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ABSTRACT

Bioinformatics primarily focuses on the study of sequence data. Analyzing both
nucleotide and protein sequence data provides valuable insight into their function,
evolution, and importance in organism adaptation. For this dissertation, | have applied
bioinformatics to the study sequence data on three levels of complexity: protein

domain, protein network, and whole genome.

In the protein domain study, | used sequence similarity searches to identify a
novel FIST (E-box and intracellular signal transduction proteins) domain. The domain
was found to exist in all three kingdoms of life, pointing to its functional importance. Due
to its presence exclusively with transducer and output domains, it was deduced that
FIST functions as an input/sensory domain involved in signal transduction. Further
functional characterization revealed FIST's proximity to amino acid metabolism and
transport genes. This suggested that FIST functions as a small ligand sensor.

In the protein network study, | examined the evolution of the chemotaxis system
within the clade of Escherichia. Our study confirmed previous results demonstrating that
many urinary pathogenic Escherichia coli have lost two of their five chemotaxis
receptors. However, sequence analysis demonstrates that this loss occurred as an
ancestral event and was not a result of adaptive evolution. The retention of the core of
the system in the vast majority of Escherichia confirms that chemotaxis is important for
survival in all of Escherichia's habitats. However analysis of the loss and gain of
chemotaxis receptors suggests that the array of compounds that Escherichia needs to

sense often does not require all 5 canonical receptors.

In the genome study, | used comparative genomic analysis to examine the
evolutionary history of Azospirillum, agriculturally important plant growth-promoting
bacteria. Taxonomic and genomic studies have revealed that Azospirillum are very
distinct from their closest relatives in both habitat and genome structure. Comparative
genomic analysis revealed that Azospirillum had undergone massive horizontal gene
transfer. Among acquired genes were many of those implicated in survival in the

rhizosphere and in plant growth-promotion. It is proposed that this bacteria's unique



genome plasticity and ability to uptake large amounts of foreign DNA allowed azospirilla

to transition from an aquatic to terrestrial environment.
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Introduction

Computational biology is the application of computer science, statistics, applied
mathematics, and information technology to the study of biology and biological
problems. The field of computational biology includes data analysis, molecular
modeling, prediction, and simulation. Its interdisciplinary approach allows for unique
approaches and solutions to biological problems. Specifically, the area of biological data
analysis, bioinformatics, has been of great importance, as the ever expanding capacity
of DNA sequencing technologies produces vast volumes of data. Bioinformatics, a
combination of statistics and applied mathematics approaches, is used to gain biological
insight into sequence data. The ability to process large volumes of data has lent
bioinformatics to use in many biological fields, including comparative sequence
analysis, genomics, biological literature analysis, macromolecular sequence analysis,
metagenomic studies, phylogenetic studies, sequence motif analysis, and
transcriptional regulation. Bioinformatics, properly coupled with high throughput biology,

was able to transform biological research in those areas [1, 2].

The purpose of bioinformatics is to extract novel biological information from
sequence data. Currently with the wide availability of sequence data, we can gain
previously impossible insights into evolution of protein universe, on the domain,
network, and genome levels. Domain level studies allow us to gain insight into the
fundamental building blocks of proteins, domains. Characterization of novel domains
provides useful information about their function and evolution, which forms the basis of
our understanding of protein function. Network level studies allow us to understand the
forces of evolution that affect changes and conservation of protein networks.
Understanding the evolutionary pressures that affect protein networks provides insight
into their functional importance for various organisms, including how they affect the
organism's competitiveness. Genome level studies, such as whole-genome comparison,
allow us to better understand the evolutionary forces that shape adaptation and survival.
Analyzing the proteome of an organism can provide important insight into its adaptation
to its environment. This is critical for understanding the evolved traits of organisms,

such as plant growth-promotion and pathogenicity. Using the same bioinformatic



foundation, | was able to study biological problems of three distinct levels of complexity.
In this dissertation, | present the insight that was gained using bioinformatics to study

domain, network, and genome problems.

History and current state of bioinformatics

From its inception, the focus of bioinformatics was extracting biological insights
from sequence data. Development of bioinformatics paralleled advancements in
sequencing technology. The origins of bioinformatics can be traced back to the first
protein sequence elucidated, insulin, by Frederick Sanger in the 1950s [3-6]. This
impressive task was accomplished using a range of chemical and enzymatic techniques
and took several years to accomplish. The understanding of biochemical function of
proteins that peptide sequences provided was already evident [7]. Consequently, the
sequences of many proteins were soon elucidated. As the first sequences were
becoming available, groundwork for bioinformatics was being laid with seminal
discoveries in biology and computer science. These fundamental discoveries included
the structure of DNA [8], the encoding of genetic information for proteins [9], the
evolution of biochemical pathways [10] and gene regulation [11]. In parallel,
fundamental computer science needed for bioinformatics began to emerged during the
1950s and 1960s with the theory of computation [12], information theory [13], the

definition of grammars [14], the theory of games [15] and cellular automata [16].

In the early 1960s, Margaret Dayhoff was amongst the first to appreciate the
value of biological sequences, specifically to gain insight into evolutionary relationships
[17, 18]. To facilitate further research, she collected and published all protein sequences
available at the time in the Atlas of Protein Sequence and Structure [19]. With the
availability of sequence databases, bioinformatics became possible [20]. The
beginnings of bioinformatics approaches combined computational and experimental
information to gain insights into the evolution of genes and proteins [21-23], information
properties of DNA [24] and proteins [25], sequence alignment [26], construction of

phylogenetic trees [27], and processes of molecular evolution [28]. This was followed by
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further key developments in sequence alignment algorithms [29, 30], models for
selection-free molecular evolution [31], the preferential substitution of amino acid
residues in protein sequences [32, 33], derivation of preferences for amino acid
residues in secondary structures [34, 35], studies of the origins of life [36], and the
theory of evolution by gene duplication [37]. These works laid the foundations for

modern bioinformatics.

Despite advances in protein sequence determination, sequencing nucleotide
molecules remained complicated due to their size and difficulty of purification. After the
development of a new sequencing technology during the 1970s, which became the
Sanger method, sequencing of large DNA molecules became possible [38-40]. First
demonstrated on Bacteriophage ¢X 174 [41], this method was quickly adapted to
sequence even longer nucleotides, including human mitochondrial DNA and
Bacteriophage A [42, 43]. In bioinformatics, prominent theoretical advancements
included the merging of classical population genetics with molecular evolution [44, 45]
to produce the theory of neutral evolution [46], the molecular clock hypothesis [47, 48],
the development of string and sequence alignment theory [49], evolutionary tree

analysis and construction [50], and the evolution of the bacterial genome [51].

With these advances in sequencing, ever larger data sets were becoming
available to biologists and bioinformaticians. However, central reference data and
software resources and the means to access them were missing. This began the
bottleneck shift from data production to data management and analysis. As Gengeras
and Roberts wrote in 1980, “the rate limiting step in the process of nucleic acid
sequencing is now shifting from data acquisition towards the organization and analysis
of that data” [52]. This realization led to the development of centralized data banks to
manage the growing sequence data. European Molecular Biology Laboratory (EMBL) in
Heidelberg was first to set up a public data library, EMBL-Bank [53], with the first
release in June 1982 containing 568 sequences. The goal was not only to make
sequence data available but also to encourage standardization and free exchange of
data [53]. The National Center for Biotechnology Information (NCBI) GenBank [54] was
created later the same year, and the DNA Data Bank of Japan (DDBJ) began data bank
activities in 1986. Since 1987, these three data banks have collaborated as



the International Nucleotide Sequence Database Collaboration (INSDC) to standardize
and share nucleotide data amond the three data banks [55]. By 1980, it had become
clear that bioinformatical analysis of nucleotide sequences was essential to the
understanding of biology [52]. Developed were key algorithms, such as the Smith—
Waterman sequence alignment algorithm [56, 57], the FASTA family of algorithms for
database searching [58], and methods for tree-based alignment [59, 60]. Important
protein motifs were beginning to be identified through the application of sequence
analysis, including of the ATP-binding motif [61], the zinc-finger motif [62], homology of
bacterial sigma factors [63], and the signal peptide [64]. Protein evolution had also
become a key area of research [65, 66], with discoveries such as the coordinated
changes of key residues [67] and the definition of homology [68]. Key analyses of
protein families and domains were also performed, including globins [69], bacterial
ferredoxins [70], phosphorylases [71], the ribonucleases [72]. The theory and practice of
phylogenetic tree construction matured into PHYLIP program [73], and phylogenetic
analysis yielded significant discoveries in genome evolution, such as the relationships
between life forms [74, 75] and the dynamics of genome structure [76-79].

In the early 1990s two new technological developments, highthroughput DNA
sequencing and the Internet, allowed for an overwhelming explosion of biological data
and its global dissemination. As a result of the former, whole-genome sequencing was
made feasible. In quick succession, the genomes of bacteria, Haemophilus influenzae
[80] and Mycoplasma genitalium [81], in 1995, an archea, Methanococcus jannachii
[82], and a yeast, Saccharomyces cerevisiae [83], in 1996, a nematode, Caenorhabditis
elegans [84], in 1998, the fruit fly, Drosophila melanogaster [85], in 2000, and finally a
human, Homo sapiens [86-88], in 2001 were sequenced. Since, thousands of genomes
have been sequenced. This trend was further continued in the 2000s with the
development of next generation sequencing technologies, such as 454 pyrosequencing
[89], lllumina reversible dye-terminator sequencing [90], and SOLID sequencing by
ligation [91]. These methods were able to significantly lower the price of sequencing,
making genome sequencing widely available to biologists and further increasing the

growth of sequencing data [92].



As a consequence of the massive genomic sequencing, more data than could
realistically be managed or annotated was beginning to be generated. This wealth of
data, however, provided the perfect resources to gain further information into protein
composition and function, protein network and genome evolution, and organism
adaptation. As sequencing technology flourished, so did the field of bioinformatics. The
local alignment search program BLAST was developed to improve the usability of the
growing dataset [93]. Due to its heuristic methods BLAST performed significantly better
than the previously established Smith-Waterman process. Further improvements
created gapped BLAST and Position-Specific Iterative BLAST (PSI-BLAST) [94].
Multiple sequence alignment was also being improved with development of more
efficient and accurate programs, including CLUSTAL W [95], T-Coffee [96], and MAFFT,
based on the fast Fourier transformation, [97]. Phylogenetics programs were also
significantly improved with innovative applications of maximume-likelihood estimation
[98], such as PhyML [99] and RaxML [100], and Bayesian inference [101], such as
MrBayes [102]. Hidden Markov models [103] were also implemented to model and
search protein profiles with the HMMER tool [104].

Currently the focus of the field remains the same: extracting new biological
information and insight from the ever growing collection of sequence data. The nr
database has over 17 million protein sequences alone, excluding metagenomic
samples. New approaches are constantly being developed to take advantage of this
increasing wealth of data. Subjects that have been studied from the beginning of the
bioinformatics and genomics revolutions, such as novel domain identification and
domain and protein function prediction [105, 106], protein system analysis [107], and
genome sequencing and analysis [108, 109], are all being redeveloped as more
sequence data and increased computational power become available. In this
dissertation, bioinformatics was used to identify and functionally characterize the FIST
domain, to study the evolution of the Escherichia chemotaxis system and its relationship
to E. coli pathogenicity, and to examine the genomic evolution of Azospirillum and its

relationship to Azospirillum's niche transition.



