. 4 Partial sequence alignments of a DNA polymerase III

subunit alpha showing a 4 amino acid insertion (boxed)
identified in all members of Clade 1 of the Xanthomonadaceae
except Silanimonas lenta b the protein Protoheme IX farnesyl-

transferase showing a 4 amino acid insertion (boxed) identified
in all members of Clade 1 of the Xanthomonadaceae except the
genera Arenimonas and Silanimonas. Due to space constraints,

sequence information for only representative Xanthomonadales
and a limited number other bacteria is shown here, but similar

CSIs were present in all members of the indicated group and not

detected in any other bacterial species in the top 250 BLAST

hits. Sequence information for other CSIs showing similar group

specificities are presented in Supplemental Figs. 10–17 and

summarized in Tables 2B

Antonie van Leeuwenhoek (2015) 107:467–485 477

123

PhD – Sohail Naushad McMaster University - Biochemistry

126



478 Antonie van Leeuwenhoek (2015) 107:467–485

123

PhD – Sohail Naushad McMaster University - Biochemistry

127



Bradbury 2005a; Gutierrez et al. 2012; Losey et al.

2013). In this work, we have completed a robust

phylogenetic analysis of the order Xanthomonadales

and have utilized comparative genomic techniques to

identify large numbers of novel molecular markers of

common evolutionary decent (CSIs) shared by sub-

groups within the Xanthomonadales. The CSIs iden-

tified in this work both supplement gene based

phylogenies and demarcate the groups within the

Xanthomonadales in more definitive molecular terms.

A summary diagram of the identified CSIs and the

species in which they are found is shown in Fig. 6.

The results of phylogenetic analyses presented here

do not support a monophyletic grouping of the

members of the order Xanthomonadales and no CSI

was identified that is uniquely shared by all members

of this order. In phylogenetic trees, members of the

order Xanthomonadales formed two main clades, one

grouping together most of the members from the

family Xanthomonadaceae, whereas the other clade

was comprised of members from the families Algi-

philaceae (containing the genus Algiphilus) and

Solimonadaceae (containing the genera Fontimonas,

Singularimonas and Solimonas) and genera related to

these two families (viz. Alkanibacter, Hydrocarbon-

iphaga, Nevskia and Steroidobacter). The lack of any

identified CSIs or a consistent phylogenetic relation-

ship between these two clades suggests that they may

represent distinct evolutionary lineages within the

Gammaproteobacteria. Additionally, in both our

concatenated protein tree and the 16S rRNA gene

tree, members of the clade containing Algiphilaceae

and Solimonadaceae families consistently grouped

with the members of the genus Salinisphaera, the sole

members of the family ‘‘Salinisphaeraceae’’, suggest-

ing that the species from these groups may share a

common ancestor exclusive of the Xanthomonadaceae

and other Gammaproteobacteria. The genera Wo-

hlfahrtiimonas and Ignatzschineria branch distinctly

from the Xanthomonadales in a clade with members of

the order Cardiobacteriales in our concatenated

protein based phylogenetic tree and show limited

phylogenetic association with the other members of

the Xanthomonadales in our 16S rRNA tree. Due to

this inconsistent branching, further research will be

required to accurately assess the phylogenetic place-

ment of the genera Wohlfahrtiimonas and Ignatzs-

chineria, but the available data suggests that they do

not belong to the order Xanthomonadales sensu

stricto.

Our work has identified 10 CSIs that support a

monophyletic grouping of a majority of the members

of the order Xanthomonadales that are currently part

of the family Xanthomonadaceae. These CSIs were

initially identified in our earlier comparative genomic

study (Naushad and Gupta 2013) and the sequence

information for them was updated in the present work

for a large number of additional Xanthomonadales,

including 5 genomes which were sequenced, de novo,

for this study. Our earlier work identified 13 CSIs

which were specific to this group (Naushad and Gupta

2013). Of these, all but 3 CSIs were found to be still

specific to the whole group, while the remaining three

CSIs were found to be specific for subsets of this large

group. The observed specificity of the previously

identified CSIs for a distinct bacterial group despite a

large increase in the number of analyzed genomes

strongly indicate that they constitute reliable molec-

ular characteristics with predictive ability for distin-

guishing and demarcation of evolutionarily related

bacterial groups.

Our work also provides strong molecular and

phylogenetic support for the existence of two distinct

clades within the Xanthomonadaceae: One clade

consists of the genera Xanthomonas, Xylella, Steno-

trophomonas, Lutimonas, Lysobacter and their rela-

tives (Clade 1), whereas the other clade groups

together members of the genera Rudaea, Dylella,

Lutibacter, Rhodanobacter and their relatives (Clade

2). The members of these monophyletic clades branch

distinctly from each other with strong bootstrap

support in both the concatenated protein tree as well

as in the 16S rRNA gene trees. Importantly, Clade 1

and Clade 2 are also supported by 10 and 11 identified

CSIs, respectively, which serve to clearly distinguish

them from each other and every other bacterial group

bFig. 5 Partial sequence alignments of a the protein Uridylyl-

transferase showing a 1 amino acid insertion (boxed) identified in
all members of Clade 2 of the Xanthomonadaceae b the protein
CDP-diacylglycerol–glycerol-3-phosphate 3-phosphatidyltrans-

ferase showing a 4 amino acid insertion (boxed) identified in all
members of Clade 2 of the Xanthomonadaceae except the early
branching genus Rudaea. Sequence information for only

representative Xanthomonadales and a limited number other

bacteria is shown here, but similar CSIs were not detected in any

other bacterial species in the top 250 BLAST hits. Sequence

information for the other CSIs specific to the Clade 2

Xanthomonadaceae are presented in Supplemental Figs. 18–26

and summarized in Table 2C and D
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in molecular terms. This evidence suggests that the

Clade 1 and Clade 2 represent two phylogenetically

and molecularly distinguishable evolutionary

lineages.

Taxonomic implications

Based on the branching of the members of the order

Xanthomonadales in the concatenated protein and 16S

rRNA gene trees and the large number of identified

molecular markers (CSIs) that are specific for this

group of bacteria, the following main inferences

regarding the phylogeny of the Xanthomonadales

can be derived.

(1) The order presently designated as Xanthomo-

nadales contains 2 highly divergent phyloge-

netic groups, one made up of the members of

the family Xanthomonadaceae and the other

made up of the members of the families

Algiphilaceae, Solimonadaceae, and

‘‘Salinisphaeraceae’’

(2) The family presently designated as Xanthomo-

nadaceae, which harbours a majority of the

members from the order Xanthomonadales, also

contains 2 distinct and distinguishable phylo-

genetic groups, one consisting of the genera

Xanthomonas, Xylella, Stenotrophomonas,

Lutimonas, Lysobacter and their relatives

(Clade 1) and another clade consisting of the

genera Rudaea, Dylella, Lutibacter, Rhodanob-

acter and their relatives (Clade 2)

Thus, the current taxonomy of the order Xantho-

monadales does not accurately reflect the evolutionary

histories of its members which exhibit enormous

genetic diversity. In order to alleviate the taxonomic

incongruences within the order Xanthomonadales, we

Fig. 6 A summary of the

evolutionary relationships

of the Xanthomonadales
genera based upon

phylogenetic analyses and

the identified CSIs. Genera

with genome sequenced

members are indicated with

asterisks (*). The
distribution of the identified

CSIs and the proposed

reclassification of

taxonomic groups are

indicated. The genera

Wohlfahrtiimonas and
Ignatzschineria do not
branch with the members of

the order Xanthomonadales
and hence are regarded as

order incertae sedis. The
families Sinobacteraceae
and Solimonadaceae are
synonymous; however, only

the name of the family

Solimonadaceae is shown
here (1). The placement of

the genus Steroidobacter
within the family

Solimonadaceae
(Nevskiaceae) is tentative
until a more detailed

phylogenetic analysis can be

completed for this genus (2)
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propose that the families Algiphilaceae (containing

the genus Algiphilus) and Solimonadaceae (or Nev-

skiaceae) (containing the genera Fontimonas, Singu-

larimonas and Solimonas) and genera related to these

two families (viz. Alkanibacter, Hydrocarboniphaga,

Nevskia and Steroidobacter), which do not branch

with the other members of the order Xanthomona-

dales, be placed within a novel order, Nevskiales ord.

nov., along with their closest evolutionary relatives,

the members of the family Salinisphaeraceae fam.

nov. Further, to recognize the presence of two distinct

groups within the family presently designated as

Xanthomonadaceae, the members of this family

should be divided into two families: the family

Xanthomonadaceae (containing the genera Arenimon-

as, Luteimonas, Lysobacter, Metallibacterium, Pan-

acagrimonas, Pseudoxanthomonas, Silanimonas,

Stenotrophomonas, Thermomonas, Xanthomonas,

and Xylella) and a novel family, Rhodanobacteraceae

fam. nov. (containing the genera Aquimonas, Chia-

yiivirga, Dokdonella, Dyella, Frateuria, Fulvimonas,

Luteibacter, Pseudofulvimonas, Rhodanobacter, and

Rudaea). The remaining two genera,Wohlfahrtiimon-

as and Ignatzschineria, whose taxonomic affiliation to

the above two orders is not supported should be

regarded as order incertae sedis.

Additionally, the present proposal also serves to

help rectify several problems associated with the

nomenclature of the order Xanthomonadales, the

family Xanthomonadaceae, and the family Solimo-

nadaceae (Tindall 2014b). It has been noted previ-

ously (Oren 2010; Tindall 2014a, b) that the names of

these taxa are later synonyms for the order Lysobac-

terales, the family Lysobacteraceae, and the family

Nevskiaceae, respectively. In recognition of these

nomenclatural concerns, we are providing emended

descriptions of the order Lysobacterales, the family

Lysobacteraceae, and the family Nevskiaceae, which

indicate that they are earlier synonyms of the order

Xanthomonadales, the family Xanthomonadaceae,

and the family Solimonadaceae, respectively.

Descriptions of Rhodanobacteraceae fam. nov., Nev-

skiales ord. nov., and Salinisphaeraceae fam. nov. and

emended descriptions of the order Lysobacterales

(Xanthomonadales), the family Lysobacteraceae

(Xanthomonadaceae), and the family Nevskiaceae

(Solimonadaceae) are provided below.

Emended description of the order

Lysobacterales Christensen and Cook (1978)

(Approved Lists 1980)

Synonym: Xanthomonadales Saddler and Bradbury

(2005a, b).

