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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 CSlIs 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 “semsu 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

v



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
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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.

xxi



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.

xxii
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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-20™ 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 20" 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
archaca (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 prokaryoetic 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

10
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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

11
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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, ginll, dnakK, rpoB, gyrB, truAd 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).
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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
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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.

21



PhD — Sohail Naushad McMaster University - Biochemistry

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 (CSls) 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 CSls 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 CSls and
17 CSPs that are specifically present in either all or most sequenced Dickeya species/strains, and
six CSls and 19 CSPs that are uniquely found in the sequenced Pectobacterium genomes.
Finally, our analysis also identified three CSls 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 CSls 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 CSls 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

Abbreviations: CSls, conserved signature indels; CSPs, conserved Phylogenetic and similarity studies based upon 16S rRNA
signature proteins; ML, maximum-likelihood; NJ, neighbour-joining. genes have greatly advanced our understanding of the

One supplementary table and 23 supplementary figures are available evolutionary relationships among prokaryotic organisms

with the online version of this paper.

(Olsen & Woese, 1993; Yarza et al., 2010). However, one
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Molecular signatures for Dickeya and Pectobacterium

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 ef 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 ef 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 genus Dickeya (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; Sproer 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; Sproer 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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Table 1. Some characteristics of the genomes of Dickeya, Pectobacterium and Brenneria

Organism Reference sequence Size No. of DNA G+C Reference
(mbp) proteins content (mol%)

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

Dickeya dadantii subsp. dadantii NC_014500.14687 4.9 4549 56 Glasner et al.
3937 (2011)

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

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

Pectobacterium atrosepticum NC_004547.2 5.1 4472 51 Bell et al. (2004)
SCRI1043

Pectobacterium wasabiae WPP163 NC_013421.1 5.1 4437 51 DOE-JGI{

Pectobacterium wasabiae CFBP Draft genome 5.1 4636 51 Nykyri et al.
3304 (2012)

Pectobacterium carotovorum subsp. NC_012917.1 4.9 4246 52 DOE-JGIt
carotovorum PC1

Pectobacterium carotovorum subsp. NC_018525.1 4.8 4263 52 Park et al. (2012)
carotovorum PCC21

‘Pectobacterium carotovorum subsp. NZ_ABVX00000000 4.9 4836 52 (Glasner et al.,
brasiliensis PBR1692 2008)

Pectobacterium carotovorum subsp. NZ_ABVY00000000 4.8 4540 52 Glasner et al.
carotovorum WPP14 (2008)

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

(2012)
Brenneria sp. EniD312 NZ_CMO001230.1 4.9 4388 56 DOE-JGIt

*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.

tDOE-JGI, US Department of Energy (DOE) Joint Genome Institute (JGI).

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, EE-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 ef 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 12986 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 CSls. 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 <le *°)
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
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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 >1e > (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 CSls 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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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 CSlIs 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
Rec] and phosphoribosyl-formyl-glycinamidine synthase
(Figs S12 and S13), which are also specific for Pectoba-
cterium, homologues were not detected in Pectobacterium
atrosepticurn 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 S16-523 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;