Protein domains

Protein domains are compact regions within the protein’s structure that possess
a distinct function. Each domain also forms a three-dimensional structure that is
independently stable and folded. Thus, domains are considered the fundamental units
of protein structure, folding, function, and evolution. The average length of a protein
domain is approximately 120 amino acids, but they can vary in length from 25 to 500
amino acids. Most proteins consist of several domains [110]. Individual domains, as
building blocks, appear in a variety of different proteins. Through the processes of
evolution, domains are recombined in various arrangements, creating proteins that
possess distinct functions. New domain combinations are typically adapted from pre-
existing domain combinations rather than through invention of novel domains. Domains
are genetically mobile units. Often, the C and N termini of domains are close together in
space. This allows them to be easily inserted into other protein sequences during the
process of evolution, creating novel protein architectures. Domains, however, do not
form random combinations, since only a limited number of combinations have been
seen with few that are abundant [111]. Speaking to their versatility and functional
importance, many domain families are found in all three kingdoms of life, and protein

families of diverse function [112].

Domain prediction is an important step in the annotation of protein sequences,
providing a functional background for annotation [113]. Since domains are often
associated with specific cellular functions, domain identification can either predict or
refine protein functional predictions [106]. Domains with known structures can also be
used to infer protein structure [105]. Domain prediction is also fundamental to a range of
other more sophisticated analyses, including comparative genomics of domain families
[114], evolution of protein and domain structure and function [115, 116], and protein-
protein interaction [117].

Domains are conserved sequential and structural motifs that act as building
blocks of proteins above the amino acid sequence level [118]. Due to their importance

to understanding the complex nature of protein function, several approaches have been
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developed to define and classify domains. Domains have been delimited based on
structure and sequence clustering [119, 120]. The Pfam database is the most widely
used domain identification and curation database [121]. Pfam domain assignment is
straightforward. For each domain, manually selected representative sequences are
used to build Hidden Markov Models that are used for annotation of the whole the

protein sequence space.

Critically important insight into the function and evolution of novel domains
cannot, however, be readily obtained through such high throughput computational
approaches and still require stringent analysis of genomic data. Identification and
functional characterization of novel domains provides important insight into the functions
of proteins and their impact on the ecology of the organism as a whole. Thus,
characterization of novel domains is fundamental to the full understanding of protein
function. Specifically, identification and functional characterization of sensory domains is

critical for understanding how cells sense and respond to their environment.

Pathogenic Escherichia coli

Escherichia coli are not only the best studied model bacteria but are also
important human pathogens. E. coli typically colonize the gastrointestinal tract of infants
within the first hours after birth. Typically, E. coli coexist with the human host with
mutual benefit. These commensal E. coli strains cause disease only when normal
defenses are compromised, such as in peritonitis or immunocompromised patients.
Commensal E. coli typically inhabit the mucous layer of the large intestine. They are a
highly successful, comprising the most abundant facultative anaerobe. Despite the
enormous body of literature on E. coli, the mechanisms of its symbiosis are poorly

understood.

There are, however, many highly adapted E. coli clones with acquired virulence
traits, which allow for a broad spectrum of disease. These virulence attributes are

frequently encoded on mobile genetic elements that allow for their transfer between



different strains, creating novel combinations of virulence factors, or on genetic
elements that were once mobile. The most successful combinations of virulence factors
have persisted and are classified as specific pathotypes of E. coli, capable of causing
disease in healthy individuals. These pathotypes cause one of three general clinical
syndromes: enteric/diarrhoeal disease, urinary tract infections (UTIs) and
sepsis/meningitis. The intestinal pathogens are further subdivided into six well-
described categories: enteropathogenic E. coli (EPEC), enteroaggregative E. coli
(EAEC), diffusely adherent E. coli (DAEC), enterohaemorrhagic E. coli (EHEC),
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC) [122]. UTlIs, caused by
uropathogenic E. coli (UPEC), are the most common extraintestinal E. coli infection.
The pathotype responsible for meningitis and sepsis is meningitis-associated E. coli
(MNEC). The E. coli pathotypes implicated in extraintestinal infections are collectively
referred to as extraintestinal pathogenic E. coli (EXPEC ) [123]. Pathogenic E. coli can
also cause disease in animals using many of the same virulence factors used in human
pathogenesis and host specific colonization factors. A specific animal pathotype, avian
pathogenic E. coli (APEC), causes extraintestinal infections in birds. The various
pathotypes of E. coli are often characterized by shared O (lipopolysaccharide), K
(capsule), and H (flagellin) antigens, which define serogroups and serotypes [124].
However, many cases of horizontal acquisition of pathogenicity in E. coli also exist
[125]. Pathogenic E. coli strains use a scheme similar to that of other mucosal
pathogens, which consists of colonization of a mucosal site, evasion of host defenses,

multiplication, and host damage [126].

Of particular interest are UPEC strains. The urinary tract is a common site of
bacterial infection with E. coli being most common infecting agent. UPEC form a distinct
group of E. coli, differing from commensal and intraintestinal pathogenic E. coli. Six O
groups are responsible for 75% of UTIs [127]. Although many UTI isolates are clonal,
there is no single clade of E. coli that contains all UPEC. Specific adhesins and fimbriae
aid in colonization [128]. The virulence factors, including adhesins and several toxins,
are variably distributed among UPEC and are mainly located on pathogenicity islands
unique to UPEC strains [129, 130].



Pathogenesis of UPEC begins with the colonization of the bowel, which serves
as the primary reservoir for further infection of the urinary tract. After colonization of the
periurethral area, UPEC ascend the urethra to the bladder. Within 24 hours after
infection, UPEC begin expression of type 1 fimbriae, which play an important role in
attachment to and invasion of epithelial cells [131]. Attachment triggers apoptosis and
exfoliation of the epithelial cells, in part through the action of cytotoxic necrotizing factor
type 1 [132, 133].

In strains that cause cystitis, type 1 fimbriae are continually expressed. As a
result, the infection is confined to the bladder [134]. In pyelonephritis strains, type 1
fimbriae and flagella are alternatively expressed [135]. This allows UPEC to ascend the
ureters to the kidneys, where attachment to the kidney epithelium is mediated by P
fimbriae [136, 137]. In the kidneys, toxins haemolysin and Sat cause damage to the
renal epithelium and glomeruli, respectively [138, 139]. If the endothelial cell barrier of
the proximal tubules is breached, UPEC is then able to enter the bloodstream, resulting

in bacteraemia.

Bacterial motility, specifically, is a trait associated with virulence of UPEC [136,
140]. Motility is achieved through the function of complex surface structures, flagella,
and controlled by a signal transduction system, the chemotaxis system. Although
flagellar genes, and the motility phenotype, are poorly expressed during chronic
infection, synthesis of flagella coincides with ascension of bacteria from the bladder to
the kidneys [136, 141]. Thus, flagella contribute to the ascension of UPEC and their
competitiveness over non motile strains. Interestingly, the composition of the
chemotaxis system differs between many UPEC and intestinal E. coli [142]. UPEC
generally lack two of the five receptors commonly found in E. coli [142]. Investigating
these changes in chemotaxis and motility behavior in UPEC from a genomic and
evolutionary perspective can shed new light on the importance of chemotaxis and
motility in the pathogenicity of UPEC. The impressive availability of sequenced E. coli
genomes, over 200, provides vast amounts of genomic information to investigate the
origin of changes in the chemotaxis system in E. coli and gain insight into how those

changes have affected the development of UPEC, or vise versa.
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Chemotaxis

Bacteria can sense a vast range of environmental signals, from the
concentrations of nutrients and toxins to oxygen levels, pH, osmolarity, temperature,
and the intensity and wavelength of light. These behaviors are controlled through
complex signaling pathways. The best understood of such pathways, the chemotaxis
system, regulates flagellar motility behavior. Chemotaxis is the phenomenon of
organisms directing their movements according to specific stimuli in their environment.
These stimuli range from chemical compounds such as amino acids and salts, to
physical properties such as temperature [143, 144]. Chemotaxis functions as part of a
complex network of signals that produce a physiological response to a specific
environment. Among complex bacterial behaviors that are dependent on chemotaxis

are pathogenicity, symbiosis, and biofilm formation [145-147].

Bacterial chemotaxis is the biasing of movement towards regions that contain
higher concentrations of beneficial chemicals or lower concentrations of toxic chemicals.
The involved signaling pathway has been extensively studied in the model bacteria
Escherichia coli and Salmonella enterica serovar Typhimurium [148]. Studies have also
provided structural and biochemical details for the entire pathway, making chemotaxis
one of the best understood sensory pathways. These studies have also shed light on
the diversity of this system [107]. Motility and chemotaxis are wide spread throughout

bacteria and some archaea indicating their importance to adaptation and survival.

The canonical chemotaxis system in E. coli consists of a set of 11 proteins: 5
methyl-accepting chemotaxis proteins (MCPS) act as the receptors; CheA, CheW, and
CheY act to transmit the signal to the flagellar motor; and CheB, CheR, and CheZ act in
signal adaptation. Canonically, E.coli posses 5 chemoreceptors: Tsr, Tar, Trg, Tap, and
Aer [149]. Tsr senses the attractant serine. Tar senses the attractants aspartate, and
maltose, through maltose periplasmic binding protein (PBP), and repellants nickel and
cobalt. Trg senses attractant ribose, through ribose PBP, and galactose/glucose,
through a galactose/glucose PBP. Tap senses dipeptides, through dipeptide PBP, and

pyrimidines [150]. Aer senses FAD as a measure of redox potential.
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Bacteria's main propellers are helical filaments, known as flagella. Rotation is
driven by the flagellar motor, powered by electrochemical H+ or Na+ gradient across the
cytoplasmic membrane [151]. The chemotaxis pathway controls flagellar rotation by
transducing the signal from the chemoreceptors to the flagellar motor using a two-
component signaling pathway (Figure 1). E. coli swim by rotating their flagella
anticlockwise, causing them to come together into a bundle and propel the cell
forwards. Switching to clockwise rotation of some motors disrupts the bundle and
causes random tumbling. When all the motors return to anticlockwise rotation, the cell is
reoriented and begins swimming in a new direction [152]. Bacteria are too small to
sense concentration gradients along their length, spatial sensing, and therefore use
temporal sensing to bias their movement [153]. The E. coli chemotaxis pathway,
however, is sensitive enough to detect a change in concentration of a few molecules in
background concentrations varying five orders of magnitude [154]. This is accomplished

through a system of feedback inhibition.

The receptors, MCPs, are typically dimeric transmembrane proteins with
periplasmic ligand-binding domains and cytoplasmic coiled coil signaling domains [155,
156]. Ligand binding induces a conformational change that is transmitted through the
cytoplasmic domain to the histidine kinase CheA [156]. In E. coli and other bacterial
species, chemoreceptors arrange into large clusters that are usually located at the cell
poles [157]. In the clusters, the chemoreceptors are organized into "trimers of dimers",
which form ternary signaling complexes with CheA and CheW, the linker protein.
Allosteric interactions in these clusters allow for signal amplification that results in high

sensitivity over a wide range of background concentrations [154].

In response to a decreasing attractant concentration, E. coli chemoreceptors
induce CheA autophosphorylation [159]. CheA functions as soluble dimer that
phosphorylates the response regulator domains of CheY and CheB. The canonical
CheA has five structural domains, P1-P5. P1 is the phosphotransfer domain that
transfers the phosphate to the response regulators; P2 binds the response regulators;
P3 is the dimerization domain; P4 is the kinase domain that binds ATP and
autophosphorylates the P1 in the other CheA subunit; and P5 is the regulatory domain
that controls kinase activity and binds CheW and MCPs. After phosphorylation, CheY-P
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Figure 1: Canonical E. coli chemotaxis system.

a) Process of signal transduction through the chemotaxis system. After attactants
bind the chemoreceptors, the signal is transduced through CheW to CheA, which
phosphorylates CheB and CheY. CheB, CheR, and CheZ act as an adaptation system.
b) Phosphorylated CheY binds FliM and FIliN, which causes the motor to switch rotation

and induce tumbling and a change of direction. Taken from Porter et al. [158].

diffuses to the flagellar motor, where it binds FliM and FIiN proteins of the switch
complex, promoting a switch in the rotational direction from anticlockwise to clockwise
[160] (Figure 1b). The probability of switching increases cooperatively as more subunits,
approximately 34 per motor, bind CheY-P [161]. Signal termination occurs by
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dephosphorylation of CheY-P, which returns the motor to anticlockwise rotation. This is
a rapid process to allow for continuous gradient sensing. In E. coli, dephosphorylation is
catalyzed by the phosphatase CheZ [162].