The order contains two families, Lysobactera-

ceae and Rhodanobacteraceae. Organisms are rods,

0.2–1.8 lm in diameter and 0.8–70 lm in length.

Cells are both motile and non-motile. Organisms are

aerobic, or facultatively anaerobic. Organisms are

chemoorganotrophic and non-spore-forming. Organ-

isms within this order may be either positive or

negative in both oxidase and catalase tests. The G ? C

content of the DNA is 42–75 (mol%).The type genus

of the order is Lysobacter Christensen and Cook

(1978) (Approved Lists 1980) (Skerman et al. 1980)

emend. Park et al. (2008).

Organisms from this order are distinguished from

all other bacteria examined to date by 10 conserved

signature indels in Glutaminyl t-RNA synthetase,

GTP-binding protein, Queuine tRNA-ribosyltransfer-

ase, Lipoyl synthase, Lysyl-tRNA synthetase, Dihy-

droorotate dehydrogenase, Carbamoyl phosphate

synthase large subunit, Aspartate aminotransferase,

DNA polymerase I, and DNA topoisomerase IV

subunit B (Tables 2A).

Emended description of the family

Lysobacteraceae Christensen and Cook (1978)

(Approved Lists 1980)

Synonym: Xanthomonadaceae Saddler and Bradbury

(2005a, b).

The family contains twelve genera, Arenimonas,

Luteimonas, Lysobacter, Metallibacterium, Panacag-

rimonas, Pseudoxanthomonas, Silanimonas, Steno-

trophomonas, Thermomonas, Xanthomonas and

Xylella. Organisms are rods, 0.2–1.8 lm in diameter

and 0.8–70 lm in length. Cells are both motile and

non-motile. Organisms are aerobic, or facultatively

anaerobic. Organisms are chemoorganotrophic and

non-spore-forming. Organisms within this family may

be either positive or negative in both oxidase and

catalase tests. The G?C content of the DNA is 42–70

(mol%). The type genus of the family is Lysobacter
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Christensen and Cook (1978) (Approved Lists 1980)

emend. Park et al. (2008).

Organisms from this order are distinguished from

all other bacteria examined to date by 10 conserved

signature indels in DNA polymerase III subunit alpha,

Uroporphyrinogen decarboxylase, DNA polymerase I,

Coproporphyrinogen III oxidase, tRNA isopentenyl-

transferase, Protoheme IX farnesyltransferase,

Ribose-5-phosphate isomerase A, Aspartyl-tRNA

synthetase, 2-oxoglutarate dehydrogenase E1, and

Asparagine synthetase B (Tables 2B).

Description of Rhodanobacteraceae fam. nov

Rhodanobacteraceae (Rho.da.no.bac.ter.a,ce’ae N.L.

masc. n. Rhodanobacter type genus of the family; -

aceae ending to denote a family; N.L. fem. pl. n.

Rhodanobacteraceae the family whose nomenclatural

type is the genus Rhodanobacter).

The family contains nine genera, Aquimonas,

Dokdonella, Dyella, Frateuria, Fulvimonas, Luteib-

acter, Pseudofulvimonas,Rhodanobacter and Rudaea.

Organisms are rods, 0.3–0.5 lm in diameter and

1–4.5 lm in length. Cells are both motile and non-

motile. Organisms are aerobic, chemoorganotrophic,

and non-spore-forming. Organisms within this family

may be either positive or negative in both oxidase and

catalase tests. The G ? C content of the DNA is 62–75

(mol%). The type genus of the family is Rhodanob-

acter Nalin et al. (1999).

Organisms from this order are distinguished from

all other bacteria examined to date by 11 conserved

signature indels in Uridylyltransferase, a xanthomon-

adin exporter protein, a signal peptidase, Tryptophan

synthase subunit alpha, CDP-diacylglycerol–glycerol-

3-phosphate 3-phosphatidyltransferase, Protease tldD,

S-adenosylmethionine decarboxylase, DEAD/DEAH

box helicase, F0F1 ATP synthase subunit gamma,

Proline aminopeptidase P II, and Glycosyl transferase

(Table 2C, D).

Description of Nevskiales ord. nov

Nevskiales (Nev.ski.a’les. N.L. fem. n. Nevskia type

genus of the order; -ales ending to denote an order;

N.L. fem. pl. n. Nevskiales the order whose nomen-

clatural type is the genus Nevskia).

The order contains three families, Algiphilaceae,

Salinisphaeraceae, and Nevskiaceae. Organisms are

rods and cocci, 0.6–1.3 lm in diameter and 0.4–2 lm
in length. Cells are non-motile or motile by means of a

one or more polar flagella. Organisms are aerobic, or

facultatively anaerobic. Organisms are chemoorgano-

trophic and non-spore-forming. Oxidase and catalase

positive. The G?C content of the DNA is 60–68

(mol%). The type genus of the order is Nevskia

Famintzin 1892 (Approved Lists 1980).

Emended Description of the family

Nevskiaceae Henrici and Johnson 1935 (Approved

Lists 1980)

Synonyms: Sinobacteraceae Zhou et al. (2008),

Solimonadaceae Losey et al. (2013).

The family contains six genera, Alkanibacter,

Fontimonas,Hydrocarboniphaga,Nevskia, Solimonas

and Steroidobacter.1 Organisms are rods, 0.6–0.85 lm
in diameter and 0.9–2 lm in length. Cells are non-

motile or motile by means of a single polar flagellum.

Organisms are aerobic, or facultatively anaerobic.

Organisms are chemoorganotrophic and non-spore-

forming. Oxidase and catalase positive. The G ? C

content of the DNA is 60–65 (mol%). The type genus

of the family is Nevskia Famintzin 1892 (Approved

Lists 1980).

Description of Salinisphaeraceae fam. nov

Salinisphaeraceae (Sa.li.ni.sphae.ra.ce’ae. N.L. fem.

n. Salinisphaera type genus of the family; -aceae

ending to denote a family; N.L. fem. pl. n. Salinisph-

aeraceae the family whose nomenclatural type is the

genus Salinisphaera).

The family contains one genus, Salinisphaera,

which is also the type genus of the family. The

description of the family is the same as that of the

1 The genus Steroidobacter does not branch monophyletically
with the other members of the family Nevskiaceae in 16S rRNA
gene based phylogenies. However, Steroidobacter is clearly

distinct from the order Xanthomonadales and family Xantho-
monadaceae in which it was previously placed. Its placement

within the family Nevskiaceae is tentative until more detailed
phylogenetic analysis can be completed for this genus.
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genus Salinisphaera Antunes et al. (2003) emend.

Shimane et al. (2013).
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Tavaré S (1986) Some probabilistic and statistical problems in

the analysis of DNA sequences. In: Miura RM (ed) Lec-

tures on mathematics in the life sciences, 17th edn.

American Mathematical Society, Providence, pp 57–86

484 Antonie van Leeuwenhoek (2015) 107:467–485

123

PhD – Sohail Naushad McMaster University - Biochemistry

133



Tindall B (2014a) Names at the rank of class, subclass and order,

their typification and current status: supplementary infor-

mation to Opinion 79. Judicial commission of the inter-

national committee on systematics of prokaryotes. Int J

Syst Evol Microbiol 64(10):3599–3602

Tindall BJ (2014b) The family name Solimonadaceae Losey
et al. 2013 is illegitimate, proposals to create the names

‘Sinobacter soli’ comb. nov. and ‘Sinobacter variicoloris’
contravene the Code, the family name Xanthomonadaceae
Saddler and Bradbury 2005 and the order name Xantho-
monadales Saddler and Bradbury 2005 are illegitimate and
notes on the application of the family names Solibactera-
ceae Zhou et al. 2008, Nevskiaceae Henrici and Johnson

1935 (Approved Lists 1980) and Lysobacteraceae Chris-
tensen and Cook 1978 (Approved Lists 1980) and order

name Lysobacteriales Christensen and Cook 1978

(Approved Lists 1980) with respect to the classification of

the corresponding type genera Solibacter Zhou et al. 2008
Nevskia Famintzin 1892 (Approved Lists 1980) and Ly-
sobacter Christensen and Cook 1978 (Approved Lists

1980) and importance of accurately expressing the link

between a taxonomic name, its authors and the corre-

sponding description/circumscription/emendation. Int J

Syst Evol Microbiol 64(1):293–297

Van SluysMA, de Oliveira MC,Monteiro-Vitorello CB,Miyaki

CY, Furlan LR, Camargo LE, da Silva AC, Moon DH,

Takita MA, Lemos EG et al (2003) Comparative analyses

of the complete genome sequences of Pierce’s disease and

citrus variegated chlorosis strains of Xylella fastidiosa.
J Bacteriol 185(3):1018–1026

Williams KP, Gillespie JJ, Sobral BW, Nordberg EK, Snyder

EE, Shallom JM, Dickerman AW (2010) Phylogeny of

gammaproteobacteria. J Bacteriol 192(9):2305–2314
Wilson K (1987) Preparation of genomic DNA from bacteria.

In: Ausubel FM, Brent R, Kingston RE, Moore DD,

Seidman JG, Smith JA, Struhl K (eds) Current protocols in

molecular biology. Wiley, New York, pp 2.4.1–2.4.2

WuD, Hugenholtz P, Mavromatis K, Pukall R, Dalin E, Ivanova

NN, Kunin V, Goodwin L, Wu M, Tindall BJ (2009) A

phylogeny-driven genomic encyclopaedia of Bacteria and

Archaea. Nature 462(7276):1056–1060

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C,

Schweer T, Peplies J, Ludwig W, Glöckner FO (2013) The
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CHAPTER 7 

Protein Based Molecular Markers Provide Reliable Means to Understand  

Prokaryotic Phylogeny and Support a Predominantly Darwinian Mode of Evolution 

The following chapter is a review of comparative genomic analyses work performed in 

Dr. R. S. Gupta’s lab and its use for elucidation of prokaryotic relationships. Using CSIs 

and CSPs, the chapter supports the view that bacterial relationships can be observed in a 

tree-like pattern and that lateral gene transfer events have only a limited effect on 

masking prokaryotic relationships. Using previously published data, I was involved in 

data analysis, the preparation of the manuscript and construction of the figures and tables.