http://ijs.sgmjournals.org

371

32



PhD — Sohail N

aushad

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

McMaster University - Biochemistry

(@ 17 147
[ Dickeya chrysanthemi NCPPB 4027 509200410 EAVIDGITTACRDHD [HR| VMVRLIGIMSRTFG
Dickeya zeae NCPPB 25387 509199506 —--—--—-— V-AG-———— _n
Dickeya paradisiaca NCPPB 2511 474480945 0 0—---——- AAG---YN |-T
Dickeya dianthicola NCPPB 4537 474480483 0 0———————- AG----N |-D
Dickeya sp. D s0432-1 549991701 AG----N |-D
Dickeya sp. DW 0440 509200100 - [ s |--
. Dickeya sp. GBBC 2040 482685136 = - AG----N |-D
Dickeya § pjckeya sp. IPO 2222 482684874 - AG-———N |-D
Dickeya sp. MK10 474480672 0———————— AG----N |-D
Dickeya sp. MK7 509200932 @ ——-—-—- AAG----N |-D
Dickeya sp. NCPPB 3274 509200820 ——-———o AAG—---N |-D
Dickeya sp. NCPPB 569 509200650 @ —-----—- AG---YN [-N
D. dadantii. dieffen. NCPPB 2976 509200005 @ -——--——- AAG----N |-D
L D. dadantii. dadantii NCPPB 8987 509199497  -—-—--——- AAG----N |-D|
( P. atrosepticum SCRI1043 50121194 = -————--—- AGS--F-
‘P. caro. subsp. bra.' PBR1692 227111401 ——====—- AG---F-
. P. caro. subsp. caro. WPP14 227326439 T TT0- GS--F-
Pectobacterium | P, caro. subsp. caro. PC1 253688423 T TTTC AG---F~
+ 4 P. caro. subsp. caro. PCC2 403058532 —TTTTT0- G
Brenneria P. wasabiae WPP163 261821608 - —- AGS--F-
P. wasabiae CFBP 3304 401705636 - ——- AGS----
Pectobacterium sp. SCC3193 470154739 ~  ———=—=—- AGS----
L Brenneria sp. EniD312 354597511 - V-AGS----
( Citrobacter koseri 157145879 ----A-VREG-QTFG
Edwardsiella ictaluri 238919977 --I---VSA-5--VG
Enterobacter sp. 638 146311481 —----E-VREG-KAFN
Escherichia coli 145201 00— VREG--TFG
Klebsiella pneumoniae 206576076 -—--A-VREGS--FQ
Other Pantoea ananatis 291617383  -——————- KAG-QQ--
Enterobacteriales < Photorhabdus asymbiotica 253989635 @0 ——-———- YS-RQNN-
Proteus mirabilis 227355589 --I---VOS-LHTY-
Providencia alcalifaciens 2127117717~ ————=—— AAG--QY~-
Salmonella enterica 161503443  —————- VRDG-NTFG
Serratia odorifera 270261678  — -7~ RSGV--RG
\ Shigella boydli 82544009 = T VREG--TFG
(b) 206 235
 Dickeya chrysanthemi NCPPB 4027 509200451 GRVGLRQIDIGNYVTS
Dickeya zeae NCPPB 25387 509199482 @ ————mmm——mmm——m
Dickeya dianthicola NCPPB 4537 A74480454 < 0o—m——mm e
Dickeya paradisiaca NCPPB 2511 474480936 @ --—--—-—-—- V-V-==I--
Dickeya sp. D s0432-1 549989176 = ——mmmmmmmmmmmm
Dickeya sp. DW 0440 509200011 = —————mmm—mmmm——em
; Dickeya sp. GBBC 2040 482685061 = ———————————————-
Dickeya 4 Dickeya sp. IPO 2222 482684846 = o———————————————-
Dickeya sp. MK10 474480620 @ ———————————————-
Dickeya sp. MK7 509200910 @ ————————————————
Dickeya sp. NCPPB 3274 509200758 = —-——-——————————-
Dickeya sp. NCPPB 569 509200607 @ —-—————————————-
D. dadantii. dieffen. NCPPB 2976 509199927 —————m——————————
~D. dadantii. dadantii. NCPPB 898T 509199464 ———————————————= -
[ P. atrosepticum SCRI1043 50122106 --I--K-V-V---I-- |GD|-NGIV-I---Y---
‘P. caro. subsp. bra." PBR1692 227115074 = I--K-V-V---I--|GD| -NGIV-I-=-Y---
P. caro. subsp. caro. WPP14 227329098 ——I--K-V-V---I--|GD| -NGIV-I-=-Y--—
Pectobacterium | P, caro. subsp. caro. PC1 253689335 ==I--K-V-V---I-- [GD[ -NGIV-I---Y--~
+ 1 P. caro. subsp. caro. PCC21 403059444 --I--K-V-V---I--|GD|-N-IV----= Y---
Brenneria P. wasabiae WPP163 261820619 -=I--K-V-V---I--|GD|-NGIV-I---Y---
P. wasabiae CFBP 3304 401705164 -=I--K-V-V---I--|GD[-NGIV-I---Y---
Pectobacterium sp. SCC3193 470153689 -—I--K-V-V---I--|GD[-NGIV-I---Y--—
\ Brenneria sp. EniD312 354596685 =~ =~K-V-V-—-I1--|GD| -NG-V-I-=--0-——
( Citrobacter koseri 1567144977 —===-K-V-V--QIS~ [GD| -TGIV-I-~---~-—
Cronobacter turicensis 260598562 @ ---—- K-V----QIS- |GD
Edwardsiella ictaluri 238919101 --A----V-E---IS- |AD
o Enterobacter cancerogenus 261340517 -——=—- K-V----QIS- |GD
ther . { Erwinia amylovora 291199737 -=---K-V-V----5-|GD
Enterobacteriales | g herichia coli 084929068 e —K-V-V--0TI5- |GD
Escherichia fergusonii 218549491 -—-—-K-V-V--QIS-|GD
Klebsiella pneumoniae 206580406 T C K-V----QIS- |GD
\ Pantoea ananatis 2911563098 - K=Vommmm I--]GD
Salmonella enterica 161502717 ~——=—— K-V----QIS- |GD|
372 International Journal of Systematic and Evolutionary Microbiology 64

33



PhD — Sohail Naushad

McMaster University - Biochemistry

Molecular signatures for Dickeya and Pectobacterium

Fig. 2. Excerpts from the sequence alignments of adenosine deaminase (a) and multidrug resistance protein MdtA (b) showing
two CSls (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 CSls. 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 CSls are specific for the indicated groups and similar CSls were not observed in the
top 250 BLASTP hits with the query sequences. Information for other Dickeya-specific CSls 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. dadanti NCPPB 898, Dickeya

dadantii subsp. dadantii NCPPB 898.

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

Table 2. CSls 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 - 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 - 251787900 Fig. S4 1 aa insert 189-214

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

Electron transport complex, RnfABCDGE rafC 251789757 Fig. S6 1 aa insert 313-348
type, C subunit

Molybdenum cofactor synthesis domain- moeA 251790145 Fig. §7 1 aa deletion 50-89
containing protein

2-Succinyl-5-enolpyruvyl-6-hydroxy-3- menD 251790594 Fig. S8 1 aa deletion 264-293
cyclohexene-1-carboxylate synthase

p-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.

http://ijs.sgmjournals.org

373

34



PhD — Sohail Naushad McMaster University - Biochemistry

H. S. Naushad, B. Lee and R. S. Gupta
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Dickeya sp. D s0432-1 549992537 B RSL ~-N--QREH--G----~~ V--
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. { Pantoea ananatis 291618742 -V-I--------Q-A-TLF ---QRQ--EG------ V--
Enterobacteriales | ppotorhabdus asymbioica 253988640 -=-I-I---E--A---SL- N-EQKQ-T-G---~---T-~
Serratia proteamaculans 1567372160  -——————-———- K-RAATLF TPEQKS--EG------ V--
Sodalis glossinidius 85059980 it St S-T-TLF -SQQRQ--SG------ V--
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() 198 242
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P. caro. subsp. caro. PCC21 403057698
P. caro. subsp. caro. WPP14 227327535
. ] 'P. caro. subsp. bra.' PBR1692 227114753
Pectobacterium 3 p_ atrosepticum SCRI1043 50120291
P. wasabiae WPP163 261822352
P. wasabiae CFBP 3304 492815320
\ Pectobacterium sp. SCC3193 470155550
Brenneria {_ Brenneria sp. EniD312 354598515
- Dickeya chrysanthemi NCPPB 4027 509200371
Dickeya zeae NCPPB 25387 509199527
Dickeya dianthicola NCPPB 4537 474480516
Dickeya paradisiaca NCPPB 2511 474480950
Dickeya sp. D s0432-1 549990843
Dickeya sp. DW 0440 509200175
. Dickeya sp. GBBC 2040 482685196
Dickeya § pjckeya sp. IPO 2222 482684891
Dickeya sp. MK10 474480685
Dickeya sp. MK7 509200941
Dickeya sp. NCPPB 3274 509200847
Dickeya sp. NCPPB 569 509200703
D. dadantii. dieffen. NCPPB 2976 509200046
L D. dadantii. dadantii NCPPB 8987 509199510
r Citrobacter koseri 157146690
Enterobacter cancerogenus 261341304
Erwinia amylovora 292487644
Escherichia coli 110640922
Other Klebsiella pneumoniae 206579364
Enterobacteriales | Pantoea sp. At-9b 258638062
Salmonella enterica 161504125
Shigella boydii 82543141
Yersinia aldovae 238757982
\ Pseudomonas fluorescens 229591454 VA-M-IR---IV---I---