Adaptation modifies the signaling state of the pathway by adjusting for the time-
averaged attractant and repellant concentrations [163]. This allows bacteria to compare
current and previous concentrations and acts as primitive memory. Biochemically,
adaptation is achieved through reversible methylation of specific glutamic acid residues
in the cytoplasmic signaling domain of MCPs. In E. coli, methylation is achieved by the
action of methyltransferase CheR. Methylation increases the ability of the
chemoreceptors to activate CheA autophosphorylation. Demethylation is achieved by
the action of the methylesterase CheB. Demethylation decreases the ability of
chemoreceptors to active CheA. While methylation by CheR is relatively constant,
methylesterase activity of CheB is increased ~100-fold when CheB is phosphorylated by
CheA [164]. Persistent negative stimulus, such as reduction in attractant concentration,
results in chemoreceptor activation of CheA autophosphorylation, which leads to
elevated levels of CheY-P and tumbling. Additionally, adaptation occurs as CheB-P
demethylates active chemoreceptors, reducing their ability to activate CheA, leading to
decreased CheY-P levels, and less tumbling. Adaptation restores pre-stimulus tumble
bias and thus allows bacteria to be sensitive to a broad spectrum of stimuli

concentrations.

Understanding, from an evolutionary perspective, how this important and highly
conserved protein network has changed over the course of E. coli speciation will
provide valuable insight into its importance in adaption and pathogenicity. In
uropathogenic E.coli, specifically, where chemotaxis has been shown as important for
colonization and dissemination [136], evolutionary insight into the history of the
chemotaxis system can provide deeper understanding of its effects on virulence.
Greater understanding of the origin and effects of the loss of tap and trg in UPEC will
provide additional insight into the development of UPEC as a pathogen and into the

importance of chemotaxis and motility in the ascension of UPEC to the kidneys.
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Azospirillum

The rhizosphere is the region of the soil influenced by plant roots, their
secretions, and plant root associated soil microorganisms. Primarily due to the
abundance of nutrients origination from the roots, the rhizosphere has a composition
unique from other soils. The abundance of nutrients creates a rich diversity of
microorganisms that colonize the rhizosphere. Among them are plant growth-promoting
bacteria (PGPB), which are able to influence root formation, plant growth, and crop yield
through various factors [165, 166]. This growth-promotion is accomplished either
directly through production and secretion of plant growth substances, biological fixation
of nitrogen, and/or solubilization of phosphorus [165], or indirectly as a biocontrol agent
[167].

Azospirillum are free-living PGPB belonging to the Rhodospirillales order and
capable of affecting growth and yield of numerous agriculturally significant plants.
Azospirilla were first isolated and labeled as Spirillum lipoferum by Beijerinck in the
1925 [168]. However, they received little attention until 1974 when Ddbereiner and Day
isolated them from the roots of tropical grasses in Brazil and was found capable of
nitrogen fixation [169]. Azospirilla are typically vibrio- or spirillum-shaped rods capable
of chemotaxis and producing both polar and peritrichous flagella. Two main
characteristics that define the genus are an ability to fix atmospheric nitrogen and and
ability to produce phytohormones [170]. From the beginning of Azospirillum plant
interaction studies, these two features were considered as cornerstones of
Azospirillum's effect on plant growth and yield. Outside rhizobia, Azospirillum is the best
studied PGPB and has reached commercialization as a biofertilizer in several countries
[171, 172]. Although 16 strains of Azospirillum have so far been identified, the majority
of experimental work is conducted on strains of Azospirillum brasilense and Azospirillum
lipoferum [173, 174]. Considerable knowledge on Azospirillum-plant interaction has
been accumulated over the past 38 years of study that illustrates the great complexity of

this interaction (Figure 2).
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In spite of intensive molecular biology and physiology studies, the exact process
of plant growth promotion by Azospirillum is not much more understood than it was
decades ago [174]. However, three important revelations on the nature of Azospirillum-
plant interaction have emerged. Most Azospirillum strains are capable of nitrogen
fixation and Azospirillum colonization of the plant results in increased nitrogen
acquisition [173], but Azospirillum derived nitrogen is not a major source of nitrogen in
plants [174-176]. Many Azospirillum strains are capable of phytohormone production in
vitro and some were found to produce phytohormones in association with plants [177],
and phytohormones have been shown to promote plant growth [178]. However,
production of phytohormones alone does not explain all aspects of plant growth-
promotion [179, 180]. Although a general improvement in growth is seen in many plant
species after inoculation with Azospirillum, agricultural yield improvement is not always
evident [172, 181]. These revelations show that our understanding of Azospirillum as

plant growth-promoting bacteria is not yet completely understood.

The major growth-promoting effect on plants inoculated with Azospirillum is
significant changes in the plants' root structure and physiology. Inoculation have been
shown to promote root elongation [178, 183], development of both lateral and
adventitious roots [184, 185], increased root hair formation and branching [186-188],
thus significantly increasing and improving the structure of the root system. It is
generally accepted that these developmental responses in root morphology are
triggered by phytohormones, possibly aided by their associated molecules [177, 189].
Additional plant growth-promoting effects in inoculated plants include increased
absorption of minerals and water, increased vigor, and enhanced growth [190-193].
Several mechanisms have been suggested to explain plant growth-promotion [173,

194], however there is no consensus explanations.

Complete understanding of the physiological properties of plant-growth
promotion and the mechanisms behind them is fundamental to understanding the
complex phenomonona of rhizosphere survival and Azospirillum-plant interaction.
Identifying the responsible mechanisms and protein networks is the desired goal to not
only better understand plant growth-promotion but also to improve agricultural

production. This question is the driving force in Azospirillum research, since a clearer
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Figure 2: Plant Growth-Promoting Properties of Azospirillum.

Properties of Azospirillum that may affect plant growth-promotion, grouped by
biological processes. Circles represent properties confirmed by experimental data.
Squares represent theories. Circle size reflects relative importance based on
experimental data. Solid arrows represent experimentally confirmed growth-promotion.
Dashed arrows represent unconfirmed growth-promotion. Question marks represent

unproven pathways. Taken from Bashan and de-Bashan [182].

understanding of how the bacterium interacts with its host will allow for engineering

improved interactions and improve Azospirillum's role as a biofertilizer.
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However, with the lack of sequenced genomes for this genus, knowledge of
Azospirillum-plant interaction has little genomic and evolutionary perspective to help
understand the importance of the various mechanisms involved in plant growth-
promotion. The genome structure of the genus Azospirillum has been examined using
molecular techniques, providing evidence of unique genomic architectures [195]. The
genomes Azospirillum have a great variability size from 4.8 Mbp in Azospirillum
irakense to 9.7 Mbp in A. lipoferum [196]. The genomes of Azospirillum species have
also been analyzed by pulsed-field gel electrophoresis and horizontal Eckhardt-type gel
electrophoresis. Azospirillum genomes were shown to possess multiple megareplicons
that range in size from 0.2 to 2.7 Mbp and contain ribosomal operons and other
ribosomal features [195, 196]. In contrast, genomes of other sequenced members of the
class Rhodospirillaceae contain no large plasmids. Although the genomes of
Azospirillum are not unique in containing megareplicons and secondary chromosomes,
their existence relative to closely related bacteria provides further incentive to sequence
and understand this large complex genome. Evolutionary comparisons of
Rhodospirillaceae genomes can provide unique insight into the origin of multiple large
replicons of Azospirillum and advance our understanding of genome dynamics. The size
and structure of Azospirillum genomes could also be one explanation for the exceptional
ecological distribution, metabolic flexibility, and plant-growth promoting properties of this
genus [195, 196]. Studying the evolutionary history of Azospirillum through genome
sequencing and analysis will provide insight into Azospirillum’s origin and unparalleled
ability as a PGPB, and aid in the attempts to fully understand its plant growth-promoting

properties.

Scope of dissertation

This dissertation will describe bioinformatics studies of three biological problems:
FIST domain discovery and analysis, evolutionary study of the Escherichia chemotaxis
system, and adaptation of Azospirillum to the terrestrial plant growth-promoting niche.

The focus of this dissertation is how bioinformatics and the availability of large
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sequence repositories are able to provide unique insight into biological problems of
varying scale, from protein domain, to protein network, to whole genome. Chapter 1 will
provide a detailed description of the discovery and functional annotation of a novel
sensory domain, FIST. The chapter provides a systematic approach to identifying and
characterizing highly divergent domains. Chapter 2 will describe the analysis of the
Escherichia chemotaxis system and provide insight into the changes observed as they
relate to the evolution and pathogenicity of Escherichia. The focus will be the evolution
of this system within Escherichia and how the system is maintained by various
phenotypes. Specifically, changes in the chemotaxis systems of urinary pathogenic
Escherichia coli, where chemotaxis system has been shown as important for efficient
virulence, will be analyzed from an evolutionary perspective. Chapter 3 will cover the
sequencing of two Azospirillum strains and their genomic analysis. The focus of the
genomic analysis is Azospirillum's transition from an aquatic to a terrestrial habitat and
its acquisition of plant growth-promoting traits. We show that these processes were a
result of massive horizontal gene transfer, which Azospirillum was able to accomplish
due to its high genome plasticity. The conclusion will summarize this work and provide

future direction.
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Abstract

Motivation

Sensory domains that are conserved among Bacteria, Archaea and Eucarya are
important detectors of common signals detected by living cells. Due to their high
sequence divergence, sensory domains are difficult to identify. We systematically look
for novel sensory domains using sensitive profile-based searches initiated with regions
of signal transduction proteins where no known domains can be identified by current

domain models.
Results

Using profile searches followed by multiple sequence alignment, structure
prediction and domain architecture analysis, we have identified a novel sensory domain
termed FIST, which is present in signal transduction proteins from Bacteria, Archaea
and Eucarya. Chromosomal proximity of FIST-encoding genes to those coding for
proteins involved in amino acid metabolism and transport suggest that FIST domains

bind small ligands, such as amino acids.

21



Introduction

Signal transduction systems are information processing pathways that link
environmental cues to adaptive responses in all living organisms. Major prokaryotic and
eukaryotic signal transduction systems are different at the level of their principal
components and complexity. Prokaryotic signal transduction pathways consist of simple
one- and two-component systems [197], whereas signal transduction in eukaryotes
often involves multi-protein, branched cascades [198]. However, all living cells react to
many similar signals that are present in the environment and inside cells (e.g. small
molecules, such as amino acids and carbohydrates), therefore, some level of similarity
is expected in their signal input elements. Indeed, several universal input domains have
been described in sensory receptors from both prokaryotes and eukaryotes. The most
abundant such domain is PAS (named after eukaryotic Per, ARNT and SIM proteins,
where it was first described), which is found in diverse signal transduction pathways in
organisms ranging from all major prokaryotic clades to humans [199, 200]. PAS
domains serve as detectors of small molecules, redox potential, oxygen, light and other
important parameters [201]. Other input, sensory elements that are found in both
branches of life include small-ligand binding GAF [202], Cache [203] and CHASE [204,
205] domains. On the other hand, many other input domains are limited to bacterial
signal transduction, e.g. MHYT [206], NIT [207], CHASEZ2 through CHASE®6 [208] and
4HB_MCP [209], etc. Identification of novel sensory domains is a difficult task due to
their extreme sequence variation, both in composition and in length. Sensitive similarity
search methods, such as Position-Specific-Iterative (PSI) BLAST [94] must be
employed to detect relationships between the domain family members, which must be

further verified through a careful analysis of a multiple alignment of the domain family.