*Due to limited space, supplementary figures and tables are not included in the chapter but can be accessed 
along with the rest of the manuscript at:

Bhandari, V., Naushad, H. S., and Gupta, R. S. (2012) Protein based molecular markers provide reliable 
means to understand prokaryotic phylogeny and support Darwinian mode of evolution. Front Cell Infect 
Microbiol 2, 98  
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The analyses of genome sequences have led to the proposal that lateral gene transfers
(LGTs) among prokaryotes are so widespread that they disguise the interrelationships
among these organisms. This has led to questioning of whether the Darwinian model
of evolution is applicable to prokaryotic organisms. In this review, we discuss the
usefulness of taxon-specific molecular markers such as conserved signature indels (CSIs)
and conserved signature proteins (CSPs) for understanding the evolutionary relationships
among prokaryotes and to assess the influence of LGTs on prokaryotic evolution. The
analyses of genomic sequences have identified large numbers of CSIs and CSPs that are
unique properties of different groups of prokaryotes ranging from phylum to genus levels.
The species distribution patterns of these molecular signatures strongly support a tree-like
vertical inheritance of the genes containing these molecular signatures that is consistent
with phylogenetic trees. Recent detailed studies in this regard on the Thermotogae and
Archaea, which are reviewed here, have identified large numbers of CSIs and CSPs that
are specific for the species from these two taxa and a number of their major clades.
The genetic changes responsible for these CSIs (and CSPs) initially likely occurred in the
common ancestors of these taxa and then vertically transferred to various descendants.
Although some CSIs and CSPs in unrelated groups of prokaryotes were identified, their
small numbers and random occurrence has no apparent influence on the consistent
tree-like branching pattern emerging from other markers. These results provide evidence
that although LGT is an important evolutionary force, it does not mask the tree-like
branching pattern of prokaryotes or understanding of their evolutionary relationships. The
identified CSIs and CSPs also provide novel and highly specific means for identification of
different groups of microbes and for taxonomical and biochemical studies.

Keywords: conserved indels, signature proteins, phylogenetic trees, lateral gene transfers, Thermotogae, Archaea,

Crenarchaeota, RpoB signatures

INTRODUCTION
The understanding of prokaryotic relationships is one of the
most important goals of evolutionary sciences. These relation-
ships have been difficult to understand due to the simplicity and
antiquity of prokaryotic organisms and disagreements in view-
points among evolutionary biologists regarding the importance
of different factors when grouping prokaryotes. Although earlier
studies in this regard were based on morphology or physiol-
ogy (Cowan, 1965; Buchanan and Gibbons, 1974; Stanier et al.,
1976), the field itself has evolved to account for new informa-
tion brought about by technological or informational break-
throughs, viz. molecular data, DNA hybridization and 16S rRNA
(Zuckerkandl and Pauling, 1965; Woese and Fox, 1977; Woese,
1987). The most recent breakthrough involves rapid and easily
available sequencing of entire genomic sequences (Fleischmann
et al., 1995; Iguchi et al., 2009; NCBI genomic database, 2012).
This has allowed determination of evolutionary relationships
among different organisms based upon large numbers of different

gene/protein sequences using a variety of approaches (Gupta,
1998; Haggerty et al., 2009; Puigbo et al., 2009; Blair andMurphy,
2011).

The comparative genomic analyses have revealed that phylo-
genetic relationships deducted based upon different genes and
protein sequences are not congruent and lateral gene trans-
fer (LGT) among different taxa is indicated as the main factor
responsible for this lack of concordance (Gogarten et al., 2002;
Bapteste and Boucher, 2008; Dagan et al., 2008; Puigbo et al.,
2009; Swithers et al., 2009; Andam and Gogarten, 2011). This has
led to questioning of whether the Darwinian model of evolution
involving vertical inheritance of genes from parents to progenies
(Darwin, 1859) is applicable to the prokaryotes (Doolittle, 1999;
Pennisi, 1999; Gogarten et al., 2002; Dagan and Martin, 2006;
Doolittle and Bapteste, 2007; Dagan et al., 2008; Bapteste et al.,
2009; Williams et al., 2011). Multiple mechanisms are known to
contribute to the evolution of an organism’s genomes includ-
ing genes that are acquired vertically from the parent organism,
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evolution of new genes by gene duplication and divergence, gain
of new genes by means of LGTs, as well as gene losses in various
lineages (Bapteste et al., 2009; Ragan and Beiko, 2009; Treangen
and Rocha, 2011; Williams et al., 2011). LGT, in particular, is
being increasingly thought to have an overbearing influence on
prokaryotic genome composition. Although rRNAs, ribosomal
proteins and other genes involved in the information transfer
processes are considered less prone to LGTs due to their involve-
ment in complex gene networks (Jain et al., 1999; Sorek et al.,
2007), recent studies indicate that no single gene/protein is com-
pletely immune to this process (Yap et al., 1999; Doolittle and
Bapteste, 2007; Dagan et al., 2008). Some recent studies have esti-
mated that over time most genes (81 ± 15%) have undergone at
least one LGT event (Doolittle, 1999; Dagan and Martin, 2007;
Doolittle and Bapteste, 2007; Dagan et al., 2008). These studies
in large part form the basis of the hypothesis that LGTs have
led to abolishment of all signals that can be used for determi-
nation of prokaryotic evolutionary relationships and a call for
uprooting the tree of life (Martin, 1999; Pennisi, 1999; Doolittle,
2000; Gogarten et al., 2002; Delsuc et al., 2005; Bapteste et al.,
2009).

Although the importance of LGTs in genome evolution is
widely accepted, there is considerable disagreement concerning
the prevalence of LGTs and their impact on prokaryotic evolu-
tionary relationships. While some authors have indicated that
LGT is so profuse that its influence disguises the Darwinian mode
of evolution involving vertical inheritance of genes (Gogarten
et al., 2002; Bapteste et al., 2005b, 2009; Doolittle and Bapteste,
2007; Koonin, 2007), others have inferred that the incidences of
LGTs are either very minimal or limited and those genes that
are laterally transferred have little impact on prokaryotic phy-
logeny (Wolf et al., 2002; Kurland et al., 2003; Dutilh et al., 2004;
Beiko et al., 2005; Kunin et al., 2005; Kurland, 2005; Galtier,
2007; Puigbo et al., 2009; Gao and Gupta, 2012a). However, there
are no standardized methods to assess LGTs and the methods
used to infer LGTs are varied and based upon large numbers of
often poorly supported assumptions (Koski and Golding, 2001;
Koski et al., 2001; Ragan, 2001; Beiko et al., 2005; Boto, 2010).
Thus, the prevalence of LGTs differ greatly among different stud-
ies and often similar datasets have led to dissimilar conclusions
(Koski et al., 2001; Ragan, 2001; Wang, 2001; Lerat et al., 2003;
Susko et al., 2006; Zhaxybayeva et al., 2007; Marri and Golding,
2008; Roettger et al., 2009). Therefore, prior to concluding that in
view of LGTs the Darwinian mode of evolution is not a suitable
model for prokaryotes, reliability of the incidences of LGTs and
their overall impact on the evolutionary relationships should be
critically examined.

Despite the prevalence of LGTs, phylogenetic trees based upon
16S rRNA as well as numerous single genes as well multi-gene
analyses strongly support the existence of large numbers of dis-
tinct phyla of bacteria (Ludwig and Klenk, 2005). Additionally,
these trees also clearly delineate many discrete taxonomic clades
within these phyla (Woese, 1987; Ludwig and Klenk, 2005;
Ciccarelli et al., 2006; Wu et al., 2009; Gao and Gupta, 2012a).
In a recent detailed study Puigbo et al. (2009) reported construc-
tion of phylogenetic trees for 6901 prokaryotic genes. Although
there were significant topological differences among these trees,

a consistent phylogenetic signal was observed in most of these
trees, indicating that the LGT events, which were of random
nature, did not obscure the central trend resulting from the ver-
tical transfer of genes. The fact that similar prokaryotic clades
at different taxonomic levels (ranging from phyla to genera) are
consistently identified in phylogenetic trees based upon differ-
ent gene/protein sequences strongly indicates that the distinctness
of the prokaryotic taxa and their evolutionary relationships are
in large part discernible and they have not been obliterated by
LGTs (Woese, 1987; Daubin et al., 2002; Kurland et al., 2003;
Lerat et al., 2003; Beiko et al., 2005; Kurland, 2005; Ludwig and
Klenk, 2005; Ciccarelli et al., 2006; Ragan and Beiko, 2009; Wu
et al., 2009; Boto, 2010; Yarza et al., 2010; Gupta, 2010b; Gao and
Gupta, 2012a). To account for the above observations and the
occurrences of LGTs, it has been suggested that the prokaryotic
evolution has both tree-like (at intermediate phylogenetic depths)
and non-tree (or net-like) (at the base and tips) characteristics
(Dagan et al., 2008; Puigbo et al., 2009, 2010; Swithers et al., 2009;
Boto, 2010; Beiko, 2011; Dagan, 2011; Kloesges et al., 2011; Popa
et al., 2011).

The availability of genome sequences is also enabling devel-
opment of novel and independent sequence based approaches
for determining the evolutionary relationships among organisms
and to assess the impact of LGTs on these relationships. In this
review, we provide a summary of our recent work in this area
based upon two different types of molecular markers that we
have used successfully for understanding the evolutionary rela-
tionships among prokaryotes. Based upon these markers it is now
possible to identify different prokaryotic taxa ranging from phyla
to genera in clear molecular terms and the evolutionary rela-
tionships among them can also be reliably deducted (Gupta and
Griffiths, 2002; Gupta, 2009, 2010a; Gao and Gupta, 2012b). The
relationships revealed by these new approaches strongly support a
tree-like branching pattern among prokaryotes and the observed
incidences of LGTs, which exhibit no specific pattern or statistical
significance, apparently have nomajor impact on the derived rela-
tionships. It is contended that these molecular markers provide
valuablemeans for developing a reliable phylogeny and taxonomy
of the prokaryotic organisms.