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 CSls that are also specific for this genus is presented in Table 3 and Figs S10-S13.
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Table 3. CSils 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 govT 253687023 Fig. 3(a) 5 aa insert 142-184
Urea amidolyase related protein - 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* rec] 253687048 Fig. S12 5 aa insert 191-239
Phosphoribosyl-formyl-glycinamidine synthaset purL 261820538 Fig. S13 1 aa insert 332-365
Periplasmic serine protease DegSit degS 253686693 Fig. 4(a) 7 aa insert 166-210
6,7-Dimethyl-8-ribityllumazine synthases ribH 253687421 Fig. S14 3 aa insert 52-92
GCNS5-like N-acetyltransferase}: - 253689699 Fig. S15 1 aa deletion 593-628

*The CSIs were found to be missing in Pectobacterium atrosepticumn SCRI1043 and Pectobacterium wasabiae CFBP 3304.
1The CSIs were found to be missing in Pectobacterium atrosepticum SCRI1043.
$The CSIs are commonly shared between the genera Pectobacterium and Brenneria.
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. Dickeya sp. GBBC 2040 482685258
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Escherichia coli 110643468 -A-S-----L--SG-NLE-
Other < Klebsiella pneumoniae 206577818 ~ -——----—-—-- IG-NPT-
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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 CSls 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 CSls showing similar specificity is provided in Table 4 and Figs S16-S23.
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Table 4. CSls 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 - 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. §19 1 aa insert 821-857
Osmosensitive K channel His kinase sensor* - 253687609 Fig. 520 1 aa insert 408-438
Cytoplasmic asparaginase It ansA 253688356 Fig. S21 1 aa insert 304-335
Diguanylate cyclaset - 253686656 Fig. $22 1 aa insert 259-295
OmpA/MotB domain-containing proteint - 253688988 Fig. §23 1 aa insert 234-262

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

1The CSIs were found to be shared by one or two other gammaproteobacterial species (see respective figures for detail).

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 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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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 1271500318 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.

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 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_0258+ YP_003257719.1 261819613 174

*Homologue of the proteins not found in Pectobacterium atrosepticum.

tThe CSP is specific to Pectobacterium and Brenneria.
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Dickeya chrysanthemiT

Dickeya dadantii subsp. dadantii
Dickeya dadantii subsp. dieffenbachiae
Dickeya dianthicola

Dickeya paradisiaca

Dickeya zeae

Dickeya sp. D s0432-1

Dickeya sp. DW 0440

Dickeya sp. GBBC 2040
Dickeya sp. IPO 2222

Dickeya sp. MK10

Dickeya sp. MK16

Dickeya sp. MK7

Dickeya sp. NCPPB 3274
Dickeya sp. NCPPB 56

Brenneria salicisT
Brenneria alni
Brenneria goodwinii
Brenneria nigrifluens
Brenneria paradisiaca
Brenneria quercina
Brenneria rubrifaciens
Brenneria sp. EniD312

Pectobacterium carotovorum?

Pectobacterium carotovorum subsp. atrosepticum
Pectobacterium carotovorum subsp. betavasculorum
Pectobacterium carotovorum subsp. carotovorum

17 CSPs
10 CSls
5 CSPs
10 CSls
1 CSPs
3 CSls
19 CSPs
6 CSls

Pectobacterium carotovorum subsp. odoriferum
Pectobacterium carotovorum subsp. wasabiae
Pectobacterium aroidearum

Pectobacterium atrosepticum

Pectobacterium betavasculorum
Pectobacterium cacticida

Pectobacterium carnegieana

Pectobacterium chrysanthemi

Pectobacterium cypripedii

Pectobacterium rhapontici

Pectobacterium wasabiae

Fig. 6. Summary diagram showing the species distribution pattern of different CSls 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'.

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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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, 0.5-1.0 x 1.0-3.0 um 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 °C. Catabolize
(+)-L-arabinose, myo-inositol, (+ )-D-malate, malonate,
D-mannose, mucate, saccharate and mesotartrate, but do
not catabolize (+ )-trehalose, methyl «-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 f-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 0.5-1.0 x
1.0-3.0 um 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 Rec]J
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. | 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., Schéffer, A. A., Zhang, J., Zhang, Z.,
Miller, W. & Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids Res 25,
3389-3402.

Bell, K. S., Sebaihia, M., Pritchard, L., Holden, M. T., Hyman, L. J.,
Holeva, M. C,, Thomson, N. R, Bentley, S. D., Churcher, L. J. & other
authors (2004). Genome sequence of the enterobacterial phytopatho-
gen Erwinia carotovora subsp. atroseptica and characterization of
virulence factors. Proc Natl Acad Sci U S A 101, 11105-11110.

Bhandari, V. & Gupta, R. S. (2014). Molecular signatures for the
phylum (class) Thermotogae and a proposal for its division into three
orders (Thermotogales, Kosmotogales ord. nov. and Petrotogales ord.
nov.) containing four families (Thermotogaceae, Fervidobacteriaceae
fam. nov., Kosmotogaceae fam. nov. and Petrotogaceae fam. nov.) and
a new genus Pseudothermotoga gen. nov. with five new combinations.
Antonie van Leeuwenhoek 105, 143—168.

Bhandari, V., Naushad, H. S. & 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.