Recently developed MiST (Microbial Signal Transduction) database [210]
enables rapid identification of sensory receptors where current domain models
implemented in leading domain databases Pfam [211] and SMART [212] do not detect
any input domains. We carry out systematic similarity searches using protein regions of
receptor proteins implicated in signal transduction that contain no identifiable domain. In

many cases, such regions do contain known domains; however, current domain models
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are not sensitive enough to detect them. In other cases, such regions contain potentially
new domain. In this report, we describe the identification of such novel domain, which
we termed FIST, which is implicated in sensory reception in diverse signal transduction

pathways in all three domains of life: Bacteria, Archaea and Eucarya.

Domain Identification

During systematic analysis of microbial sensory proteins, we focused on a
methyl-accepting chemotaxis protein (MCP) blr4191 from Bradyrhizobium japonicum
(9i27352453), which was predicted to be a cytoplasmic chemotaxis receptor. All known
chemotaxis receptors contain a sensory domain in their N-terminus followed by a
conserved C-terminal signaling domain [155], which can be identified by a Pfam domain
model MCPsignal (accession PF00015). The blr4191 protein contained the full-length
C-terminal MCPsignal domain, but lacked any detectable domain in its large (more than
400 amino acid residues) N-terminus. Exhaustive PSI-BLAST searches (E-value cutoff
0.01, composition-biased statistics on, filter on) against the NCBI nr database (1 March
2006) were initiated with residues 1-449 that include the entire N-terminal region up to
the first residue of the MCPsignal domain and continued until no new homologs were
identified. Duplicate sequences were excluded from analysis. Profile searches yielded
the list of domain family, which we termed FIST (F-box and intracellular signal
transduction proteins), containing 176 proteins. Of these, 155 were full length matches,
and 15 matched the C-terminal half of the domain (FIST_C) only. This search also
revealed an overlap of the newly proposed domain with the Pfam domain of unknown
function DUF1745 (also found in the COG database as COG3287, ‘uncharacterized
conserved protein’), which was detected in more than a half of proteins identified by
PSI-BLAST searches.

Sequences that matched only the FIST_C subdomain all belong to F-box-
containing eukaryotic proteins. When the region of these proteins that did not match the
N-terminal half of the FIST domain (FIST_N) was subjected to a PSI-BLAST search, the

only profile matches returned were from the same subfamily of F-box proteins.
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However, searches initiated with FIST_C from these proteins returned most of full-
length FIST domain proteins. Based on results of PSI-BLAST searches and predicted
secondary structure, we built domain models from multiple alignments for FIST_N and
FIST_C, as well as for the entire FIST domain, and carried out searches using the
HMMER program to retrieve all homologs. Resulting sets contained 253 proteins with
full-length FIST, 4 proteins with FIST_N only and 30 proteins with FIST_C only (nr
database, 1 May 2007). Representative and complete multiple alignments of
subdomains are provided as Figure 3 and File 1, correspondingly.

Domain Features and Architecture

Multiple alignment of full-length FIST domain sequences was built using ClustalX
[213] with default parameters and edited with the VISSA technique [209], which utilizes
PSIPRED [214] to guide the editing process using predicted secondary structure. The
final fold profile consists of 20 beta strands and 7 alpha helices. Multiple alignment of
the FIST domain family revealed several highly conserved residues. The most
conspicuous motif of the FIST domain family, which contains highly conserved cysteine
and arginine, is found in the beta-strand 19 and the following loop (Figure 3B). It may
represent a site for ligand binding or protein—protein interactions. Using SMART [212]
and Pfam [211] domain architecture tools, we determined that in more than 70% of
analyzed sequences the FIST domain comprises a single-domain protein; in the
remaining sequences it is present in association with well-known signal transduction
domains (Figure 4) including the sensory PAS domain, GGDEF and EAL domains
involved in the turnover of cyclic di-GMP, the MCP signaling domain, HisKA and
HATPase_c domains of sensor histidine kinases, the DNA-binding helix-turn-helix TrmB
domain and F-box domains of the ubiquitin signaling pathway. The search for
transmembrane regions and signal peptides using Phobius [215] showed that most
FIST-containing proteins analyzed in this study are predicted to be intracellular;
however, signal peptides were predicted for a few stand-alone FIST-domain proteins

indicating that they are likely to be extracellular.
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Figure 3: Representative multiple alignments.

Representative multiple alignments of the FIST_N (A) and FIST_C (B)
subdomains. Representatives of Archaea, Bacteria and Eucarya are included. Predicted
secondary structure is shown above the alignment and consensus (80%) calculated for
all members of the subdomain family is shown below. Gl identification numbers are
shown at the end of each sequence. Highly conserved residues are highlighted.
Species abbreviations: Atha, Arabidopsis thaliana; Cbei, Clostridium beijerincki; Hmar,
Haloarcula marismortui; Hsap, Homo sapiens; Mari, Marinomonas species; Mmag,
Magnetospirillum magnetotacticum; Mtub,Mycobacterium tuberculosis and Syne,

Synechococcus species.

26



FIST N = FIST C

Methanopyrus kandlen 19887261

FIST N = FIST C s MCP signal

Bradyrhizobium japonicum 27352453

FIST N M FIST C M= HisKAM HATPase_c

Wolinela succinogenes 34483007

FIST N m FIST C jmed GGDEF | EAL

Vibrio cholerae 9654530

FIST N m FIST C = TrmBE

Methanocaldococcus jannaschii 1500521

FIST N = FIST C

Arabidopsis thaliana 79546803

G0N

Homo sapiens 62898732

FIST_C

FIST_N

Campylobacter jejuni 86149651

FIST C e MCP signal

Campylobacter jejuni 86149693

Figure 4: Domain architecture of representative proteins containing the FIST

domain.

Species names and GenBank identification numbers are shown. Domain
designations (Pfam accession numbers in parentheses): MCPsignal (PF00015), MCP
C-terminal signaling domain; GGDEF (PF00990), di-guanylate cyclase; EAL (PF00563),
di-guanylate esterase; HisKA (PF00512), histidine kinase dimerization domain;
HATPase c (PF02518), histidine kinase domain ATP-binding domain; TrmB (PF01978),
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helix-turn-helix DNA-binding domain; F-box (PF00646), protein-protein interaction
domain and PAS (PF00989), the PAS sensory domain.

Biological Function

FIST represents a new sensory (input) domain in signal transduction. As many
other sensory domains, it is found either as a single-domain protein or exclusively in a
combination with other domains that transmit signals from the sensory domain down the
regulatory pathway, namely transducers (MCPsignal, HATPase_c domains) and output
domains (GGDEF, EAL, TrmB). The FIST domain was found in four major classes of
prokaryotic signal transduction: methyl-accepting chemotaxis proteins, sensor histidine

kinases, di-guanylate cyclases and diesterases, and transcriptional regulators.

Further evidence suggesting FIST involvement in signal transduction comes from
the analysis of the genome context [216] of FIST-encoding genes. Using the MIST
database [210], we have determined that in more than 30% cases, adjacent
(immediately upstream or downstream) to the FIST-encoding gene there is a gene
coding for a known signal transduction protein. Overall, signal transduction genes in 198
prokaryotic genomes that contain FIST domains comprise <7% of the total number of
genes (http://genomics.ornl.gov/mist). Thus there is a significant enrichment in signal
transduction genes next to FIST-encoding genes. As a sensory domain, FIST is
predicted to bind small molecule ligands. In eukaryotes, FIST is found in F-box proteins
that are involved in ubiquitin mediated degradation of regulatory proteins, a frequent
means of controlling progression through signaling pathways [217]. Interestingly, genes
encoding FIST-containing proteins are also often found next to genes coding for
enzymes involved in amino acid metabolism (peptidases, aspartamine synthase) and
amino acid transporters. In plants, F-box proteins are known to bind a plant hormone
auxin, which is a derivative of tryptophan [218]. This further suggests that small
molecule ligands detected by FIST might be amino acids and their derivatives.
Detecting amino acid concentration both inside and outside the cell is important for

many physiological processes, and it is likely that FIST-containing sensors play a
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significant role in converting these signals into changes in transcription, metabolism,

development and behavior.

FIST domains are found in 16 phyla (File 2) representing all three kingdoms of
life. This broad phyletic distribution suggests the ancient origin of this domain and
further underscores its importance as a ubiquitous sensor module in diverse signal

transduction pathways.
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Abstract

Chemotaxis allows bacteria to more efficiently colonize their environment and
find optimal growth conditions, and is consequently under strong evolutionary
pressures. The chemotaxis system of Escherichia coli is the best-studied model system
and E. coli is the most abundantly sequenced organism to date. The Escherichia clade
encompasses a variety of commensal and pathogenic strains, which inhabit different
habitats across a wide range of hosts. Chemotaxis has been implicated in allowing E.
coli to colonize its host. However, the evolutionary history of chemotaxis in E. coli has
not been examined from the genomic perspective. Here we show that the core
components of chemotaxis have remained intact in the majority of sequenced strains,
but accessory MCPs have undergone ancestral loss and recent gain events. The
historically non-motile Shigella were seen to have a greater number of mutations in their
chemotaxis genes, however Shigella strains with intact chemotaxis systems were also
seen. The previously noted losses of trg and tap MCPs in UPEC were found to be
ancestral events that occurred prior to the divergence of the B2 phylogroup from other
E. coli. Since the B2 phylogroup contains the majority of extra-intestinal pathogenic E.
coli, the losses suggest that the resultant decrease in competitiveness in the intestinal
tract prompt colonization of other habitats such as the urinary tract. MCP acquisitions
were found to be recent, plasmid-born events, indicating their minor relative
evolutionary importance. Our results demonstrate the possible changes in the highly
conserved chemotaxis system on a small evolutionary time scale, mainly through the

force of gene loss. Changes in the chemotaxis system of Escherichia play an important
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role in the evolution of pathogenicity of Escherichia. Due to the reticulate evolution of
Escherichia pathogenicity, further understanding of how chemotaxis affects virulence is

important for its full evolutionary understanding.

Introduction

Pathogenic bacteria present ongoing challenges to both human and animal
health, however, the processes of virulence evolution remain incompletely understood,
even in the model bacteria Escherichia coli. E. coli is ubiquitous and is a common
environmental bacteria, but most strains are commensal colonizers of the intestines of
mammals and birds. The Escherichia clade includes pathogens of global significance
responsible for epidemic dysentery, hemolytic uremic syndrome,
gastroenteritis, neonatal meningitis, urinary tract infections, and other diseases.
Chemotaxis and motility play an important role in the colonization of both commensal
and pathogenic E. coli, as well as the pathogenesis of the latter [219-221]. However, the
evolutionary trends affecting the chemotaxis system and their effects on pathogenicity
have not been studied. Addressing such questions requires a global genomic overview

of how chemotaxis system has evolved within the Escherichia clade.

E. coli typically colonizes the gastrointestinal tract of humans within the first few
hours after birth [222, 223]. Usually, E. coli and its host coexist with mutual benefit.
However, there are several highly adapted E. coli clones that have acquired virulence
traits that increase their adaptability to new niches and allow them to cause a broad
spectrum of disease [224]. Three general clinical syndromes can result:
enteric/diarrheal disease, urinary tract infections (UTIs), and sepsis/meningitis. Intestinal
pathogens include enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC),
enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli
(EIEC), adherent-invasive E. coli (AIEC), diffusely adherent E. coli (DAEC), and Shiga
toxin-producing E. coli (STEC). The E. coli pathotypes implicated in extraintestinal
infections are collectively called ExPEC [225]. UTlIs are the most common

extraintestinal E. coli infections and are caused by uropathogenic E. coli (UPEC). An
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increasingly common cause of extraintestinal infections is the pathotype responsible for
meningitis and subsequent sepsis — meningitis-associated E. coli (MNEC). An
additional animal pathotype, avian pathogenic E. coli (APEC), causes extraintestinal

infections of poultry.