USEFULNESS OF CONSERVED SIGNATURE INDELS (CSIs)
AND CONSERVED SIGNATURE PROTEINS (CSPs) FOR
UNDERSTANDING EVOLUTIONARY RELATIONSHIPS
AMONG PROKARYOTES
Of the two kinds of molecular markers that we are using for
studying prokaryotic evolution, the conserved signature indels
(inserts or deletions), or CSIs, in protein sequences comprises
an important category (Gupta, 1998, 2010a; Griffiths and Gupta,
2001). The CSIs that provide useful molecular markers for evo-
lutionary studies are generally of the same lengths and they are
flanked on both sides by conserved regions to ensure that the
observed changes are not caused by alignment artifacts (Gupta,
1998; Gupta and Griffiths, 2002; Jordan and Goldman, 2012).
When such CSIs are present in the same position in a given
protein in a group of related species, their presence is most par-
simoniously explained by postulating that the genetic change
leading to the CSI occurred in a common ancestor of this group
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and then this gene with the indel was vertically transmitted
to its progeny (Rivera and Lake, 1992; Baldauf and Palmer,
1993; Gupta, 1998, 2000b; Rokas and Holland, 2000; Cutino-
Jimenez et al., 2010). The CSIs that are uniquely shared by
organisms of one taxa provide molecular tools for identifying
the species from this taxa and consolidating the relationships
among bacteria of that taxa by delimiting it in molecular terms
(Gupta, 2004). Additionally, depending upon the presence or
absence of a given CSI in the outgroup species, it can be deter-
mined whether the indel represents an insert or a deletion and
based upon this a rooted relationship among the species of
interest can be derived. Our earlier work in this regard has
led to identification of large numbers of CSIs that are spe-
cific for different groups of microbes at various phylogenetic
levels (Table 1; Gupta and Griffiths, 2006; Gupta, 2009; Gupta
and Bhandari, 2011; Gupta and Shami, 2011; Gao and Gupta,
2012b).

The second kind of molecular markers that we have usefully
employed in our systematic and evolutionary studies are whole
proteins that are uniquely found in particular groups or sub-
groups of bacteria (Gupta, 2006; Gupta andGriffiths, 2006; Gupta
and Mok, 2007; Gao and Gupta, 2012b). Comparative analyses
of genomic sequences have indicated that many conserved pro-
teins are uniquely present in all species from particular groups,
at different phylogenetic depths (Daubin and Ochman, 2004;
Lerat et al., 2005; Gupta, 2006; Gupta and Griffiths, 2006; Gupta
and Mok, 2007; Dutilh et al., 2008; Gao and Gupta, 2012b).
Because of their unique presence in species from particular phy-
logenetic clades of species, it is likely that the genes for these
CSPs originated once in a common ancestor of these groups
and then vertically acquired by all its descendants. Because of
their taxa specificity these CSPs again provide valuable molecular
markers for identifying different groups of species in molecu-
lar terms and for evolutionary studies (Gao and Gupta, 2007;
Gupta and Mathews, 2010; Gupta, 2010b). However, when a
CSP (or CSI) is confined to certain species/strains, then based
upon this information alone, it is often difficult to determine
whether these species form a clade in the phylogenetic sense
or not. Hence, to understand the evolutionary significance of
these signatures, such studies are generally performed in con-
junction with phylogenetic analysis, which provides a refer-
ence point for evaluating the significance of various CSIs and
CSPs (Gao and Gupta, 2007; Gupta and Mathews, 2010; Gupta,
2010b).

Molecular markers in the form of CSIs and CSPs have proven
useful for examining or consolidating prokaryotic relationships
at domain, phylum as well as intra-phylum levels. Table 1 pro-
vides a summary of some bacterial and archaeal taxa for which
CSIs and CSPs have been identified (Gupta, 2010a). Two recent
detailed studies based upon CSIs and CSPs have focused upon
understanding evolutionary relationships within the phylum
Thermotogae and the domain Archaea (Gao and Gupta, 2007;
Gupta and Bhandari, 2011; Gupta and Shami, 2011). To illus-
trate the usefulness of these molecular markers for elucidation of
prokaryotic evolutionary relationships, and to assess the influence
of LGTs on the derived inferences, results for these two taxonomic
groups are reviewed here.

MOLECULAR MARKERS FOR THE THERMOTOGAE
The species of the phylumThermotogae are a group of hyperther-
mophilic, anaerobic, gram-negative bacteria recognized by a dis-
tinctive toga-like sheath structure and their ability to grow at high
temperatures (Huber et al., 1986). The approximately 90 species
of this phylum are currently divided into nine Genera within a
single family termed the Thermotogaceae (Euzeby, 2011; NCBI
Taxonomy, 2012). The Thermotogae species, prospectively, are
important tools for industrial and biotechnological applications
due to the ecological niche they inhabit and the thermo-stable
proteins that they harbor (Conners et al., 2006). With the publi-
cation of the genome for T. maritima, the first species from this
phylum (Nelson et al., 1999), the Thermotogae were brought to
the forefront of LGT debate. This was due to the fact that based
upon Blast searches it was determined that for about 25% of the
genes from T. maritima genome, the closest blast hits were from
archaeal species rather than any bacteria, leading to the infer-
ence that Thermotogae species have incurred high degree of LGTs
with the archaeal organisms (Nelson et al., 1999). Upon revisit-
ing this issue, Zhaxybayeva et al. (2009) found that for only about
11% of the Thermotogae proteins Archaea were the closest hits,
but that the Thermotogae proteins exhibited maximal similarity
(42–48% of genes) to the Firmicutes. Based upon these obser-
vations, the Thermotogae species genomes were proposed to be
a chimera composed of different bacterial and archaeal sources
(Zhaxybayeva et al., 2009). However, these estimates for LGTs
have been questioned in other studies which indicate that much
less (6–7%) of the Thermotogae genome has been laterally trans-
ferred (Garcia-Vallve et al., 2000; Ochman et al., 2000). Further,
in view of the fact that Thermotogae species branch in proxim-
ity of the Firmicutes phylum (Gupta, 2001; Griffiths and Gupta,
2004b), the observation that a preponderance of the top hits
for the Thermotogae species are from Firmicutes is an expected
results, and it does not indicate that these genes have been later-
ally transferred (Zhaxybayeva et al., 2009; Andam and Gogarten,
2011).

Apart from their unique protein toga, the species of the phy-
lum Thermotogae are assigned to this group and divided into
its different genera primarily on the basis of their branching in
the 16S rRNA trees (Reysenbach, 2001; Huber and Hannig, 2006;
Zhaxybayeva et al., 2009; Yarza et al., 2010). Until recently, no
unique molecular or biochemical characteristics were known that
could distinguish the species of this phylum from other bacte-
ria. For identification of molecular markers that could possibly
define this phylum and its sub-taxa, a genome wide analysis
was performed on protein sequences from 12 Thermotogae spp.
whose genomes were available (Gupta and Bhandari, 2011). The
protein sequences from these 12 species as well as species rep-
resenting other bacteria phyla were aligned and examined for
the presence of CSIs that were uniquely present in Thermotogae
species or those that were commonly shared with some other
bacteria. The analysis identified numerous CSIs specific for all
Thermotogae. An example of a CSI consisting of a 3 aa long
insert in the ribosomal protein L7 that is exclusively present
in all sequenced Thermotogae species, including two recently
sequenced species, is shown in Figure 1A. The unique pres-
ence of this CSI of the same length, at the same position in
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Table 1 | Overview of the CSIs and CSPs that have been identified for some major prokaryotic taxa.

Taxonomic group Number of CSPs/CSIs References

Archaea Archaeal Kingdom specific: 16 CSPs
Subgroups: Thaumarchaeota—6 CSIs/201 CSPs, Euryarchaeota—6 CSPs,
Thermoacidophiles—77 CSPs, Halophiles—127 CSPs, Methanogens—31
CSPs, Thermococcus-Pyrococcus clade—141 CSPs

Gao and Gupta, 2007; Gupta
and Shami, 2011

Crenarchaeota Phylum specific: 6 CSIs, 13 CSPs Gupta and Shami, 2011

Subgroups: Sulfolobales—3 CSIs/151 CSPs, Thermoproteales—5 CSIs/25
CSPs, Desulfurococcales—4CSPs, Sulfolobales-Desulfurococcales clade—2
CSIs/18 CSPs

Thaumarchaeota >200 CSPs Gupta and Shami, 2011

Thermotogae Phylum specific: 18 CSIs Gupta and Bhandari, 2011

Subgroups: Thermotoga genus—13 CSIs, Thermosipho genus—7 CSIs,
Thermosipho-Fervidobacterium clade—13 CSIs,
Thermotoga-Thermosipho-Fervidobacterium clade—5 CSIs,
Petrotoga-Kosmotoga clade—4 CSIs

Cyanobacteria Phylum specific: 39 CSPs/10 CSIs
Subgroups: Cyanobacterial Clade A—14 CSPs/1 CSI, Other
Cyanobacteria (outside clade A)—5 CSPs/4 CSIs, Cyanobacterial Clade
C—60 CSPs, Nostocales—65 CSPs, Chroococcales—8 CSPs,
Synechococcus—14 CSPs, Prochlorococcus—19 CSPs, Low B/A type
Prochlorococcus—67 CSPs

Gupta, 2009; Gupta and
Mathews, 2010

Chlamydiae Phylum specific: 59 CSPs/8 CSIs Gupta and Griffiths, 2006

Subgroups: Chlamydiaceae—79 CSPs, Chlamydophila—20 CSPs,
Chlamydia—20 CSPs

Bacteroidetes, chlorobi
and fibrobacteres

Phylum specific: 1 CSP/2 CSIs
Subgroup specific: Bacteroidetes—27 CSPs/2 CSIs, Chlorobi—51 CSPs/2 CSIs,
Bacteroidetes and Chlorobi clade—5 CSPs/3CSIs

Gupta, 2004

Actinobacteria Phylum specific: 24 CSPs/4 CSIs
Subgroup specific: CMN group—13 CSPs, Mycobacterium and Nocardia—14
CSIs, Mycobacterium—24 CSPs, Micrococcineae—24 CSPs,
Corynebacteriales—4 CSPs/2 CSIs, Bifidobacteriales—14 CSPs/1 CSI

Gao and Gupta, 2005,
2012b; Gao et al., 2006

Deinococcus-thermus Phylum specific: 65 CSPs/8 CSIs
Subgroup specific: Deinococci—206 SPs

Griffiths and Gupta, 2004a,
2007a

Aquificae Phylum specific: 10 CSPs/5 CSIs Griffiths and Gupta, 2006b,
2004b

α-proteobacteria Class specific: 6 CSPs/13 CSIs Gupta and Mok, 2007

Subgroups: Rickettsiales—3 CSPs/2 CSIs, Rickettsiaceae—4 CSPs/5 CSIs,
Anaplasmataceae—5 CSPs/2 CSIs, Rhodobacterales-Caulobacter-Rhizobiales
clade—2 CSIs, Rhodobacterales-Caulobacter clade—1 CSI, Rhizobiales—6
CSPs/1CSI, Bradyrhizobiaceae—62 CSPs/2CSIs