Brady, C. L., Cleenwerck, l., Denman, S., Venter, S. N., Rodriguez-
Palenzuela, P., Coutinho, T. A. & De Vos, P. (2012). Proposal to
reclassify Brenneria quercina (Hildebrand and Schroth 1967)
Hauben et al. 1999 into a new genus, Lonsdalea gen. nov., as
Lonsdalea quercina comb. nov., descriptions of Lonsdalea quercina
subsp. quercina comb. nov., Lonsdalea quercina subsp. iberica subsp.
nov. and Lonsdalea quercina subsp. britannica subsp. nov., emenda-
tion of the description of the genus Brenneria, reclassification of
Dickeya dieffenbachiae as Dickeya dadantii subsp. dieffenbachiae comb.
nov., and emendation of the description of Dickeya dadantii. Int ] Syst
Evol Microbiol 62, 1592-1602.

Brenner, D. J., McWhorter, A. C., Kai, A, Steigerwalt, A. G. & Farmer,
J. ), Il (1986). Enterobacter asburiae sp. nov., a new species found
in clinical specimens, and reassignment of Erwinia dissolvens and
Erwinia nimipressuralis to the genus Enterobacter as Enterobacter
dissolvens comb. nov. and Enterobacter nimipressuralis comb. nov.
J Clin Microbiol 23, 1114-1120.

Brown, E. W., Davis, R. M., Gouk, C. & van der Zwet, T. (2000).
Phylogenetic relationships of necrogenic Erwinia and Brenneria
species as revealed by glyceraldehyde-3-phosphate dehydrogenase
gene sequences. Int | Syst Evol Microbiol 50, 2057-2068.

Bull, C. T., De Boer, S. H,, Denny, T. P,, Firrao, G., Fischer-Le Saux,
M., Saddler, G. S., Scortichini, M., Stead, D. E. & Takikawa, Y. (2012)
Letter to the Editor: List of new names of plant pathogenic bacteria
(2008-2010). J. Plant Pathol 94, 21-27.

Castresana, J. (2000). Selection of conserved blocks from multiple
alignments for their use in phylogenetic analysis. Mol Biol Evol 17,
540-552.

Charkowski, A. (2006). The soft rot Erwinia. In Plant-Associated Bacteria,
pp. 423-505. Edited by S. Gnanamanickam. Dordrecht: Springer.

Ciccarelli, F. D., Doerks, T., von Mering, C., Creevey, C. J., Snel, B. &
Bork, P. (2006). Toward automatic reconstruction of a highly
resolved tree of life. Science 311, 1283-1287.

Costechareyre, D., Balmand, S., Condemine, G. & Rahbé, Y. (2012).
Dickeya dadantii, a plant pathogenic bacterium producing Cyt-like
entomotoxins, causes septicemia in the pea aphid Acyrthosiphon
pisum. PLoS ONE 7, ¢30702.

Czajkowski, R., Pérombelon, M. C. M., van Veen, J. A. & van der Wolf,
J. M. (2011). Control of blackleg and tuber soft rot of potato caused by
Pectobacterium and Dickeya species: a review. Plant Pathol 60, 999—
1013.

Denman, S., Brady, C,, Kirk, S., Cleenwerck, |, Venter, S., Coutinho,
T. & De Vos, P. (2012). Brenneria goodwinii sp. nov., associated with
acute oak decline in the UK. Int J Syst Evol Microbiol 62, 2451-2456.
Diallo, S., Latour, X., Groboillot, A., Smadija, B., Copin, P., Orange, N.,
Feuilloley, M. & Chevalier, S. (2009). Simultaneous and selective
detection of two major soft rot pathogens of potato: Pectobacterium

atrosepticum (Erwinia carotovora subsp. atrosepticum) and Dickeya
spp. (Erwinia chrysanthemi). Eur ] Plant Pathol 125, 349-354.
Dutilh, B. E,, Snel, B, Ettema, T. J. & Huynen, M. A. (2008). Signature
genes as a phylogenomic tool. Mol Biol Evol 25, 1659-1667.

Dye, D. W. (1968). A taxonomic study of the genus Erwinia I: the
‘amylovora’ group. N Z J Sci 11, 590-607.

Euzéby, J. P. (2013). List of bacterial names with standing in
nomenclature: a folder available on the Internet. [Last full update 22
November 2013] http://www.bacterio.cict.fr

Fang, G., Rocha, E. & Danchin, A. (2005). How essential are
nonessential genes? Mol Biol Evol 22, 2147-2156.

Gao, B. & Gupta, R. S. (2005). Conserved indels in protein sequences
that are characteristic of the phylum Actinobacteria. Int J Syst Evol
Microbiol 55, 2401-2412.

Gao, B. & Gupta, R. S. (2007). Phylogenomic analysis of proteins that
are distinctive of Archaea and its main subgroups and the origin of
methanogenesis. BMC Genomics 8, 86.

Gao, B. & Gupta, R. S. (2012a). Microbial systematics in the post-
genomics era. Antonie van Leeuwenhoek 101, 45-54.

Gao, B. & Gupta, R. S. (2012b). Phylogenetic framework and
molecular signatures for the main clades of the phylum Actino-
bacteria. Microbiol Mol Biol Rev 76, 66—112.

Gao, B, Mohan, R. & Gupta, R. S. (2009a). Phylogenomics and
protein signatures elucidating the evolutionary relationships among
the Gammaproteobacteria. Int ] Syst Evol Microbiol 59, 234-247.

http://ijs.sgmjournals.org

381

42



PhD — Sohail Naushad

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

McMaster University - Biochemistry

Gao, B., Sugiman-Marangos, S., Junop, M. S. & Gupta, R. S. (2009b).
Structural and phylogenetic analysis of a conserved actinobacteria-
specific protein (ASP1; SCO1997) from Streptomyces coelicolor. BMC
Struct Biol 9, 40.

Gardan, L., Gouy, C., Christen, R. & Samson, R. (2003). Elevation of
three subspecies of Pectobacterium carotovorum to species level:
Pectobacterium atrosepticum sp. nov., Pectobacterium betavasculorum
sp. nov. and Pectobacterium wasabiae sp. nov. Int J Syst Evol Microbiol
53, 381-391.