Phylogenetic methods have shed light on the processes of genomic evolution of
this extraordinarily diverse genus and the origins of pathogenic E. coli [226-228]. One
must also include the genus Shigella when discussing E. coli, because Shigella is
phylogenetically indistinguishable from E. coli and retains its name due to historical
reasons [229]. The genus Escherichia also includes E. albertii [230] and E. fergusonii
[231]. E. coli strains were further classified into phylotypes using multilocus enzyme
electrophoresis (MLEE) [232] and later multi-locus sequence typing (MLST) [226, 227,
233]. The initial attempt [232], the ECOR collection, subdivided E. coli into four groups,
designated A, B1, B2 and D, plus a minor group E that has largely been ignored
because it clustered inconsistently in subsequent analyses. More recently, group F has
been delineated from a subset of group D [226]. Phylogenetic analysis suggests that the
B2 and D phylotypes were ancestral to A and B1 [226, 233]. However, other work
suggests reticulate evolution over clonality [227]. Shigella were found to have arisen
independently and repeatedly within several lineages of E. coli [227].

The ability to respond and adapt to changing environment is important for
bacterial survival. Chemotaxis allows bacteria to migrate towards favorable chemicals
(attractants) and away from unfavorable chemicals (repellents). Chemotaxis also plays

a key role in the virulence of many pathogens, including Escherichia coli [219, 220].

In the typical E. coli chemotaxis system, the methyl-accepting chemotaxis
proteins (MCPs) act as receptors, which activate the CheA kinase, resulting in an
increase in phosphorylation of the CheY response regulator. Phosphorylated CheY in
turn binds to the switching proteins at the flagellar motor, causing a switch in the motor
rotation and a tumbling response. While repellents promote phosphorylation and
increased tumbling, attractants have the opposite, inhibitory, effect, resulting in longer
periods of swimming. The chemotaxis system responds to changes in the concentration

of effectors, rather than to their absolute levels. Signal termination occurs by
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dephosphorylation of CheY by a specific phosphatase, CheZ, to allow continuous

gradient sensing.

Specific glutamate residues in the conserved signaling domains of the receptors
are subject to methylation by a specific methyltransferase, CheR, and demethylation by
a specific methylesterase, CheB. The methylesterase is coupled with a regulatory
domain, allowing its activity to be modulated by CheA, increasing methylesterase
activity through phosphorylation. Methylation of the glutamate residues tends to
increase kinase activation, while demethylation has the opposite effect and acts as a
negative feedback mechanism. Methylation provides a robust mechanism that
maintains a constant steady-state swimming behavior under a wide range of different

environmental conditions.

Five canonical MCPs are found in E. coli, which fall into two classes, major and
minor receptors [234]. The two major receptors in E. coli, Tar and Tsr, are distinguished
from the other receptors by their ability to undergo adaption and signal transmission
independent of other receptors, and their greater abundance. The three minor
receptors, Trg, Tap, and Aer, are dependent, at least in part, on the major receptors to
undergo adaptation and signal transmission, and are present at one-tenth the level of
the major receptors. Tsr senses serine; Tar senses aspartate and maltose, while nickel
and cobalt serve as repellants [235]. Trg senses ribose and galactose/glucose. Tap
senses dipeptides and pirimidines [236]. Aer senses FAD as a measure of redox
potential. Maltose, ribose, galactose/glucose, and dipeptides are sensed indirectly by
the MCPs through interaction with respective periplasmic binding proteins, Malg, RbsB,
MglB, and DppA. The majority of chemotaxis proteins are found on two adjacent
operons, mocha (motA, motB, cheA, cheW) and meche (tar, tap, cheR, cheB, cheY,
chez) [237], while other MCPs and accessory components are distributed across the

chromosome. MotA and MotB form the stator of the flagellar motor.

Specifically in UPEC, chemotaxis and motility have been shown to play important
roles in dissemination and efficient host colonization [136, 219, 238, 239]. UPEC cause
more than 70% of UTIs among healthy individuals, which makes understanding the

genomic basis of particular medical importance [240]. The majority of UPEC were
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previously seen to have lost their trg and tap genes, and it was postulated that this was
a result of a lack of selective pressure in the urinary tract [142]. We wanted to examine
this assertion from an evolutionary perspective. Additionally, we analyzed the
evolutionary forces affecting the chemotaxis system in all currently sequenced E. coli.
Further understanding of the importance of chemotaxis in UPEC and E. coli in general
will provide important insight into pathogenesis of UTIs and commensal colonization of
the host.

In this study we examine the evolutionary histories of chemotaxis system
components of all available Escherichia genomes. The data presented provide insight
into the evolutionary forces affecting the chemotaxis system as well as its implication on
the ecology and pathogenicity of Escherichia. We show that the chemotaxis system is
undergoing loss of accessory receptors in many clones and, in rare cases, the loss of
the whole chemotaxis system. Losses of trg and tap were ancestral events that
occurred prior to the divergence of the B2 phylogroup. This contradicts the previous
notions of the losses as adaptations of UPEC to the uretic environment, and instead
suggests that the loss of receptors prompted B2 E. coli to colonize extra-intestinal

environments due to decreased competitiveness in the intestinal environment.

Results

We obtained 219 sequenced genomes of publicly available Escherichia and
Shigella. Other than the closely related E. coli and Shigella genomes, our set included
genomes of E. fergusonii and E. albertii, which served as outgroups. Of those, 55 were
complete genomes, and 164 were draft genomes (File 3). First, all Escherichia
genomes were classified based on pathotype and phylotype (Figure 5, File 3). The
phylotype assignment agreed with previously established assertions that the B2 and D
phylogroups were ancestral to the A and B1 phylogroups [233, 241]. Additionally,
EXPEC strains were found to belong only to B2, D, and F phylogroups, as was
previously seen [228, 242, 243].
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Figure 5: Phylogenetic tree of Escherichia.

Phylogenetic tree constructed using arcA, aroE, icd, mdh, mtlD, pgi, and rpoS
genes [244]. Branches are colored according to phylogroup: (teal) D phylogroup;
(purple) F phylogroup; (blue) B2 phylogroup; (yellow) E phylgroup; (green) A
phylogroup; (red) B1 phylogroup. Outer circle is colored according to pathotype: (red
circle) APEC,; (blue circle) MNEC; (yellow circle) UPEC; (brown circle) intestinal

pathogen; (white circle) nonpathogenic/commensal.
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Our study on chemotaxis of E. coli focused on the mocha and meche operons,
as well as orphan MCPs found outside the chemotaxis operons: Tar, Trg, and Aer. Our
results show that the genomic context of the chemotaxis operons and orphan MCPs is
very well conserved. Due partly to the variation in sequencing and annotation
approaches used, 10% (approximate) of genomes had deletions, frameshifts, or
inaccurate start codon predictions in the amino acid sequences of their chemotaxis

proteins. As expected, all such genomes were in draft status.

Due to conflicting observations on Shigella motility [245, 246], we first examined
their chemotaxis systems for defects (Figure 6, File 3). 7 of the 28 Shigella had
significant deletions in the mocha/meche operons, compared to only 1 E. coli strain and
the E. albertii strain. These deletions were present in both closed and draft genomes,
thus this finding is unlikely to be due to sequencing error. 10 Shigella strains had no
obvious defects in their chemotaxis operons. It was previously found that many Shigella,
including those with seemingly healthy chemotaxis operons have significant mutations
in their flagellar genes [247], suggesting that the chemotaxis system is involved in other
vital processes. E. albertii was also missing its chemotaxis system. Since it is also
pathogenic, the notion that chemotaxis and motility are not strict requirements for
pathogenicity is further reinforced. The Shigella receptors were overall more prone to
mutation than the other chemotaxis proteins: 10 frameshifts or deletions in tar, 13 in tsr,
7 intrg, 10 in tap, and 12 in aer. Of the 10 Shigella strains with no defects in the
chemotaxis operons, 7 strains have deletions or frameshifts in their aer genes. Only
Shigella sp. D9 has a complete set of canonical chemotaxis proteins. Its position on the

phylotype tree suggests that it is likely a misnamed E. coli.

Also of note were several laboratory strains that showed marked chemotaxis
operon deficiencies that suggest severe motility defects or a total loss of motility. The
widely used high transformation efficiency strain Escherichia coli K12 DH10B, for
instance, has a frameshift mutation in the cheA gene and has lost the major MCP tsr.
Furthermore, Escherichia coli OP50, commonly used as food for C. elegans, possesses
many chemotaxis proteins that contain not one but two stop codon insertions, indicating
a drastic and understandable loss in selective pressure. In stark contrast, “wild type”
strains K12 W3110 and MG1655 show no observable deficits. Within the relatively

37



L/
© OOOOOQ “‘ s @
° "0 % Q‘ 2 %\%‘%ﬂ
Q L [} \274;\ % B

% 95

Dhy, 2

© mmg Ny < Hi04g,
HS
O NOD MNTT MM Arccs73o
CDC 3083-94

o 1 0 mmIE so22!

ATcc3sey HENIOCNEO W O

Figure 6: Presence of chemotaxis genes in complete Escherichia genomes.

Branches are colored according to phylogroup: (teal) D phylogroup; (purple) F

phylogroup; (blue) B2 phylogroup; (yellow) E phylgroup; (green) A phylogroup; (red) B1

phylogroup. The rectangles, from inner to outer represent intact chemotaxis proteins:
(purple) MotA, (dark blue) MotB, (red) CheA, (yellow) CheW, (lime) Tsr, (orange) Tap,
(pink) CheR, (dark green) CheB, (light blue) CheY, (black) CheZ, (maroon) Tar, (tan)

Trg, (brown) Aer. Duplicate MCPs (gray) appear adjacent to the ancestral copies. Outer

circle is colored according to pathotype: (red circle) APEC; (blue circle) MNEC; (yellow
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circle) UPEC; (brown circle) intestinal pathogen; (white circle)
nonpathogenic/commensal. * marks E. coli W3110, the most commonly strain used for

the study of chemotaxis.

short (evolutionarily-speaking) period of modern biological investigation, one can

potentially observe profound effects on the chemotaxis system.

Although all five MCPs were found in a majority of E. coli, several clades of
Escherichia were found to have lost various MCPs (Figure 6). Most strikingly, all
members of the B2 phylogroup and 3 of the 5 members of the F phylogroup underwent
a deletion in the tap gene. Due to the identical nature of the deletions (Figure 7, Figure
8a), the parsimonious explanation suggests that the event occurred ancestral to the B2
clade speciation. The majority (33 of 38) of B2 phylogroup members have also
undergone a deletion within their trg gene. Only E. coli WV_060327 has a complete trg
gene, while the other 4 B2 strains all possess frameshift mutations within that gene.
Similarly to the deletion of tap, the symmetrical nature of the trg deletion (Figure 7,
Figure 8b) suggests that the loss was an ancestral event. The 5 trg genes without the
deletion from B2 phylogroup strains share higher similarity with the trg genes of A and
B1 phylogroup strains rather than the more closely related D, E, and F phylogroup
strains, suggesting recombination. The fact that the loss of MCPs is not due to the lack
of nutrients sensed by trg and tap is further evidenced by the presence and intact nature
of the periplasmic binding proteins RbsB, MgIB, and DppA in all but 1 B2 E. coli and in
all ExXPEC. Additionally, all strains of E. fergusoniii underwent deletion of tap and trg. Of
those Escherichia classified as extraintestinal pathogens, only E. coli PCN033 and E.
coli H299, both belonging to clade D, have intact tap and trg genes. Loss of MCPs
appears to be a common trend among Escherichia with only 57% of analyzed genomes

containing all 5 intact, canonical MCPs.