γ-proteobacteria Class specific: 4 CSPs/1 CSI Gao et al., 2009

Subgroups: 20 CSPs, 2 CSIs for various subgroup combinations of
subgroups

ε-proteobacteria Class specific: 49 CSPs/4 CSIs Gupta, 2006

Subgroups:Wolinella-Helicobacter clade—11 CSPs/2 CSIs, Campylobacter
genus—18 CSPs/1 CSI

Pasteurellales Order specific: 44 CSIs Naushad and Gupta, 2012

Subgroups: Pasteurellales Clade I—13 CSIs, Pasteurellales Clade II—9 CSIs

Clostridia sensu stricto Genus specific: 10 CSPs/3 CSIs Gupta and Gao, 2009

The table provides general information regarding the number of CSIs and CSPs identified for many taxonomic groups on which genomic studies have been

conducted. Further details can be obtained from the corresponding studies.
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FIGURE 1 | Evolutionary relationships among Thermotogae

species based upon CSIs and a Phylogenetic Tree. (A) Partial sequence
alignment for the ribosomal protein L7 showing a 3 aa CSI (boxed) that is
specific for all detected species of the Thermotogae phylum. The dashes in
the alignment (−) indicate amino acid identity with the corresponding
residue in the top line; (B) A maximum likelihood tree for the
12 sequenced Thermotogae species based upon concatenated

sequences for 12 conserved proteins. (C) A summary diagram
showing the species specificities of different CSIs identified for the
Thermotogae group of species. The left panel highlights the CSIs that are
specific for the entire Thermotogae phylum or its sub-groups, whereas the
right panel indicates the CSIs that were also present in some
non-Thermotogae organisms. Figures 1A,Bmodified from Gupta and
Bhandari (2011).

this universally distributed protein, in different species from the
phylum Thermotogae indicates that the genetic change lead-
ing to this CSI occurred once in the common ancestor of
the Thermotogae species. In addition to this CSI, this study
also identified 17 other CSIs in other important proteins such
as DNA recombination protein RecA, DNA polymerase I and
tryptophanyl-tRNA synthetase that are also specific for the
species from the phylum Thermotogae (Gupta and Bhandari,
2011).

In addition to the large numbers of CSIs that were uniquely
present in all Thermotogae species, this study also identified
many CSIs that were specific for different sub-groups within
the phylum Thermotogae (Gupta and Bhandari, 2011). These
included 13 CSIs that were specific for the species of the genus

Thermotoga and seven others that distinguished species of the
genus Thermosipho from all others. However, it was observed that
the species Thermotoga lettingae shared only 1 of 13 CSIs that
were otherwise commonly present in other species of this genus.
This suggests that T. lettingae, which is distantly related to all
other Thermotoga species, should be assigned to a separate genus.
Besides these CSIs that were specific for the species of these two
genera, 13 CSIs supported a specific relationships among species
of the Fervidobacterium and Thermosipho genera; 5 CSIs were
shared by species from the genus Thermotoga and those from
the Fervidobacterium-Thermosipho clade; and 4 CSIs supported
a grouping of the Petrotoga and Kosmotoga genera along with
the species Thermotogales bacterium MesG1.Ag.4.2 (Figure 1C,
left panel; Gupta and Bhandari, 2011). Importantly, all of the
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relationships indicated by various CSIs were also independently
observed in a phylogenetic tree for the Thermotogae species
based upon concatenated sequences for 12 conserved proteins
(Figure 1B).

The CSIs identified in the above study independently and
strongly supported different nodes observed in the phylogenetic
tree for Thermotogae species all the way from phylum to genus
level. If the hypothesis that LGT events have abolished the ability
to discern prokaryotic relationships was correct, then it should
have been difficult to identify discrete molecular markers sup-
porting distant relationships among these species. At the very
least, the Thermotogae species would have shown relationships
with species of other prokaryotic groups such as Firmicutes or
Archaea as frequently as they did with one another. In this study,
in addition to the CSIs that were specific for the Thermotogae
species (Figure 1C, left panel), several CSIs were also identified
that the Thermotogae shared with species from other prokary-
otic or eukaryotic organisms (Figure 1C, right panel). However,
such CSIs, suggesting possible LGT between Thermotogae and
other taxa, were far outweighed by CSIs supporting the mono-
phyletic, tree-like relationships among the species of the phylum
(left panel) (Gupta and Bhandari, 2011). Assuming that all the
CSIs that the Thermotogae shared with other groups are due to
LGT, less than 20% (16 of 85) of all Thermotogae genes con-
taining these CSIs have incurred LGTs (Gupta and Bhandari,
2011). Moreover, these presumed LGT events are of random
nature and in no case do the Thermotogae species share more
than a total of 3 CSIs with any particular phyla of species.
Additionally, in most of these cases only a few species from these
other taxa contained the indels that were present in most or all
Thermotogae species (Gupta and Bhandari, 2011). Thus, these
other CSIs, although they are present in a few isolated species
from other taxa, are also largely specific for the Thermotogae
species and they do not affect the ability of other CSIs to clearly
discriminate Thermotogae species from all other bacteria or to
deduce the evolutionary relationships amongst species from this
phylum.

The shared presence of similar CSI in unrelated taxa can result
from two different possibilities, either the gene with the CSI was
laterally transferred among the two groups or that independent
CSIs owing to two separate genetic events are responsible for these
CSIs. After identification of such CSIs, tree-making approaches
can be used to test if the presence of the indel in the two groups
is due to LGT. Previously, in our work, a number of CSIs in
the GlyA and MurA proteins that were commonly shared by the
Chlamydiae and a subgroup of Actinobacteria were shown to be
due to lateral transfer of genes from Actinobacteria to a com-
mon ancestor of the Chlamydiae (Griffiths and Gupta, 2006a).
Recently, the shared presence of several CSIs in the bacterio-
chlorophyll biosynthesis proteins by unrelated phyla of photo-
synthetic prokaryotes has also been shown to be due to LGTs
(Raymond et al., 2002; Gupta, 2012). However, in many other
instances phylogenetic analyses have not supported LGT as the
possible reason for the presence of a related CSI in unrelated
taxa. In these cases, similar CSIs have originated independently
in these lineages due to their presumed similar functions in these
particular taxa.

MOLECULAR MARKERS FOR THE ARCHAEA AND ITS
SUB-GROUPS
Archaea are widely recognized as the third domain of life.
They generally inhabit extreme environments such as those of
extreme temperature, pH or salinity, where little to no other
life exists (Woese et al., 1990). However, recent studies indicate
that archaeal species are widespread in the environment and they
play a major role in the carbon and nitrogen cycles (Pace, 1997;
Herndl et al., 2005; Leininger et al., 2006). Some archaeal species
have been found to be commensal organisms residing in human
colons (Oxley et al., 2010). The Archaea are generally divided into
two main phyla, the Crenarchaeota and Euryarchaeota, based on
16S rRNA data and other phylogenetic data (Woese et al., 1990;
Gribaldo and Brochier-Armanet, 2006). The Crenarchaeotes
are described as thermophiles with sulfur-reducing capabilities
while the Euryarchaeotes are metabolically and morphologi-
cally quite diverse (Gribaldo and Brochier-Armanet, 2006; Gupta
and Shami, 2011). The mesophilic Crenarchaeota have been
recently placed into a separate phylum called the Thaumarchaeota
(Brochier-Armanet et al., 2008; Gupta and Shami, 2011).

Despite the importance of Archaea in different environments
and in understanding of the evolutionary history of life on earth
(Woese et al., 1990; Gupta, 2000a), until recently, very few molec-
ular characteristics were known that are uniquely shared by all
Archaea. Additionally, as the higher taxonomic groups within
Archaea are described primarily based upon 16S rRNA trees, the
characteristics that are unique to different phyla, classes, orders
and families of the Archaea have scarcely been elucidated (Boone
et al., 2001). The utilization of archaeal genomes for discovery of
CSPs as well as CSIs has provided significant information in the
form of molecular markers that are distinctive characteristics of
Archaea and its taxonomic sub-groups. In 2007, a comprehensive
analysis was performed on available archaeal genomes to search
for CSPs that were unique to either all Archaea or many of its
sub-groups (Gao and Gupta, 2007). Over 1400 such proteins dis-
tinctive of Archaea or its main taxa were discovered (Figure 2).
In the analysis, sixteen proteins specific to all or most Archaea
were identified that were not present in any bacterial or eukary-
otic organism. Numerous proteins whose homologs were limited
to the Crenarchaeota, Euryarchaeota and other sub-groups such
as the Thermococci, Thermoplasmata, and Halobacteriales were
also detected (Figure 2). Significantly, this study also identified
31 proteins that were commonly shared by all methanogenic
bacteria (Gao and Gupta, 2007). In the 16S rRNA and other
phylogenetic trees, the methanogenic Archaea do not form a
monophyletic lineage, but instead are split into a number of dis-
tinct clusters separated by non-methanogenic Archaea (Burggraf
et al., 1991; Brochier et al., 2004; Bapteste et al., 2005a; Gao
and Gupta, 2007). Because most of the proteins that are com-
monly shared by various methanogens are generally involved in
functions related to methanogenesis and their genes are clus-
tered into a few large operons in genomes (Harms et al., 1995;
Tersteegen and Hedderich, 1999; Grabarse et al., 2001; Gao and
Gupta, 2007), it is likely that the genes for these proteins have
been laterally acquired by different Archaea. This could pro-
vide a plausible explanation for the observed discrepancy in the
branching of methanogenic Archaea in phylogenetic trees and
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FIGURE 2 | A summary diagram showing the various molecular

markers that have been identified for the Archaeal kingdom

and its subgroups. The arrows indicate the suggested evolutionary
stages where the proteins unique for a particular taxa are proposed
to have been introduced. The numbers beside the arrows indicate the

number of CSIs and CSPs specific for the various taxa (these
numbers indicate CSPs unless otherwise noted). The branching
pattern shown is based solely upon the distribution patterns of
CSPs and CSIs. Modified from Gao and Gupta (2007) and
Gupta and Shami (2011).

their unique sharing of genes for these proteins (Gao and Gupta,
2007).