Gavini, F., Mergaert, J., Beji, A., Mielcarek, C., Izard, D., Kersters, K. &
De Ley, J. (1989). Transfer of Enterobacter agglomerans (Beijerinck
1888) Ewing and Fife 1972 to Pantoea gen. nov. as Pantoea
agglomerans comb. nov. and description of Pantoea dispersa sp.
nov. Int ] Syst Bacteriol 39, 337-345.

Glasner, J. D., Marquez-Villavicencio, M., Kim, H. S., Jahn, C. E., Ma,
B., Biehl, B. S., Rissman, A. |., Mole, B., Yi, X. & other authors (2008).
Niche-specificity and the variable fraction of the Pectobacterium pan-
genome. Mol Plant Microbe Interact 21, 1549-1560.

Glasner, J. D,, Yang, C. H., Reverchon, S., Hugouvieux-Cotte-Pattat,
N., Condemine, G., Bohin, J. P, Van Gijsegem, F., Yang, S., Franza, T.
& other authors (2011). Genome sequence of the plant-pathogenic
bacterium Dickeya dadantii 3937. ] Bacteriol 193, 2076-2077.

Griffiths, E. & Gupta, R. S. (2004). Signature sequences in diverse
proteins provide evidence for the late divergence of the Order
Aquificales. Int Microbiol 7, 41-52.

Griffiths, E. & Gupta, R. S. (2006). Lateral transfers of serine
hydroxymethyltransferase (glyA) and UDP-N-acetylglucosamine
enolpyruvyl transferase (murA) genes from free-living Actinobacteria
to the parasitic chlamydiae. ] Mol Evol 63, 283-296.

Gupta, R. S. (1998). Protein phylogenies and signature sequences: a
reappraisal of evolutionary relationships among archaebacteria,
eubacteria, and eukaryotes. Microbiol Mol Biol Rev 62, 1435-1491.

Gupta, R. S. (2000). The phylogeny of Proteobacteria: relationships to
other eubacterial phyla and eukaryotes. FEMS Microbiol Rev 24, 367—402.

Gupta, R. S. (2009). Protein signatures (molecular synapomorphies)
that are distinctive characteristics of the major cyanobacterial clades.
Int J Syst Evol Microbiol 59, 2510-2526.

Gupta, R. S. (2010). Applications of conserved indels for under-
standing microbial phylogeny. In Molecular Phylogeny of Microor-
ganisms, pp. 135-150. Edited by A. Oren & R. T. Papke. Norwich:
Caister Academic Press.

Gupta, R. S. & Gao, B. (2010). Recent advances in understanding
microbial systematics. In Microbial Population Genetics, pp. 1-14.
Edited by J. Xu. Norwich: Caister Academic Press.

Gupta, R. S. & Griffiths, E. (2002). Critical issues in bacterial
phylogeny. Theor Popul Biol 61, 423—434.

Gupta, R. S. & Mathews, D. W. (2010). Signature proteins for the
major clades of Cyanobacteria. BMC Evol Biol 10, 24.

Gupta, R. S. & Mok, A. (2007). Phylogenomics and signature proteins
for the alpha proteobacteria and its main groups. BMC Microbiol 7, 106.
Hauben, L., Moore, E. R., Vauterin, L., Steenackers, M., Mergaert, J.,
Verdonck, L. & Swings, J. (1998). Phylogenetic position of phytopatho-
gens within the Enterobacteriaceae. Syst Appl Microbiol 21, 384-397.
Hauben, L., Gijsegem, F. V. & Swings, J. (2005). Genus XXIV.
Pectobacterium. In Bergey’s Manual of Systematic Bacteriology, pp.
721-730. Edited by G. M. Garrity. New York: Springer.

Jones, L. R. (1901). A soft rot of carrot and other vegetabels caused by
Bacillus carotovorus. Vt Agric Exp Stn Annu Rep 13, 299-332.

Jones, D. T, Taylor, W. R. & Thornton, J. M. (1992). The rapid

generation of mutation data matrices from protein sequences.
Comput Appl Biosci 8, 275-282.

Koskinen, J. P., Laine, P., Niemi, O., Nykyri, J.,, Harjunpaa, H.,
Auvinen, P., Paulin, L., Pirhonen, M., Palva, T. & Holm, L. (2012).
Genome sequence of Pectobacterium sp. strain SCC3193. ] Bacteriol
194, 6004.

Larkin, M. A,, Blackshields, G., Brown, N. P., Chenna, R., McGettigan,
P. A, McWilliam, H., Valentin, F., Wallace, I. M., Wilm, A. & other
authors (2007). cLUSTAL W and CLUSTAL_X version 2.0. Bioinformatics
23, 2947-2948.

Lerat, E., Daubin, V., Ochman, H. & Moran, N. A. (2005). Evolutionary
origins of genomic repertoires in bacteria. PLoS Biol 3, e130.

Lorenzini, E., Singer, A. Singh, B., Lam, R., Skarina, T,
Chirgadze, N. Y., Savchenko, A. & Gupta, R. S. (2010). Structure
and protein—protein interaction studies on Chlamydia trachomatis
protein CT670 (YscO homolog). | Bacteriol 192, 2746-2756.

Ludwig, W. & Klenk, H.-P. (2005). Overview: a phylogenetic back-
bone and taxonomic framework for prokaryotic systamatics. In
Bergey’s Manual of Systematic Bacteriology, pp. 49-65. Edited by
D. J. Brenner, N. R. Krieg, J. T. Staley & G. M. Garrity. Berlin:
Springer-Verlag.

Ma, B., Hibbing, M. E., Kim, H. S., Reedy, R. M., Yedidia, |., Breuer, J.,
Breuer, J., Glasner, J. D., Perna, N. T. & other authors (2007). Host
range and molecular phylogenies of the soft rot enterobacterial genera
Pectobacterium and Dickeya. Phytopathology 97, 1150-1163.

Marrero, G., Schneider, K. L., Jenkins, D. M. & Alvarez, A. M. (2013).
Phylogeny and classification of Dickeya based on multilocus sequence
analysis. Int ] Syst Evol Microbiol 63, 3524-3539.