The overall trend of MCP loss is countered by sporadic events of MCP
acquisition. In 9 strains, 1 E. fergusonii and 8 E. coli, a horizontally transferred MCP
was found (Figure 6, File 3). All acquired MCPs were plasmid-borne. E. fergusonii
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Figure 7: Representative gene neighborhoods of E. coli tap and trg genes.
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The gaps show symmetrical deletions that likely occurred in the ancestor of the
B2 phylogroup. E. coli 536 shows a recombination event to partially restore the trg
sequence. (Dark green) tsr, (tan) tap, (dark blue) cheR, (yellow) cybB, (orange)
hypothetical protein, (light green) mokB, (brown) trg, (light blue) ydcl.

o
g

A1

B1

Figure 8: Multiple sequence alignments of E. coli tap and trg gene
neighborhoods.

a) tap multiple sequence alignment. b) trg multiple sequence alignment. The
gaps show symmetrical deletions that likely occurred in the ancestor of the B2

phylogroup. Sequences appear in the order found on the phylogenetic tree (Figure 5,
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File 3). Multiple sequence alignment is colored according to the Clustalx color scheme.

Blue lines represent alignment truncations for ease of viewing.

ECD227 acquired a tar-like gene from Salmonella enterica. E. coli O157:H7 str. EC4024
acquired a trg-like gene from an Enterobacteria strain. The MCP is found neighboring a
sucrose metabolism gene cluster, suggesting a role as a sucrose sensor. Additionally 7
strains were found to possess an aer-like MCP acquired from Aeromonas punctata,
which is also known to cause gastroenteritis. 6 of the acquired MCPs are identical,
suggesting recent plasmid acquisition and dispersal. Additionally, 4 of the 7 strains
belong to the A phlotype while the remaining 3 are not yet typed. Interestingly, the 6

strains with identical aer-like MCPs were isolated from different sources.

Discussion

Chemotaxis behavior remains important in Escherichia. Since the majority of the
genomes (84%) retain an intact chemotaxis system, the ability to undergo chemotaxis
confers an evolutionary advantage to the majority of Escherichia strains. The
importance of flagellar motility and by extension chemotaxis to efficiently colonize both
the intestines and the urinary tract further supports this assertion. However, while the
potential for chemotaxis is retained, chemotaxis sensory proteins are largely
dispensable. Of the 184 genomes with intact chemotaxis proteins, only 113 (61%) had
all 5 receptors intact. Although loss of receptors was noted in all Escherichia clades, the
majority of strains with MCP loss were from the B2 clade, which underwent ancestral
deletions within their trg and tap receptors. Since the deletions occurred in the same
place in all B2 strains, it is highly unlikely that the deletions were a recent event. The
major receptors tar and tsr were the most consistently maintained. This trend of minor
receptor loss demonstrates that the environmental cues that Escherichia needs to

sense are fewer than the canonical set of 5 receptors allows. It is also known that the
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major receptors allow for other taxis behavior in E. coli, including osmotaxis,
thermotaxis, and pH taxis [144, 248, 249]. These additional properties likely make tar
and tsr more indispensable than tap and trg. The aerotaxis receptor aer, although a
minor receptor, is also highly retained in E. coli. Interestingly, aer was primarily lost in
only Shigella. Due to Shigella's nature as an exclusive intracellular pathogen, it is likely
that this constant intracellular environment has relaxed evolutionary pressure on motility
and chemotaxis. This is evidenced by the loss of flagella in Shigella. However, 30% of
Shigella strains retain intact mocha and meche operons, suggesting that the ability to
sense its environment is still adaptive to Shigella even if the function of this signal

transduction system has been changed from regulating motility.

While primarily gene loss shapes the chemotaxis system of Escherichia, gain of
new receptors has been seen in 9 strains. All new receptors were a result of horizontal
gene transfer, rather than duplication. New sensors would theoretically allow the strains
that possessed them to take advantage of new niches. 7 of the acquired receptors were
intracellular aer-type PAS domain containing MCPs. It is possible that these new
receptors are also involved in sensing the cell's metabolism status or oxidative stress
that could be the result of host immune cells. None of the acquired MCPs were found on
the chromosomes, however. Instead, they were all plasmid borne. The lack of non
canonical genomic MCPs further reinforces the point of the chemotaxis system
undergoing reduction in order to increase efficiency. Heavy reliance upon a host
organism is the most likely reason for reduced pressure on the minor receptors, and this
trend will most likely continue, resulting in further diversification and the potential

development of novel pathotypes.

Of most interest was investigating the origin of trg and tap loss in UPEC as well
as the importance of chemotaxis and motility in UPEC pathogenicity [142, 238]. This
loss does not appear to be a result of relaxed environmental pressure to maintain
sensors to sugars and dipetides. Since the deletions that result in the loss of these two
receptors seems to be identical in all B2 phylogroup strains, to which most UPEC
belong, the most parsimonious explanation is a deletion of trg and tap in the ancestral
B2 strain. The presence of intact tap and trg in urinary pathogen E. coli UMNO026 shows

that these receptors can be advantageous or neutral to UPEC fitness. Further, the
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presence of ribose, galactose/glucose, and dipeptide PBPs which mediate the sensing
of those compounds through trg and tap indicates that UPEC still metabolize those
compounds at some stage in their life cycle, even though they are absent in the urine of
healthy individuals with normally functioning kidneys. Since the colon appears to be the
major source of UPEC, their ability to metabolize sugars and peptides present in the
colon is still advantageous, even if they are unable to chemotax toward them. The same
pattern was found for MNEC. Again, the majority of MNEC were from the B2
phylogroup. The only exceptions were two strains from the D phylogroup, uropathogenic
E. coli UMNO026 and the porcine meningital E. coli PCN033, which both retain intact trg
and tap. However, since the majority of EXPEC strains are from the B2 phylogroup, it is
possible that the ancestral loss of trg and tap predisposed those strains to adapt to
niches outside the colon. Loss of trg and tap could cause a decrease in colon
colonization efficiency, promoting those strains to seek another nearby and fairly

uninhabited niche to occupy.

Materials and Methods
Bioinformatics software and computer programming environment

The following software packages were used in this study: HMMER v3.0 [104],
Jalview [250], MAFFT v6.847b [251], MEGA v4.0 [252], PhyML v3.0 [253], and BLAST+
v2.2.4+ [254]. All multiple sequence alignments were built in MAFFT with its |-INS-i
algorithm. All maximum likelihood phylogenetic trees were built in PhyML with standard
parameters and subtree pruning and regrafting topology search. All computational
analyses were performed in a local computing environment (including high-performance

computing), and custom scripts for data analysis were written in PHP.

Data sources

Genomes, proteomes, and genome annotations of all distinct Escherichia and

Shigella strains available in the NCBI nr database as of 12th January, 2012 were
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collected (219 genomes). Nucleotide and protein sequences were compiled into local
BLAST databases. The pathotype information was retrieved from primary literature,
were available, or from public information repositories, including IMG, GOLD, and
PATRIC. The genome of E. coli W3110 was used as the source for all protein and
nucleotide for initial BLAST searches due to its status as the model strain for

chemotaxis studies.

Construction of a phylotype tree for Escherichia

Escherichia phylogenetic tree was constructed using the arcA, aroE, icd, mdh,
mtlD, pgi, and rpoS genes [244]. The nucleotide sequences for the above genes were
retrieved from the genome of E. coli W3110 and used as BLAST queries against the
genome set. The nucleotide sequence sets for each gene were aligned individually in
MAFFT. The alignments were concatenated, and the resulting alignment was used to
build a maximum likelihood tree in PhyML. The genomes were assigned to phylogroups

based on the presence of previously assigned genomes in their clade [244] (Figure 5).

Identification of chemotaxis and accessory proteins in genomic data sets

Chemotaxis and accessory genes and proteins were retrieved from the genome
of E. coli W3110 and used as BLAST queries against the genome set. Exhaustive
BLAST was performed with retrieved chemotaxis genes to search for any missing and
partial genes. Homologs were differentiated based on E-value cutoff, which varied for
each gene. Gene neighborhoods were extracted from NCBI genome feature files with

custom PHP scripts.

Multiple sequence alignment and phylogenetic analyses

The nucleotide and protein chemotaxis sequence sets (MotA, MotB, CheA,
CheW, MCPII, MCPIV, CheR, CheB, CheY, Chez, MCPI, MCPIIl, and MCPV) were

individually aligned by MAFFT. The alignments of the core chemotaxis operons, mocha
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and meche (MotA, MotB, CheA, CheW, MCPII, MCPIV, CheR, CheB, CheY, CheZz),

were concatenated and used to build a maximum likelihood tree in PhyML.

45



CHAPTER Il
GENOME ANALYSIS OF AZOSPIRILLUM

46



A version of this chapter was originally published by Florence Wisniewski-Dyé,

Kirill Borziak, et al in PLoS Genetics:

Wisniewski-Dyé F, Borziak K, Khalsa-Moyers G, Alexandre G, Sukharnikov
LO, et al. (2011) Azospirillum Genomes Reveal Transition of Bacteria from Aquatic
to Terrestrial Environments. PLoS Genet 7(12): €1002430.

Conceived and designed the experiments: FW-D PM AHP IBZ. Performed the
experiments: KB GK-M GA GBH FW-D CP-C JSR VB AC ZR SM LOS KW MB VG PS
GC GK. Analyzed the data: FW-D KB PM WHM AHP PN CE YD IK IBZ. Contributed
reagents/materials/analysis tools: GA GBH VB ZR KW. Wrote the paper: FW-D KB PM
AHP IBZ.

Abstract

Fossil records indicate that life appeared in marine environments ~3.5 billion
years ago (Gyr) and transitioned to terrestrial ecosystems nearly 2.5 Gyr. Sequence
analysis suggests that “hydrobacteria” and “terrabacteria” might have diverged as early
as 3 Gyr. Bacteria of the genusAzospirillum are associated with roots of terrestrial
plants; however, virtually all their close relatives are aquatic. We obtained genome
sequences of two Azospirillum species and analyzed their gene origins. While most
Azospirillum house-keeping genes have orthologs in its close aquatic relatives, this
lineage has obtained nearly half of its genome from terrestrial organisms. The majority
of genes encoding functions critical for association with plants are among horizontally
transferred genes. Our results show that transition of some aquatic bacteria to terrestrial
habitats occurred much later than the suggested initial divergence of hydro- and
terrabacterial clades. The birth of the genus Azospirillum approximately coincided with

the emergence of vascular plants on land.
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Author Summary

Genome sequencing and analysis of plant-associated beneficial soil bacteria
Azospirillum spp. reveals that these organisms transitioned from aquatic to terrestrial
environments significantly later than the suggested major Precambrian divergence of
aquatic and terrestrial bacteria. Separation of Azospirillum from their close aquatic
relatives coincided with the emergence of vascular plants on land. Nearly half of the
Azospirillum genome has been acquired horizontally, from distantly related terrestrial
bacteria. The majority of horizontally acquired genes encode functions that are critical

for adaptation to the rhizosphere and interaction with host plants.

Introduction

Fossil records indicate that life appeared in marine environments ~3.5-3.8 billion
years ago (Gyr) [255] and transitioned to terrestrial ecosystems ~2.6 Gyr [256]. The lack
of fossil records for bacteria makes it difficult to assess the timing of their transition to
terrestrial environments; however sequence analysis suggests that a large clade of
prokaryotic phyla (termed “terrabacteria”) might have evolved on land as early as 3 Gyr,
with some lineages later reinvading marine habitats [257]. For example, cyanobacteria
belong to the terrabacterial clade, but one of its well-studied representatives,

Prochlorococcus, is the dominant primary producer in the oceans [258].