A recent analysis has further added to the catalogue of molec-
ular signatures for the archaeal organisms (Gupta and Shami,
2011). The focus of this study was on identifying CSIs and CSPs
that were specific for the Crenarchaeota and Thaumarchaeota
phyla (Gupta and Shami, 2011). Six CSIs and 13 CSPs specific
for all species of the phylum Crenarchaeota were identified along
with numerous markers for its different orders: the Sulfolobales
(151 CSPs, 3 CSIs), Thermoproteales (25 CSPs, 5 CSIs) and the
Desulfurococcales (4 CSPs). The study also described the mark-
ers (18 CSPs and 2 CSIs) indicative of a close relationship among
the Sulfolobales and the Desulfurococcales. The discriminative
ability of CSPs is highlighted by the results of blast searches on
some CSPs that are specific for the Crenarchaeota or its main
groups (Sulfolobales, Thermoproteales, Desulfurococcales and
Acidilobales) that are shown in Table 2. In these cases, BLASTP
searches were carried out on these proteins and the results for
all species for whom the observed E-values were significant are
shown. From the results presented in Table 2, it is evident that the
first 2 CSPs are specific for the Crenarchaeota phylum, the next
two are uniquely found in various species belonging to the orders
Desulfurococcales, Acidilobales and Sulfolobales, whereas the last
5 CSPs are distinctive characteristics of species belonging to either

the Desulfurococcales (and Acidilobales), the Sulfolobales, or the
Thermoproteales orders.

In this study, more than 200 CSPs for various members of
the newly defined Thaumarchaeota phylum were also identified
(Gupta and Shami, 2011). The Thaumarchaeota are composed
of several organisms previously included in the Crenarchaeota
(Brochier-Armanet et al., 2008). The two phyla appear as sister
groups in phylogenetic analysis and they also share 3 CSIs and 10
CSPs with each other (Gupta and Shami, 2011). Nevertheless, the
two groups can be phylogenetically differentiated and numerous
markers have been identified for each group that helps to define
them molecularly as individual taxa (Gupta and Shami, 2011). A
summary diagram depicting the various molecular markers spe-
cific for the archaeal species is shown in Figure 2. It should be
noted that CSIs were only identified for the Thaumarchaeota and
the Crenarchaeota and no detailed analysis to identify CSIs has
thus far been carried out on the Euryarchaeota.

The two studies noted above have identified numerous CSIs
and CSPs for the Archaea, its main phyla (Euryarchaeota,
Crenarchaeota, Thaumarchaeota) and a number of its sub-
phylum level taxa (Sulfolobales, Thermococcales, Halobacteriales,
etc.; Gao and Gupta, 2007; Gupta and Shami, 2011). Except
for the methanogens, the distribution patterns of the identified
CSIs and CSPs are also strongly supported by the phylogenetic
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branching pattern of the archaeal organisms (Gribaldo and
Brochier-Armanet, 2006; Gao and Gupta, 2007; Brochier-
Armanet et al., 2008; Gupta and Shami, 2011). Considering the
specificities of these molecular markers for either all Archaea or
different clades of Archaea, these results strongly indicate that
LGTs have not obliterated the phylogenetic signal necessary to
delineate the evolutionary relationships among this domain of
prokaryotes. The discovered CSIs and CSPs also provide novel
tools for the identification of different groups of Archaea in
various environments.

THE USEFULNESS OF THE CSIs FOR UNDERSTANDING
BACTERIAL PHYLOGENY AND TAXONOMY
In addition to the CSIs that are specific for particular prokary-
otic taxa, several of the identified CSIs have also proven use-
ful in clarifying the branching order and interrelationships
amongst different bacterial phyla (Gupta, 2001, 2011; Gupta and
Griffiths, 2002). One example of these kinds of CSIs, which
are referred to as the main-line signatures in our work, is
shown in Figure 3A. In this case, a large ∼100 aa insert in
the β subunit of RNA polymerase protein (RpoB) is commonly

FIGURE 3 | Evolutionary significance of various identified CSIs

in the RNA polymerase β subunit. (A) A portion of the RpoB
sequence alignment showing a large insert (boxed) that is distinctive
characteristic of all Proteobacteria and some Gram-negative phyla
(Chlamydiae-Verrucomicrobiae, Aquificales, Planctomycetes, and
Bacteroidetes-Chlorobi), but not found in other phyla of bacteria. Due to the
large size of the insert, its entire sequence is not shown. Dashes (–) indicate
identity with the amino acid on the top line. On the right is a linear
representation of prokaryotic relationships based on the presence and
absence of this CSI. The numbers in the brackets indicate the species of each
phylum, which have been identified to contain the CSI. (B) A schematic

representation of the sequence for E. coli RNA polymerase β subunit (RpoB)
showing some functionally important regions and the positions of different
lineage-specific inserts that have been identified within this protein. The large
insert depicted in (A) (≈ 100aa in E. coli) is shown in solid black. The
positions of CSIs for different groups are roughly indicated using arrows. The
values in the brackets identify the number of organisms in each respective
group and the number of these species to harbour the indicated CSI. In all
cases no organism outside of the indicated group was identified to contain
the indel. The indicated CSIs have been described in earlier work (Griffiths
and Gupta, 2004b, 2007b; Gupta and Mok, 2007; Gao et al., 2009; Gupta and
Bhandari, 2011; Naushad and Gupta, 2012).
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shared by all of the sequenced species belonging to the phyla
Proteobacteria (different subclasses), Aquificae, Chlamydiae,
Verrucomicrobiae, Bacteroidetes-Chlorobi, and Planctomycetes
(Griffiths and Gupta, 2007b). This insert is present in all of
the >1500 sequences that are available from species from these
phyla. On the other hand, this CSI is not found in any of the
>1500 sequences available from various species belonging to
the phyla Firmicutes, Actinobacteria, Chloroflexi, Cyanobacteria,
Deinococcus-Thermus, Synergistetes, Spirochaetes, etc. This
insert is also not found in the archaeal RpoB homologs, thus pro-
viding evidence that this indel is an insert in the groups of species
where it is found (Griffiths and Gupta, 2004b). Based upon its
highly specific species distribution pattern, which argues strongly
against the lateral transfer of this gene amongst various phyla, the
genetic change responsible for this CSI most likely occurred in a
common ancestor of the group of species that contain this CSI,
after the divergence of other bacterial phyla that lack this indel as
indicated in Figure 3A (right panel). A number of other main-
line CSIs, which based upon their species distribution patterns
have occurred at other important branch points in prokaryotic
evolution, have been described in our earlier works (Griffiths and
Gupta, 2001, 2004b; Gupta and Griffiths, 2002). Based upon these
CSIs, it is possible to determine the branching order of most of
the bacterial phyla (Gupta, 1998, 2001, 2003; Griffiths and Gupta,
2004b; see also www.bacterialphylogeny.info).

Within the highly conserved RpoB protein, in addition to the
large CSI that is commonly shared by a number of bacterial phyla,
several other CSIs have been identified that are specific for differ-
ent groups/phyla of bacteria. The taxon specificities of these CSIs
and their positions within in the RpoB polypeptide are shown
in Figure 3B. These CSIs include a 4 aa deletion that is com-
monly and uniquely shared by a number of different orders of
the γ-proteobacteria (399/399 species), a 3 aa insert that is specif-
ically present in all of the Chlamydiae-Verrucomicrobiae species
(47/47), another 3 aa insert that is a distinctive property of the
Clade C cyanobacteria (50/50; Gupta, 2009), a 25 aa insert in
various species from the order Rhodospirillales (103/103) and a
6 aa insert in all species from the genus Thermotoga except T. let-
tingae (Gupta andGriffiths, 2006; Gupta andMok, 2007; Griffiths
and Gupta, 2007b; Gao et al., 2009; Gupta and Bhandari, 2011).
It is highly significant that within a single gene/protein multi-
ple highly specific CSIs are present, each of which is specific for
a different group of bacteria and help distinguish these groups
from all other bacteria. These CSIs are not present in any species
outside of the indicated taxa. The presence of these different taxa-
specific characteristics in a single gene/protein strongly indicates
that the genetic changes responsible for these CSIs occurred in
the gene for this key protein at different stages in the evolution of
bacterial domain and that no LGT of the gene for the RpoB pro-
tein has occurred among these taxa. Similar to the RpoB protein,
multiple CSIs that are specific for different groups of prokaryotes
have also been identified inmany other important genes/proteins.
These observations indicate that strong and consistent phyloge-
netic signals that are very likely not affected to any significant
extent by the LGTs are still present in many conserved and uni-
versally distributed genes/proteins and these can be used to trace
the evolutionary relationships among prokaryotes.

It is important to point out that virtually all of the higher
taxonomic clades (above the Genus rank) within prokaryotes
are currently identified solely on the basis of their branching
in the 16S rRNA trees. Because the phylogenetic trees are a
continuum, based upon them it has proven difficult to clearly
define or delimit the boundaries of different taxonomic groups.
Additionally, for virtually all of the higher prokaryotic taxa,
no molecular, biochemical or physiological characteristics are
known that are unique to them. Hence, a very important aspect
of microbiology that needs to be understood is that in what
respects do species from different main groups of bacteria differ
from each other and what, if any, unique molecular, biochem-
ical, structural or physiological characteristics are commonly
shared by species from different groups? In this context, the
large numbers of CSIs and CSPs for different taxonomic clades
of bacteria that are being discovered by comparative genomic
analyses provide novel and valuable tools for taxonomic, diag-
nostic, and biochemical studies (Gupta and Bhandari, 2011; Gao
and Gupta, 2012b). In view of the specificities of the discov-
ered CSIs and CSPs for different groups of prokaryotes and
their retention by all species from these groups of prokary-
otes, it is highly likely that these CSIs and CSPs are involved
in functions that are essential for prokaryotes (Galperin and
Koonin, 2004; Fang et al., 2005; Singh andGupta, 2009; Schoeffler
et al., 2010). Indeed, recent work on several CSIs have shown
that they are essential for the group of organisms where they
are found and the deletion or substantial changes in them led
to failure of cell growth (Singh and Gupta, 2009; Schoeffler
et al., 2010). Hence, further studies on understanding the cel-
lular functions of the different taxa-specific CSIs and CSPs
could lead to identification of novel biochemical and other
functional characteristics that are specific for these groups of
organisms.