Nandan, D., Lopez, M., Ban, F., Huang, M., Li, Y., Reiner, N. E. &
Cherkasov, A. (2007). Indel-based targeting of essential proteins in
human pathogens that have close host orthologue(s): discovery of
selective inhibitors for Leishmania donovani elongation factor-lo.
Proteins 67, 53—64.

Narra, H. P, Cordes, M. H. & Ochman, H. (2008). Structural features and
the persistence of acquired proteins. Proteomics 8, 4772-4781.

Naum, M., Brown, E. W. & Mason-Gamer, R. J. (2008). Is 16S
rDNA a reliable phylogenetic marker to characterize relationships
below the family level in the Enterobacteriaceae? J Mol Evol 66, 630—
642.

Naum, M., Brown, E. W. & Mason-Gamer, R. J. (2011). Is a robust
phylogeny of the enterobacterial plant pathogens attainable? Cladistics
27, 80-93.

Naushad, H. S. & Gupta, R. S. (2013). Phylogenomics and molecular
signatures for species from the plant pathogen-containing order
Xanthomonadales. PLoS ONE 8, €55216.

Nykyri, J., Niemi, O., Koskinen, P., Nokso-Koivisto, J., Pasanen, M.,
Broberg, M., Plyusnin, I, Téronen, P., Holm, L. & other authors
(2012). Revised phylogeny and novel horizontally acquired virulence
determinants of the model soft rot phytopathogen Pectobacterium
wasabiae SCC3193. PLoS Pathog 8, ¢1003013.

Olsen, G. J. & Woese, C. R. (1993). Ribosomal RNA: a key to
phylogeny. FASEB J 7, 113-123.

Oren, A. (2010) Microbial systematics. In Handbook of Environmental
Engineering, Vol. 10: Environmental Biotechnology, pp. 81-120. Edited
by L. K. Wang, V. Ivanov, J.-H. Tay & Y. T. Hung. New York:
Springer Science + Business Media.

Park, T. H., Choi, B. S., Choi, A. Y., Choi, I. Y., Heu, S. & Park, B. S.
(2012). Genome sequence of Pectobacterium carotovorum subsp.
carotovorum strain PCC21, a pathogen causing soft rot in Chinese
cabbage. ] Bacteriol 194, 6345-6346.

Parkinson, N., Stead, D., Bew, J., Heeney, J.,, Tsror Lahkim, L. &
Elphinstone, J. (2009). Dickeya species relatedness and clade structure
determined by comparison of recA sequences. Int J Syst Evol Microbiol
59, 2388-2393.

382

International Journal of Systematic and Evolutionary Microbiology 64

43



PhD — Sohail Naushad

McMaster University - Biochemistry

Molecular signatures for Dickeya and Pectobacterium

Pritchard, L., Humphris, S., Saddler, G. S., Parkinson, N. M.,
Bertrand, V. & Elphinstone, J. G., andToth, I. K. (2013a) Detection
of phytopathogens of the genus Dickeya using a PCR primer
prediction pipeline for draft bacterial genome sequences. Plant
Pathol 62, 587-596.

Pritchard, L., Humphris, S., Baeyen, S., Maes, M., Van Vaerenbergh,
J.,, Elphinstone, J., Saddler, G., and Toth, I. (2013b) Draft genome
sequences of four Dickeya dianthicola and four Dickeya solani strains.
Genome Announc 1, e00087-12.

Rokas, A. & Holland, P. W. (2000). Rare genomic changes as a tool for
phylogenetics. Trends Ecol Evol 15, 454—459.

Samson, R., Legendre, J. B., Christen, R., Fischer-Le Saux, M.,
Achouak, W. & Gardan, L. (2005). Transfer of Pectobacterium
chrysanthemi (Burkholder et al. 1953) Brenner et al. 1973 and
Brenneria paradisiaca to the genus Dickeya gen. nov. as Dickeya
chrysanthemi comb. nov. and Dickeya paradisiaca comb. nov. and
delineation of four novel species, Dickeya dadantii sp. nov., Dickeya
dianthicola sp. nov., Dickeya dieffenbachiae sp. nov. and Dickeya zeae
sp. nov. Int | Syst Evol Microbiol 55, 1415-1427.

Singh, B. & Gupta, R. S. (2009). Conserved inserts in the Hsp60
(GroEL) and Hsp70 (DnaK) proteins are essential for cellular growth.
Mol Genet Genomics 281, 361-373.

Skerman, V. B. D., McGowan, V. & Sneath, P. H. A. (1980). Approved
lists of bacterial names. Int ] Syst Bacteriol 30, 225-420.

Spréer, C., Mendrock, U., Swiderski, J., Lang, E. & Stackebrandt, E.
(1999). The phylogenetic position of Serratia, Buttiauxella and some
other genera of the family Enterobacteriaceae. Int ] Syst Bacteriol 49,
1433-1438.

Stackebrandt, E. (2006). Defining taxonomic ranks. In The
Prokaryotes, pp. 29-57. Edited by M. Dworkin, S. Falkow,
E. Rosenberg, K.-H. Schleifer & E. Stackebrandt. New York: Springer.
Tamura, K., Dudley, J., Nei, M. & Kumar, S. (2007). MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0. Mol Biol
Evol 24, 1596-1599.

Toth, I. K, van der Wolf, J. M., Saddler, G., Lojkowska, E., Helias, V. &
Porhonen, M. (2011). Dickeya species: an emerging problem for
potato production in Europe. Plant Pathol 60, 385-399.

Van Vaerenbergh, J., Baeyen, S., De Vos, P. & Maes, M. (2012).
Sequence diversity in the Dickeya fliC gene: phylogeny of the Dickeya
genus and TagMan® PCR for ‘D. solani’, new biovar 3 variant on
potato in Europe. PLoS ONE 7, e35738.

Waldee, E. L. (1945). Comparative studies of some peritrichous
phytopathogenic bacteria. Towa State Coll ] Sci 19, 435-484.