Bacteria of the genus Azospirillum are found primarily in terrestrial habitats,
where they colonize roots of important cereals and other grasses and promote plant
growth by several mechanisms including nitrogen fixation and phytohormone secretion
[259, 260]. Azospirillum belong to proteobacteria, one of the largest groups of
“hydrobacteria”, a clade of prokaryotes that originated in marine environments [257].
Nearly all known representatives of its family Rhodospirillaceae are found in aquatic
habitats (Figure 9 and Table 1) suggesting that Azospirillum represents a lineage which
might have transitioned to terrestrial environments much later than the Precambrian
split of “hydrobacteria” and “terrabacteria”. To obtain insight into how bacteria

transitioned from marine to terrestrial environments, we sequenced two well studied
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species, A. brasilense and A. lipoferum, and a third genome of an undefined

Azospirillum species became available while we were carrying out this work [261].
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Figure 9: Habitats of Azospirillum and its closest aquabacterial relatives.
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A maximum-likelihood tree built from 16S rRNA sequences from members of

Rhodospirillaceae. Acetobacter acetii, a member of the same order Rhodospirillales, but

a different family, Acetobacteriaceae, is shown as an outgroup. Aguatic inhabitants are

not highlighted; terrestrial are highlighted in brown and plant-associated Azospirillum is

highlighted in green. See Table 1 for details.

Table 1. Typical habitats of Rhodospirillaceae.

Species T Habitat Reference
Azospirillum amazonense rgc:g;g; rgrez)ix;, z?ggzgrg,r;izc”e and wheat plants, as well as forage [262]
Azospirillum brasilense Sp245 Iceoglﬂrrvég‘gaizvgraa:.:a[):'gnglsamzludlng cereals, forage grasses, vegetables, [263]
Azospirillum canadense corn rhizosphere [264]
root of Miscanthus sinensis cv. “Giganteus” and Miscanthus
Azospirillum doebereinerae sacchariflorus and also in the rhizosphere soil of these plants grown in [265]
Freising, Germany

Azospirillum halopraeferens ;c;(ialtssiﬁr}f:alj:r(]aj;)g'KPa&IIIz;ggss (Leptochloa fusca) grown in saline-sodic [266]
Azospirillum irakense rDhilevgiIioyh:r:?nsﬁg ;md roots of rice plants grown in the region of [267]
Azospirillum largimobile fresh lake water in Australia [268, 269]
Azospirillum lipoferum 4B rice field of Camargue (South of France) [270]
Azospirillum melinis isolated from molasses grass (Melinis minutiflora Beauv.) [271]
Azospirillum oryzae roots of the rice plant Oryza sativa [272]
Azospirillum palatum forest soil in Zhejiang province, China [273]
Azospirillum picis discarded road tar [274]
Azospirillum rugosum oil-contaminated soil sample [275]
Azospirillum sp. B510 endophytic bacterium isolated from stems of rice plants [276]
Azospirillum zeae corn rhizosphere [277]
Caenispirillum bisanense Sludge from the wastewater treatment plant [278]
Dechlorospirillum sp. Sewage treatment plant [279]
Defluviicoccus vanus Wastewater [280]
Fodinicurvata fenggangensis salt mine in Yunnan, south-west China [281]
Fodinicurvata sediminis salt mine in Yunnan, south-west China [281]
Inquilinus ginsengisoli Soil [282]
Inquilinus limosus Human respiratory tract [283]
Insolitispirillum peregrinum Primary oxidation pond [284]
Magentospirillum bellicus bioelectrical reactor (BER) inoculated from creek water [285]
m;irjitospirillum gryphiswaldense freshwater sediment [286]
I\A/I&%rlitospirillum magneticum Pond water in Tokyo Japan [287]
Masg_;{\etospirillum magnetotacticum Microaerobic zones from freshwater sediments [288]
Marispirillum indicum deep sea [289]
Nisaea denitrificans mediterranean sea [290]
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Table 1. Continued

Species t Habitat Reference
Nisaea nitritireducens mediterranean sea [290]
Nisaea sp. BAL199 3m depth of Baltic proper [291]
Novispirillum itersonii Pond water [284]
Oceanibaculum indicum deep sea Indian Ocean [292]
Oceanibaculum pacificum hydrothermal sediment of the south-west Pacific ocean [293]
Pelagibius litoralis coastal seawater Korea [294]
Phaeospirillum chandramohanii freshwater habitat [295]
Phaeospirillum cystidoformans freshwater the whole genus [296]
Phaeospirillum fulvum stagnant and anoxic freshwater habitats that are exposed to the light [296]
Phaeospirillum molischianum stagnant and anoxic freshwater habitats that are exposed to the light [296]
Phaeovibrio sulfidiphilus brackish water [297]
Rhodocista pekingensis Wastewater [298]
Rhodocista xerospirillum Lake water [299]
Rhodospira trueperi salt marsh microbial mat [300]
Rhodospirillum centenum SW hot spring (hot spring mud) Wyoming, Fresh water [301]
Rhodospirillum photometricum Freshwater pond [302]
Rhodospirillum rubrum ATCC 11170 | aquatic environments such as lakes, streams, and standing water [303]
Rhodospirillum sulfurexigens freshwater reservoir [304]
Rhodovibrio salinarum halophylic, sea water [296]
Rhodovibrio sodomensis water/sediment of the Dead Sea [296]
Roseospira goensis seawater [305]
Roseospira marina sediments, saline springs, microbial mats [306]
Roseospira mediosalina sediments, saline springs, microbial mats [306]
Roseospira navarrensis sediments, saline springs, microbial mats [306]
Roseospira thiosulfatophila microbial mats in French Polynesia [306]
Roseospira visakhapatnamensis seawater [305]
Skermanella aerolata air [307]
Skermanella parooensis water from the Paroo Channel in southwest Queensland [308]
Skermanella xinjiangensis desert soll [309]
Telmatospirillum siberiense groundwater (mesotrophic fen) [310]
Thalassobaculum litoreum coastal seawater [311]
Thalassobaculum salexigens mediterranean sea [312]
Thalassospira lucentensis mediterranean sea [313, 314]
Thalassospira profundimaris deep sea [315]
Thalassospira tepidiphila petroleum-contaminated seawater during a bioremediation experiment [316]
Thalassospira xiamenensis surface water of a waste-oil pool [315]
Thalassospira xianhensis oil-degrading marine bacterium from oil-poluted soil [317]
Tistrella mobilis Wastewater, deep sea [314, 318]
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T All currently described members of the family Rhodospirillaceae and the habitat of
their initial isolation as of January 2011. Species names in bold refer to sequenced

strains, both complete and draft genomes.

Results/Discussion

In contrast to the genomes of their closest relatives (other Rhodospirillaceae), the
three Azospirillum genomes are larger and are comprised of not one, but seven
replicons each (File 4 and Table 3). Multiple replicons have been previously suggested
for various Azospirillum strains [196]. The largest replicon in each genome has all
characteristics of a bacterial chromosome, whereas the smallest is a plasmid. Five
replicons in the genomes of A. lipoferum and Azospirillum Sp. 510 can be defined as
‘chromids” (intermediates between chromosomes and plasmids [109]), whereas in A.
brasilense only three replicons are “chromids” (File 5 and Table 3). While multiple
replicons, and chromids specifically, are not unusual in proteobacteria [109, 319],
Azospirillum lipoferum has the largest number of chromids among all prokaryotes

sequenced to date [109] indicating a potential for genome plasticity.

Comparisons among the three genomes reveal further evidence of extraordinary
genome plasticity in Azospirillum, a feature that has also been suggested by some
experimental data [320]. We found very little synteny between replicons of Azospirillum
species. The genetic relatedness among Azospirillum strains is comparable to that of
rhizobia, other multi-replicon alpha-proteobacteria (Table 4). Surprisingly, we found
substantially more genomic rearrangement within Azospirillum genomes than within
rhizobial genomes (Figure 10) that are suggested to exemplify genome plasticity in
prokaryotes [319]. This could be a consequence of many repetitive sequences and
other recombination hotspots (Tables 4 and 5), although the detailed mechanisms

underlying such extraordinary genome plasticity remain incompletely understood.

Which genes does Azospirillum share with its aquatic relatives, and what is the

origin of its additional genes? To answer this question, we developed a robust scheme
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Table 2. General features of Azospirillum genomes.

Azospirillum lipoferum 4B

Azospirillum brasilense Sp245

Sequence length 6846400 bp 7530241 bp
GC content (%) 67.67 68.49
Number of Contigs 7 67
Total number of genes 6354 7962
Total number of CDS 6233 7848
Protein coding regions (%) 87.02 85.62
Number of rRNA operons 9 9
Number of tRNA genes 79 81
aGSes?geﬁ rxv::t functional 4125 4770
Sreercl;ia;i\(/)v:r; rg}]lineral function 657 746
Genes of unknown function 1451 2332

Table 3: Identification of chromids in Azospirillum by GC content.
Replicon G+C content (%) Chromid GC content cutoff (%)
A. lipoferum 4B +0.92% difference with host chromosome
AZOLI 68.42 69.05 — 67.79
AZOL|_p1l 68.52
AZOL|_p2 68.54
AZOL|_p3 68.55
AZOLI_p4 69.13 outside cutoff
AZOLI|_p5 68.52
AZOLI|_p6 67.88
Chromid GC content cutoff (%)
A. brasilense Sp245 +0.92% difference with host chromosome
AZOBR 69.31 69.95 — 68.67
AZOBR_p1l 69.41
AZOBR_p2 69.05
AZOBR_p3 68.70
AZOBR_p4 69.75
AZOBR_p5 68.00 outside cutoff
AZOBR_p6 67.98 outside cutoff
Chromid GC content cutoff (%)
A.sp.B510 +0.92% difference with host chromosome
AZL 68.39 69.02 — 67.76
AZL_a 68.31
AZL_b 68.08
AZL_c 68.02
AZL_d 68.74
AZL_e 68.12
AZL_f 66.28 outside cutoff
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Figure 10: Whole-genome alignments for Azospirillum and related multi-replicon

rhizobial species.

Relative distances between genomes (calculated from a concatenated ribosomal
protein tree):A. lipoferum 4B to Azospirillum sp.510 — 0.01; Rhizobium etli to Rhizobium
leguminosarum — 0.02; A. lipoferum 4B to A. brasilense Sp245 — 0.10; Rhizobium etli
to S. meliloti — 0.11.
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Table 4. ANI analysis of Azospirillum and rhizobial genomes.

Pair of strains* Number of MUMs I(\gl;)Ms '(A(‘,/';I)Im g/g;/ erage Sii,?aertmlge +
4B vs B510 1964 4782709 |91 71 0.0114

4B vs Sp245 1637 2012936 |89 33 0.0972
CFN42 vs RI3841 649 2796109 |89 43 0.0215
CFN42 vs Sm1021 | 590 745403 84 11 0.110

* 4B, A. lipoferum ; B510, Azospirillum sp. ; Sp245, A. brasilense ; CFN42, Rhizobium

etli ; RI3841, Rhizobium leguminosarum biovar viciae ; Sm1021, Sinorhizobium meliloti.

T Genetic Distance based on concatenated ribosomal protein tree.

Table 5: Recombination hotspots in Azospirillum genomes.

Direct repeats

Palindromic repeats

IS elements

Strains® | Sgopm) (>80bp) (potentially active) | CRISPR’
4B 497 412 99 (55) 126
B510 1720 1406 310 (176) 153
Sp245 | 283 256 ND 12

44B, A. lipoferum ; B510, Azospirillum sp. ; Sp245, A. brasilense.

P|S, Insertion sequences. ND, not determined.