It should also be noted that the identified CSIs and CSPs gen-
erally constitute robust molecular characteristics that exhibit high
degree of predictive ability. Many of these CSIs and CSPs were
discovered when the sequence information was available for very
few prokaryotic species. However, despite the large increase in
the number of sequenced genomes, most of these CSIs and CSPs
are still specific for the originally indicated groups of prokary-
otes (Gupta, 2009, 2011; Gao and Gupta, 2012b). Additionally,
for several Chlamydiae-, Aquificae-, Deinococcus-Thermus- and
Actinobacteria- specific degenerate primers based on conserved
flanking sequences have been designed and they have been used
to amplify the sequence regions predicted to contain the CSIs
from large numbers of organisms for whom no sequences were
available (Griffiths and Gupta, 2004a,b; Gao and Gupta, 2005;
Griffiths et al., 2005). In these studies, in almost all cases the
expected inserts or deletions were found to be present in previ-
ously un-sequenced organisms from the indicated groups, thus
providing evidence that these CSIs and CSPs provide powerful
new tools for identification of both known as well as novel species
from different groups of prokaryotes.

CONCLUSIONS
There is considerable debate at present concerning the impact
of LGTs on understanding prokaryotic phylogeny. While there
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is little dispute that LGT plays an important role in micro-
bial evolution, the extreme view taken by some that LGTs are
so rampant within the prokaryotes that it totally masks the
evolutionary signal from vertical transfer of genes (Doolittle,
2000; Gogarten et al., 2002; Doolittle and Bapteste, 2007; Dagan
et al., 2008; Bapteste et al., 2009) is not supported by avail-
able evidence. As reviewed here, in phylogenetic trees based
upon most gene/protein sequences all of the major groups
within prokaryotes (from phylum down to genus level) are
generally clearly identified, thus indicating that a strong phy-
logenetic signal emanating from vertical transfer of genes is
maintained throughout prokaryotic evolution (Gupta, 1998,
2000b; Dutilh et al., 2004; Ludwig and Klenk, 2005; Ciccarelli
et al., 2006; Puigbo et al., 2009). Most of the differences seen
amongst these trees are either at the tips (i.e., species/strains
levels) or at the base, i.e., relationships among the higher tax-
onomic clades such as phyla, class, etc. A recent study indi-
cates that the incidence of LGTs shows linear correlation with
the genome sequence and the GC content similarities of the
donor and recipient organisms (Kloesges et al., 2011). Hence,
while many of the observed inconsistencies between differ-
ent gene trees at the species/strain levels could be due to
LGTs (Puigbo et al., 2009; Kloesges et al., 2011), the differ-
ences in branching pattern at the higher taxonomic levels are
perhaps in large parts due to loss of the phylogenetic signal
and the lack of resolving power of the tree-based phylogenetic
approaches (Gupta, 1998; Ludwig and Klenk, 2005; Puigbo et al.,
2009).

In this review we have discussed the usefulness of CSIs and
CSPs, as novel and important class of molecular markers for
understanding the evolutionary relationships among prokary-
otes. We have presented compelling evidence that based upon the
species distribution patterns of these molecular signatures differ-
ent prokaryotic taxa from phylum down to the genus levels can be
clearly identified. Additionally, based upon these markers it is also
possible to reliably deduct the evolutionary relationships amongst
different prokaryotic taxa, both within a phylum and among dif-
ferent phyla. The evolutionary relationships deduced based upon
these molecular markers generally exhibit high degree of congru-
ency with those indicated by 16S rRNA trees or other gene/protein
sequences. The analyses based upon these markers have also been
able to clarify some relationships that are not resolved in phylo-
genetic trees. The species distribution patterns of these markers
thus provide strong evidence that different clades of bacteria have
evolved in a tree-like manner and that the prokaryotic organ-
isms are not an exception to the Darwinian model of evolution.
The relatively small numbers of these CSIs where the indel is also
present in some unrelated species, which could be due to LGTs,
show no specific pattern or relationship, thus they have minimal
or no impact on the strong and consistent tree-like branching
pattern that is evident from all other identified CSIs. However, it
should be acknowledged that all of the work using CSIs and CSPs
on understanding the evolutionary relationships among prokary-
otes has thus far been carried out at genus level or higher taxa.
Hence, it remains to be seen whether this approach will prove
equally useful in clarifying the evolutionary relationships at the

species or strain levels or not, where the evolutionary flux and the
incidences of LGTs are deemed to be the highest (Daubin et al.,
2003; Lerat et al., 2003; Dagan et al., 2008; Puigbo et al., 2009;
Kloesges et al., 2011).

The molecular markers such as those described here in addi-
tion to their usefulness for understanding prokaryotic phylogeny
also provide valuable means to address/clarify a number of
important aspects of microbiology. (1) Based upon these markers
different prokaryotic taxa can now be identified in clear molec-
ular terms rather than only as phylogenetic entities. (2) Based
upon them the boundaries of different taxonomic clades can also
be more clearly defined. (3) Due to their high degree of speci-
ficity and predictive ability, they provide important diagnostic
tools for identifying both known and unknown species belong-
ing to these groups of bacteria. (4) The shared presence of these
CSIs by unrelated groups of bacteria provides potential means for
identifying novel cases of LGTs. (5) Functional studies on these
molecular markers should help in the discovery of novel biochem-
ical or physiological properties that are distinctive characteristics
of different groups of prokaryotes.

Lastly, it should be acknowledged that the number of genes
which harbor rare genetic changes such as these CSIs is gen-
erally small in comparison to the total number of genes that
are present in any genome. However, the genes containing these
CSIs are involved in different essential functions and they are
often are amongst the most conserved proteins found in vari-
ous organisms. Although, the criticism could be levied that the
inferences based upon small numbers of genes/proteins con-
taining these CSIs are not representative of the entire genomes
(Dagan and Martin, 2006; Bapteste and Boucher, 2008), it should
be emphasized that in a number of studies such as those dis-
cussed here, the reported CSIs or CSPs represent analyses of
the entire genomes. Based upon these CSIs and/or CSPs, no
other significant or consistent relationships or patterns among
these organisms, other than those indicated here, can be derived
from consideration of all of the gene/protein sequences in these
genomes using these approaches. In this context it is also help-
ful to remember that molecular sequences like all other fos-
sils change and disintegrate over long evolutionary periods of
time and they lose their information content at different rates.
Hence, a well-preserved fossil is generally considered to be far
more informative than hundreds or even thousands of disinte-
grated fossils. Following this analogy, it is expected that not all
genes/proteins will prove equally useful for understanding the
evolutionary history of prokaryotes, which spans > 3.5 billion
years. Thus, the best we can hope for is to find significant numbers
of conserved genes/proteins, which contain consistent and reli-
able signals such as those described in the present work, whose
inferences are generally consistent with all/most other available
information.
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Prokaryotic Systematics – Current methods and limitations  

Prokaryotic systematics is a scientific discipline that utilizes the differences in 

kind, diversity and relationships among microbes to determine their classification and 

taxonomy (Zhi et al., 2012). The goal of prokaryotic taxonomy has been to provide a 

system for defining bacterial and archaeal relationships that mirrors their evolutionary 

history leading back to the origin of life (Kampfer, 2012; Oren and Garrity, 2014). Much 

has been written on what should be considered a phylogenetically meaningful taxonomic 

classification, yet, there are many questions in the field of taxonomy that need an answer. 

The criteria, currently in use, for defining prokaryotic groups are subjective and have 

many drawbacks (Oren and Garrity, 2014). The shortcomings of these methods are 

discussed in Chapter 1. Though there is a “Bacteriological Code of Nomenclature” that 

provides rules for the valid publication of new taxa at the family level and below (Lapage 

et al., 1992; Tindall et al., 2006). No such criteria is established for the taxonomic ranks 

above family (viz. phylum, class, and order) (Tindall et al., 2010; Kampfer, 2012; Oren 

and Garrity, 2014).  

The development of new methods that can provide criteria, useful in the 

classification of higher taxonomic ranks has been a key goal in the field of systematics 

and taxonomy. Most of the taxonomic divisions among prokaryotes are based on 

phylogenetic trees which are largely dependent on methodology used (Zhi et al., 2012; 

Ramasamy et al., 2014). The trees are highly dynamic and are dependent on many 

parameters including the tree making algorithms, alignment quality, models of sequence 

evolutionary rates, the choice of strains to be included, and the choice of outgroups 
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species (Zhi et al., 2012; Thiergart et al., 2014; Gupta, 1998; Bhandari et al., 2012; Gao 

and Gupta, 2012; Gupta, 2014). Thus, the same dataset can often generate dramatically 

different phylogenetic trees. Additionally, no matter how accurate phylogenetic trees are, 

they still do not provide unique characteristics for discrimination among different 

prokaryotic taxa.  

Hence, there is a need to develop more discrete and reliable criteria that can 

characterize prokaryotic taxa in more definitive terms. The new criteria devised for 

systematics studies should enable identification and circumscription of all the major taxa 

(at various taxonomic levels) in clear molecular and/or biochemical terms. These criteria 

should also prove helpful in understanding inter-relationships among different 

prokaryotic groups. One novel candidate for new systematic criteria are rare genetic 

changes, in the forms of conserved signature indels (CSIs) and conserved signature 

proteins (CSPs), which have been used successfully to provide a reliable discriminating 

criteria for taxonomic studies (Naushad et al., 2014a; Naushad et al., 2014b; Bhandari et 

al., 2012; Naushad and Gupta, 2013; Adeolu and Gupta, 2014; Sawana et al., 2014; Gupta 

and Griffiths, 2002; Gupta, 2010). I have used these molecular markers to study 

phylogenetic relationships among different orders of the class Gammaproteobacteria. 