Whelan, S. & Goldman, N. (2001). A general empirical model of
protein evolution derived from multiple protein families using a
maximum-likelihood approach. Mol Biol Evol 18, 691-699.

Williams, K. P., Gillespie, J. J,, Sobral, B. W., Nordberg, E. K., Snyder,
E. E, Shallom, J. M. & Dickerman, A. W. (2010). Phylogeny of
gammaproteobacteria. J Bacteriol 192, 2305-2314.

Winslow, C. E., Broadhurst, J., Buchanan, R. E., Krumwiede, C,,
Rogers, L. A. & Smith, G. H. (1917). The families and genera of the
Bacteria: Preliminary report of the Committee of the Society of
American Bacteriologists on characterization and classification of
bacterial types. J Bacteriol 2, 505-566.

Woese, C. R. (1998). Default taxonomy: Ernst Mayr’s view of the
microbial world. Proc Natl Acad Sci U S A 95, 11043-11046.

Wu, D., Hugenholtz, P., Mavromatis, K., Pukall, R., Dalin, E., Ivanova,
N. N., Kunin, V., Goodwin, L, Wu, M. & other authors (2009). A
phylogeny-driven genomic encyclopaedia of Bacteria and Archaea.
Nature 462, 1056—1060.

Yarza, P., Ludwig, W., Euzéby, J, Amann, R., Schleifer, K. H,
Gléckner, F. O. & Rossello-Mora, R. (2010). Update of the All-Species
Living Tree Project based on 16S and 23S rRNA sequence analyses.
Syst Appl Microbiol 33, 291-299.

Yishay, M., Burdman, S., Valverde, A., Luzzatto, T., Ophir, R. &
Yedidia, I. (2008). Differential pathogenicity and genetic diversity
among Pectobacterium carotovorum ssp. carotovorum isolates from
monocot and dicot hosts support early genomic divergence within
this taxon. Environ Microbiol 10, 2746-2759.

Young, J. M. & Park, D. C. (2007). Relationships of plant pathogenic
enterobacteria based on partial atpD, carA, and recA as individual and
concatenated nucleotide and peptide sequences. Syst Appl Microbiol
30, 343-354.

http://ijs.sgmjournals.org

383

44



PhD — Sohail Naushad McMaster University - Biochemistry

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 CSls for the order Pasteurellales. These CSls 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.

45



PhD — Sohail Naushad

Antonie van Leeuwenhoek (2012) 101:105-124
DOI 10.1007/s10482-011-9628-4

McMaster University - Biochemistry

ORIGINAL PAPER

Molecular signatures (conserved indels) in protein sequences
that are specific for the order Pasteurellales and distinguish

two of its main clades

Hafiz Sohail Naushad - Radhey S. Gupta

Received: 21 July 2011/ Accepted: 29 July 2011/Published online: 10 August 2011

© Springer Science+Business Media B.V. 2011

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
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supplementary material, which is available to authorized users.
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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
taxonomy and systematics - Pasteurellales clades -
Phylogenetic analyses - Pasteurellaceae genomes -
Comparative genomics - Molecular markers for
Pasteurellales - Lateral gene transfers
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Table 1 Sequence characteristics of the Pasteurellales genomes

Organism GenBank Size No. of % GC Reference
accession No. (Mbp)  proteins  content

Actinobacillus pleuropneumoniae 1.20 CP000569 2.3 2012 41.3 Foote et al. (2008)
Actinobacillus pleuropneumoniae serovar 3~ CP000687 2.2 2036 41.2 Xu et al. (2008)

str. JLO3
Actinobacillus pleuropneumoniae serovar 7 CP001091 23 2131 41.2 STHH"

str. AP76
Actinobacillus succinogenes 130Z CP000746 2.3 2079 44.9 DOE-JGI
Actinobacillus minor 202 ACFT00000000 2.1 2050 39.3 McGill University®
Aggregatibacter actinomycetemcomitans CP001733 22 2135 443 Chen et al. (2009)

D11S-1
Aggregatibacter aphrophilus NJ8700 CP001607 2.3 2219 422 Di Bonaventura et al. (2009)°
Haemophilus ducreyi 35000HP AE017143 1.7 1717 38.2 Ohio State University®
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 382 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 SHO165 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 23 1980 374 Virginia Tech
Mannheimia haemolytica® AASA01000000 2.6 2839 41.1 Gioia et al. (2006)
Mannheimia succiniciproducens AE016827 2.3 2369 42.5 Hong et al. (2004)

MBELSSE
Pasteurella multocida subsp. multocida str. ~ AE004439 23 2015 40.4 May et al. (2001)

Pm70

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

Education Joint Genome Institute

? Sequenced by Ohio State University

® Sequenced by Stiftung Tieraerztliche Hochschule Hannover (STHH)

¢ Draft genomes. The sequences for Actinobacillus minor 202 and NM305 are being sequenced by McGill University