Discovery of CSIs and CSPs for the identification and classification of members of 

several major groups (Orders) within Gammaproteobacteria 

The class Gammaproteobacteria, one of the largest groups of bacteria, encompasses 

many organisms that are medically, ecologically and scientifically important. The bacteria 

of this group are very diverse and many are associated with other major forms of life, 
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having prominent effects on humans, animals and plants. The phylogeny of this class has 

been difficult to resolve (Gao et al., 2009; Williams et al., 2010; Naushad and Gupta, 

2013; Naushad and Gupta, 2012; Naushad et al., 2014a; Gupta, 2000; Ludwig and Klenk, 

2005). The classification of different orders within this class is primarily established 

based on their branching in 16S rRNA gene trees (Brenner et al., 2005). The grouping 

patterns of species within this class have been further refined by subsequent analyses 

based on single and multiple gene/protein based phylogenies (Gao et al., 2009; Williams 

et al., 2010; Ramulu et al., 2014). However, except for branching in phylogenetic trees, 

no other molecular or biochemical characteristics are known that can distinguish different 

orders within this class from each other. The focus of my work has been on the 

identification of molecular markers for different orders of class Gammaproteobacteria, 

with particular emphasis on “Enterobacteriales”, Pasteurellales and Xanthomonadales. 

Numerous molecular markers in the form of CSIs and CSPs have been identified that are 

unique to these groups (Naushad and Gupta, 2012; Naushad and Gupta, 2013; Naushad et 

al., 2014a). These identified signatures have provided important insights into evolutionary 

relationships of these groups, and have laid the foundation for their taxonomic reappraisal 

(Naushad et al., 2014b). Additionally, the reliability and predictability of these molecular 

markers have also been tested against newly sequenced bacterial genomes (Naushad et 

al., 2014b).  

In the preceding Chapters, I have discussed the discovery and utilization of these 

molecular markers for different orders of the class Gammaproteobacteria. The order 

Pasteurellales was the first group for which such studies were performed. These studies, 
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detailed in Chapters 4 and 5, provided novel insights into the evolutionary relationships of 

the members of the Pasteurellales (Naushad and Gupta, 2012). The main inferences from 

these studies are briefly summarized as follows; we have identified a large number of 

CSIs unique to either all Pasteurellales or the two distinct clades within Pasteurellales, 

supporting a division of the members Pasteurellales into at least two distinct taxonomic 

units (i.e. two families), multiple CSIs were also identified that are unique characteristics 

of the “sensu stricto” members of the polyphyletic genera Haemophilus, Actinobacillus 

and Pasteurella. These CSIs should enable demarcation of the monophyletic clades of 

these genera in molecular terms and assignment of other members from these groups to 

other genera. This work has also identified several CSIs which are unique to the members 

of the pathogenic genera Aggregatibacter and Mannheimia which may serve as useful 

diagnostic targets. 

 The second order within the class Gammaproteobacteria that we have worked on is 

Xanthomonadales. Most of the members of this group are phytopathogens, which are 

responsible for diseases in more than 400 plant species. Detailed phylogenomic studies 

were performed to identify molecular signatures that are specific for all members of the 

Xanthomonadales or its subgroups. Utilizing the CSIs we  also investigated the impact of 

LGT on Xanthomonadales genomes (Naushad and Gupta, 2013; Naushad et al., 2014b), 

and  proposed a complete taxonomic revision of this group. These studies, detailed in 

Chapters 5 and 6, represent the most comprehensive phylogenomic analyses of the order 

Xanthomonadales completed to date. However, the first efforts to use molecular markers 

to understand the evolutionary relationships of the Xanthomonadales were carried out by 
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Dr. Menck and colleagues in 2010 (Cutino-Jimenez et al., 2010). The CSIs identified in 

their work were rechecked and updated in our subsequent analyses of the order 

Xanthomonadales (Naushad and Gupta, 2013; Naushad et al., 2014b). 

 The third group of Gammaproteobacteria that we have studied is comprised of 

several plant pathogenic organisms belonging to the order “Enterobacteriales”. This order 

harbours vast majority of human, animal and plant pathogens (Brenner et al., 2005). We 

constructed a phylogenetic tree of all sequenced “Enterobacteriales” based upon multiple 

protein sequences. The tree showed branching of the “Enterobacteriales” species into 

many distinct clades. We chose to work on a small clade that is composed of Dickeya, 

Pectobacterium and Brenneria. The species belonging to these genera are 

phytopathogens, affecting many important food crops and ornamental plants.  We have 

identified a large number of CSIs and CSPs that are uniquely shared by all members of 

these three genera which support the proposal that the clade consisting of Dickeya, 

Pectobacterium and Brenneria should eventually be recognized as a new family within 

the order “Enterobacteriales” (viz. “Pectobacteriaceae”). The details of this work and how 

CSIs and CSPs can be used as novel tools to understand microbial phylogeny and 

systematics are provided in Chapter 2. 

Impact of LGT on Genome Evolution – What to believe? 

Lateral gene transfer is a well-established mechanism for prokaryotic evolution 

(Nyvltova et al., 2015; Suwastika et al., 2014; Ragan et al., 2009; Treangen and Rocha, 

2011; Williams et al., 2011). Microbes are known to share genes that provide selective 

advantages (Ying et al., 2015; Koch, 2014). Some genomic studies have indicated that 
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LGT events occur so frequently among prokaryotes that they mask parent-to-offspring 

(Darwinian) inheritance (Koch, 2014; Williams et al., 2011; Bapteste et al., 2009; 

Kloesges et al., 2011; Gogarten et al., 2002; Doolittle and Bapteste, 2007). However, 

most of these studies have been focused on traits that provide selective advantage to 

microbes. These traits, however, may not hold any significance for classification. As 

Darwin wrote: 

“…adaptive characters, although of the utmost importance to the 
welfare of the being, are almost valueless to the systematist.”   
       (Darwin, 1859) 

 It is of utmost importance to determine the traits that are evolutionarily 

informative and should be used for classification. The use of rare genetic changes, such as 

CSIs and CSPs, as evolutionarily informative characters is shown throughout the body of 

this thesis. In these Chapters we have shown that a large number of CSIs and CSPs have 

been identified for different groups of the class Gammaproteobacteria that show a 

consistent pattern of vertical inheritance. Chapter 2, in particular, provides arguments 

about the usefulness of these molecular markers as novel tools for microbial phylogeny 

and systematics (Naushad et al., 2014a). In Chapter 7 we have reviewed numerous studies 

performed in our lab in last decade in order to critically re-assess the prevalence of both 

group specific CSIs and laterally transferred CSIs and found the number of potentially 

laterally transferred CSIs to be very “minimal”. In each of the studies reported in this 

thesis, the number of group specific CSIs has vastly outnumbered the potential cases of 

LGT. On the basis of these and other CSI based studies, we concluded that LGT, while 
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present, is not prevalent enough to obfuscate the tree like pattern of evolution among 

prokaryotic species.  

 
Conclusions 
 
 Prokaryotic systematics is a growing field; techniques are constantly being 

developed which provide novel means of identifying microbes. It is estimated that most 

of the higher taxa in different environments will be discovered by the end of this decade 

(Yarza et al., 2014). One should expect this will lead to the generation of enormous 

amounts of genomic data, which is already accumulating at incredible pace. The 

availability of this immense data requires the development of new methods for the 

determination of prokaryotic taxonomy (Gao and Gupta, 2012; Gupta, 1998; Gupta and 

Griffiths, 2002). Much advancement has been made involving the utilization of genomic 

data in prokaryotic systematics (Ramasamy et al., 2014; Chun and Rainey, 2014; Zhi et 

al., 2012; Kampfer, 2012; Naushad et al., 2014a; Adeolu and Gupta, 2013).  

 

 In this thesis, we have utilized a method of discovering novel, evolutionarily 

significant molecular markers (CSIs and CSPs) from genomic data. Prokaryotic taxa, for 

the first time, are now being recognized based on these discrete characters (Gao and 

Gupta, 2007; Gao and Gupta, 2005; Griffiths and Gupta, 2007; Gupta and Bhandari, 

2011; Adeolu and Gupta, 2014; Naushad et al., 2014b; Gupta and Griffiths, 2002). 

Additionally, these markers have been shown to have strong predictive value and will 

likely be found in other members of the specified taxa as more species are sequenced and 

novel species are isolated (Naushad et al., 2014b; Gao and Gupta, 2012; Howard-Azzeh 
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et al., 2014; Gupta and Lali, 2013). The utility of these molecular markers for 

identification and classification of different prokaryotic taxa have been discussed in the 

preceding Chapters. The identification of these molecular markers have proved helpful in 

understanding phylogenetic relationships and also in revising the taxonomy of many 

prokaryotic groups (Naushad et al., 2014b; Adeolu and Gupta, 2014; Gupta et al., 2014; 

Gupta and Lali, 2013). The impact of these markers in the field of prokaryotic taxonomy 

continues to grow and will likely form the foundation for the demarcation of many future 

prokaryotic groups.  

 CSIs and CSPs are also useful in the development of novel diagnostic tools. Two 

different assays based on CSIs identified in our lab have been developed for the 

identification of Bacillus anthracis and E. coli O157 (Wong et al., 2014; Ahmod et al., 

2011). As we have identified a large number of CSIs and CSPs that are specific for 

human (Pasteurellales) and plant (Xanthomonadales, Dickeya and Pectobacterium) 

pathogens, similar strategies can be adopted to develop diagnostic assays for these groups 

of species. CSIs and CSPs also provide useful markers for metagenomic studies. This is 

particularly relevant as sequencing of the metabiome of patients is becoming increasingly 

routine in clinical practices (Milshteyn et al., 2014; Ridlon et al., 2014; Gillevet et al., 

2010; Ghannoum et al., 2010; Bajaj et al., 2014; Naqvi et al., 2010a; Naqvi et al., 2010b). 

CSIs and CSPs identified for pathogenic organisms provide a great tool for the 

identification of infectious disease causing agents in metabiome samples.   
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Concluding Remarks 
 
 The availability of genomic data is enabling the identification of numerous CSIs 

and CSPs that are specific for different prokaryotic groups at different taxonomic levels. 

Most of the other approaches in prokaryotic systematics rely on identification of 

prokaryotes and deducing evolutionary relationships among them based on branching in 

phylogenetic trees. However, CSIs and CSPs, for the first time, provide quantum criteria 

for the identification of all prokaryotic taxonomic ranks in definitive molecular terms. 

CSIs and CSPs are proving helpful in resolving taxonomic issues, which were not 

resolved by other approaches (Adeolu and Gupta, 2014; Gupta et al., 2014; Adeolu and 

Gupta, 2013; Gupta et al., 2013; Sawana et al., 2014; Naushad et al., 2014a). The CSIs 

and CSPs also provide novel and valuable tools for diagnostic and metagenomic analyses. 

Future studies on these markers should prove helpful in understanding many fundamental 

aspects related to biology, evolution and adaptation of these microbes.  
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