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

@ Springer

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
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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 and Mok 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  Accession no.  Figure nos. Indel Indel Functional categories
name size  position®
Tetratricopeptide domain - YP_003006869 Fig. 2a 8 aa 44-91  Carbohydrate transport and
protein ins metabolism
Murein transglycosylase C mltC YP_001343852 Supplementary 3 aa 76-116 Cell wall/membrane biogenesis
Fig. 1 del
Exoribonuclease II rnb NP_873703 Supplementary 10 aa  416-468 Transcription
Fig. 2 ins
Glycerol-3-phosphate plsB YP_003255015 Supplementary 2 aa  554-610 Lipid transport and metabolism
acyltransferase Fig. 3 ins
3-phosphoshikimate aroA  YP_003256375 Supplementary 2aa  360-402 Amino acid transport and
1-carboxyvinyltransferase Fig. 4 ins metabolism
Hypothetical protein - YP_001290919 Supplementary 2 aa 32-71  General function prediction only
CGSHIEE_05875 Fig. 5 ins
5-methylaminomethyl-2- mnmC  YP_003255458 Supplementary 2 aa 122-152  Multifunctional
thiouridine methyltransferase Fig. 6 del
Adenylate cyclase” cyaA  NP_873154 Supplementary 2 aa  526-576 Nucleotide transport and
Fig. 7 del metabolism
Murein transglycosylase A mltA  NP_874023 Supplementary 1 aa  241-286 Cell wall/membrane biogenesis
Fig. 8 del
Lipoyltransferase lipB YP_001344010 Supplementary  1-5 75-116 Coenzyme transport and
Fig. 9 aa metabolism
ins
Transcription repair coupling mfd NP_873467 Supplementary 1 aa  226-261 Replication, recombination and
factor Fig. 10A ins repair
Fumarate reductase flavoprotein  frdA NP_872657 Supplementary 1 aa  287-331 Energy production and
subunit Fig. 10B ins conversion
Hemolysin corB YP_003008000 Supplementary 1aa  228-270 Inorganic ion transport and
Fig. 11 ins metabolism
Chaperonin HslO hslO ZP_05919977  Supplementary 1aa  246-278 Posttranslational modification,
Fig. 12 ins protein turnover and
chaperones
Exodeoxyribonuclease VII xseB ZP_01791820  Supplementary 1 aa 27-68  Replication, recombination and
small subunit Fig. 13 ins repair
Periplasmic serine peptidase degS  ZP_05850718  Supplementary 1aa  190-216 Posttranslational modification,
DegS Fig. 14 ins protein turnover and
chaperones
Multidrug resistance protein mdtK  YP_003007368 Supplementary 1aa  200-249 Defense mechanisms
MdtK Fig. 15 ins
Glutamate-ammonia-ligase glnE YP_088470 Supplementary 1 aa  271-309 Multifunctional
adenylyltransferase Fig. 16 ins
Hypothetical protein PM0734 - NP_245671 Supplementary 1 aa  184-212 Hypothetical
Fig. 17 ins
Hypothetical protein HD1793 - NP_874155 Supplementary 1 aa  168-200 Hypothetical
Fig. 18 ins
Hypothetical protein HD1794 - NP_874156 Supplementary 1 aa 75-109 Hypothetical
Fig. 19 ins
Peptidyl-prolyl cis—trans ppiB ZP_06222848  Supplementary 6 aa 43-75  Posttranslational modification,
isomerase B Fig. 20 ins protein turnover and
chaperones
@ Springer
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Table 2 continued

Protein name Gene  Accession no.  Figure nos. Indel Indel Functional categories
name size  position®
Peptidyl-prolyl cis—trans ppiB YP_003007916 Supplementary 6 aa  100-137 Posttranslational modification,
isomerase B Fig. 21 ins protein turnover and
chaperones
Nicotinamide-nucleotide nadR  YP_003255205 Supplementary 1 aa 121-151 Coenzyme transport and
adenylyltransferase® Fig. 22 ins metabolism
N-acetyl-p-glucosamine kinase nagK ~ YP_003007117 Supplementary 1aa  153-195 Multifunctional
(GlcNAc kinase)© Fig. 23 ins
Putative inner membrane - ZP_02478497  Supplementary 1aa  197-222 Cell wall/membrane
protein® Fig. 24 ins
Galactokinase® galK YP_003007703 Supplementary 3 aa  240-276 Carbohydrate transport and
Fig. 25 ins metabolism
Deoxyguanosinetriphosphate - YP_001344904 Supplementary 17 aa  59-126 Nucleotide transport and
triphosphohydrolase-like Fig. 26 ins metabolism
protein®
Inner membrane protein YicO®  yicO YP_003007341 Supplementary 1 aa 199-237  General function prediction only
Fig. 27 ins
PTS system, fructose subfamily, fruA YP_001343401 Supplementary 3 aa  241-281 Carbohydrate transport and
IIC subunit® Fig. 28 ins metabolism
Anion transporter® - YP_001343337 Supplementary 7 aa  258-296 Inorganic ion transport and
Fig. 29 ins metabolism
Hypothetical protein PM0935¢  — NP_245872 Supplementary 4 aa 61-108 Hypothetical
Fig. 30 ins
23S rRNA (guanosine-2'-O-)- rimB  ZP_05629947  Supplementary 1 aa 115-178 Posttranslational modification,
methyltransferase? Fig. 31 ins protein turnover, chaperones
Glutamate ammonia ligase glnE NP_874080 Supplementary 17 aa  381-436 Multifunctional
adenylyltransferase® Fig. 32 ins
Murein transglycosylase C* mitC ~ YP_001343852 Supplementary 1aa  148-180 Cell wall/membrane biogenesis
Fig. 33 ins
ProS protein® proS AAU38670 Supplementary 1 aa  453-482 Translation
Fig. 34 ins
p-methionine-binding metQ  YP_003008527 Supplementary 1 aa 97-130 Inorganic ion transport and
lipoprotein? Fig. 35 ins metabolism
DNA-dependent helicase I1° uvrD  YP_001293092 Fig. 2B 34 61-104 Replication, recombination and
aa repair
ins
Hypothetical protein - YP_003007227 Supplementary 2 aa 36-68  Unknown
NTOSHA_0747¢ Fig. 36A ins
Lysyl-tRNA synthetase® genX  NP_245139 Supplementary 2 aa 148-191 Translation
Fig. 36B del
Protein cof® - YP_003008147 Supplementary 1 aa 45-80  General function prediction only
Fig. 37 ins
6-phosphogluconolactonase® pel NP_873341 Supplementary 4 aa 97-145 Carbohydrate transport and
Fig. 38 del metabolism
Geranyltranstransferase® ispA ZP_04977790  Supplementary 2 aa 112-150 Coenzyme transport and
Fig. 39 del metabolism

@ Springer

50



PhD — Sohail Naushad

110

McMaster University - Biochemistry

Antonie van Leeuwenhoek (2012) 101:105-124

Table 2 continued

Protein name Gene  Accession no.  Figure nos. Indel  Indel Functional categories
name size  position®
DNA repair protein RecN® recN  YP_002475883 Supplementary 3 aa 68-106 Replication, recombination and

Fig. 40 ins repair

a

The CSI is not present in 1-2 Pasteurellales species

¢ The CSI is also found in 1-2 non-Pasteurellales species

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 a