‘CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats.

for detecting ancestral and horizontally transferred (HGT) genes (Figure 11) using

bioinformatics tools, then classified most protein coding genes in the Azospirillum

genomes as ancestral or horizontally transferred with quantified degrees of confidence

(Figure 12A and File 6). Remarkably, nearly half of the genes in each Azospirillum
genome whose origins can be resolved appeared to be horizontally transferred. As a

control, we subjected the genomes of other Rhodospirillaceae to the same analysis,
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finding a substantially lower HGT level in aquatic species, while the number of ancestral
genes in all organisms was comparable (Figure 12B). Horizontally transferred genes are
frequently expendable, whereas ancestral genes usually serve ‘house-keeping’
functions and are conserved over long evolutionary distances [321]. To further validate
our classifications, we determined functional assignments of genes in each of the two
categories using the COG database [322]. The ‘ancestral’ set primarily contained genes
involved in ‘house-keeping’ functions such as translation, posttranslational modification,
cell division, and nucleotide and coenzyme metabolism (Figure 13). The HGT set
contained a large proportion of genes involved in specific dispensable functions, such
as defense mechanisms, cell wall biogenesis, transport and metabolism of amino acids,
carbohydrates, inorganic ions and secondary metabolites (Figure 13 and File 6). This is
consistent with the role of HGT in adaptation to the rhizosphere, an environment rich in
amino acids, carbohydrates, inorganic ions and secondary metabolites excreted by
plant roots [323].

Such an extraordinary high level of HGT in Azospirillum genomes leads us to
hypothesize that it was a major driving force in the transition of these bacteria from
aqguatic to terrestrial environments and adaptation to plant hosts. This process was likely
promoted by conjugation and transduction, as Azospirillum hosts phages and notably a
Gene Transfer Agent [324]; this should have also resulted in loss of ancestral ‘aquatic’
genes that are not useful in the new habitat. Indeed, one of the defining features
of Rhodospirillaceae, photosynthesis (responsible for the original taxonomic naming of
these organisms — purple bacteria) is completely absent from Azospirillum. We have
analyzed origins of genes that are proposed to be important for adaptation to the
rhizosphere and interactions with the host plant [260, 325]. Consistent with our
hypothesis, the majority of these genes were predicted to be horizontally transferred
(Figure 14 and File 7). It is important however to stress that plant-microbe interactions
involve a complex interplay of many functions that are determined by both ancestral and
horizontally acquired genes.

What was the source of horizontally transferred genes? A large proportion
of genes that we assigned as HGT show relatedness to terrestrial proteobacteria,

including representatives of Rhizobiales (distantly related alpha-proteobacteria) and
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Figure 11: Scheme for detecting ancestral and horizontally transferred genes.

See Materials and Methods for details.
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Azospirillum lipoferum 4B Azospirillum brasilense Sp245 Azospirillum sp. B510

2500

Protein Count

Figure 12: Ancestral (red) and horizontally transferred (blue) genes
in Azospirillum.

(A) Proportion of ancestral and horizontally transferred genes predicted in three
Azospirillum genomes with varying confidence: intensity of color shows high (dark),
medium (medium) and low (light) levels of confidence for predictions (see Materials and
Methods). Genes that cannot be assigned using this protocol are shown in white.
Majority of these genes are unique to each species and have no identifiable homologs;
thus, they are likely the result of HGT. (B) Proportion of ancestral and horizontally
transferred genes in genomes of Rhodospirillaceae. Only genes that were predicted
with high confidence are shown.
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Translation, ribosomal Cell motility Posttranslational modification, Nucleotide transport
structure and biogenesis protein turnover, chaperones and metabolism
84 64 0 G ‘
Cell wall/membrane/ Transcription Carbohydrate transport Defense mechanisms
envelope biogenesis and metabolism

Figure 13: Functional categories for A. lipoferum 4B genes enriched in ancestral

(top) and horizontally transferred (bottom) genes.

Only genes that were predicted with high confidence are shown.

Burkholderiales (beta-proteobacteria) (Figure 15) that are soil and plant-associated
organisms. In the absence of fossil data, it is nearly impossible to determine the time of
divergence for a specific bacterial lineage; however, a rough approximation (1-2%
divergence in the 16S rRNA gene equals 50 Myr [326]) suggests that azospirilla might
have diverged from their aquatic Rhodospirillaceae relatives 200-400 Myr (Table 6).
This upper time limit coincides with the initial major radiation of vascular plants on land
and evolution of plant roots, to 400 Myr [327, 328]. Grasses, the main plant host for
Azospirillum, appeared much later, about 65-80 Myr [329], which is consistent with

reports that azospirilla can also colonize plants other than grasses.

Using a global proteomics approach we have found that many HGT genes
including nearly 1/3 of those that are common to all three Azospirillum genomes were

expressed under standard experimental conditions and under nitrogen limitation, a
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Figure 14: Proportion of ancestral (red) and horizontally transferred (blue) genes
involved in adaptation of Azospirillum to the rhizosphere and its interaction with

host plants (see File 6 for details).

Color intensity indicates high (dark), medium (medium) and low (light) confidence

levels for prediction (see Materials and Methods for details).
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Figure 15: Taxonomic distribution of the best BLAST hits for predicted HGT

in Azospirillum.
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Table 6: Divergence in the 16S rRNA gene between Azospirillum lipoferum 4B

and other members ofRhodospirillaceae.

Azospirillum lipoferum 4B

Azospirillum sp. B510 2.16 %
Azospirillum brasilense Sp245 2.98 %
Rhodospirillum centenum SW 8.03 %
Nisaea sp. BAL199 9.18 %
Magnetospirillum magnetotacticum MS-1 9.34 %
Magnetospirillum magneticum AMB-1 9.46 %
Magnetospirillum gryphiswaldense MSR-1 10.12 %
Rhodospirillum rubrum ATCC 11170 10.93 %

condition usually encountered in the rhizosphere of natural ecosystems (Figure
16 and File 8).

Genes that differentiated the Azospirillum species from one another and from
their closest relatives are implicated in specializations, such as plant colonization.
Azospirillum and closely relatedRhodospirillum centenum both possess multiple
chemotaxis operons and are model organisms to study chemotaxis [330, 331].
Interestingly, operon 1, which controls chemotaxis in R. centenum [330], plays only a
minor role in chemotaxis of A. brasilense [332]. All three Azospirillum species possess
three chemotaxis operons that are orthologous to those in R. centenum; however, they
also have additional chemotaxis operons that are absent from their close aquatic
relative (Figure 17 and File 6 and Table 7). Additional chemotaxis operons have been
acquired by azospirilla prior to each speciation event yielding 4, 5 and 6 chemotaxis
systems in A. brasilense Sp245, A. lipoferum 4B and Azospirillum sp. 510, respectively.
These stepwise acquisitions have made the latter organism an absolute “chemotaxis

champion”, with 128 chemotaxis genes, more than any other prokaryote sequenced to
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date (data from MIiST database [333]). Recent analysis showed the prevalence of
chemotaxis genes in the rhizosphere [334]. We have determined that the dominant
chemotaxis genes in this dataset belong to a specific chemotaxis class F7 [107] (Figure
18 and Table 8). Strikingly, it is this F7 system that is shared by all Azospirillum and is

predicted to have been transferred horizontally into their common ancestor.

Figure 16: Proportion of ancestral (red) and horizontally transferred (blue) genes

in the proteomics data for A. lipoferum 4B.

Color intensity indicates high (dark), medium (medium) and low (light) confidence

levels for prediction. See Files 6 and 8 for details.

F5, F9, ACF Rhodospirillum centenum SW
. F7 Azospirillum brasilense Sp245
. F8 — Azospirillum lipoferum 4B
® Unc

—.— Azospirillum sp. 510

Figure 17: Chemotaxis operons in Azospirillum.
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F5, F9 and ACF class chemotaxis systems were present in a common ancestor
of azospirilla and other Rhodospirillaceae (e.g. Rhodospirillum centenum) [335, 336].
The F7 system was horizontally transferred to a common ancestor of Azospirillum. The
F8 system was horizontally transferred to a common ancestor of Azospirillum lipoferum.
The unclassified chemotaxis system (Unc) was obtained horizontally by Azospirillum sp.
B510 only. See File 6 and Table 8 for detailed information for each system. Chemotaxis

classes were assigned according to previous work by Wuichet & Zhulin [107].

Cellulolytic activity may be crucial to the ability of some azospirilla to penetrate
plant roots [337]. All Azospirillum genomes encode a substantial number of glycosyl
hydrolases that are essential for decomposition of plant cell walls (Figure 19). The total
number of putative cellulases and hemicellulases in azospirilla is comparable to that in
soil cellulolytic bacteria (Table 8) and most of them are predicted to be acquired
horizontally (File 6). We tested three Azospirillum species and found detectable
cellulolytic activity in A. brasilense Sp245 (Figure 20). The A. brasilense Sp245 genome
contains three enzymes encoded by AZOBR_p470008, AZOBR_p1110164 and
AZOBR_150049 (Figure 21) that are orthologous to biochemically verified cellulases.
We propose that these and other horizontally transferred genes (e.g. glucuronate
isomerase, which is involved in pectin decomposition) contributed to establishing A.
brasilense Sp245 as a successful endophyte [337]. Interestingly, another successful
endophytic bacterium, Herbaspirillum seropedicae, lacks the genes coding for plant cell
wall degradation enzymes [338] indicating that endophytes may use very different
strategies for penetrating the plant.

Attachment, another function important for plant association by Azospirillum, was
also acquired horizontally. Type IV pili is a universal feature for initiating and
maintaining contact with the plant host [339, 340]. The genome of A. brasilense Sp245
lacks genes coding for Type IV pili, but encodes a set of genes for TAD (tight adhesion)
pili that are known to be HGT prone [341]. In our analysis, TAD pili were confidently
predicted to be a result of HGT (File 6). We show that a mutant deficient in TAD pili had
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Table 7: Orthologous chemotaxis operons in Azospirillum and Rhodospirillum centenum.

Chemotaxis genes ‘ R. centenum SW ‘ A. brasilense Sp245 ‘ A.iipoferum 4B Azospirillum sp. B510

Operon 1-F5

CheA RC1_1758 AZOBR_p1130073 AZOLI_p40444 AZL_d03050
CheW RC1_1757 AZOBR_p1130074 AZOLI_p40443 AZL_d03040
CheY RC1_1756 AZOBR_p1130075 AZOLI_p40442 AZL_d03030
CheB RC1_1755 AZOBR_p1130076 AZOLI_p40441 AZL_d03020
CheR RC1_1754 AZOBR_p1130077 AZOLI_p40440 AZL_d03010
Operon 2 - F9

MCP RC1_0344 AZOBR_p280105 AZOLI_p40518 AZL_d03500
Chew RC1_0343 AZOBR_p280107 AZOLI_p40517 AZL_d03490
CheB RC1_0342 AZOBR_p280108 AZOLI_p40516 AZL_d03480
Other (HEAT) RC1_0341 AZOBR_p280109 AZOLI_p40515 AZL_d03470
CheR RC1 0340 AZOBR_p280110 AZOLI_p40514 AZL_d03460
CheY RC1 0339 AZOBR_p280111 AZOLI_p40513 AZL_d03450
CheA RC1 0338, RC1_0337 | AZOBR_p280112 AZOLI_p40512 AZL_d03440
Operon 3 - ACF

CheY RC1_ 2133

CheW RC1 2132 AZOBR_p1100030 AZOLI_p20369 AZL_a03160
CheR RC1_2131, RC1_2130 | AZOBR_p1100031 AZOLI_p20368 AZL_a03150
ChewW RC1_2129 AZOBR_p1100032 AZOLI_p20367 AZL_a03140
MCP RC1_2128 AZOBR_p1100034 AZOLI_p20366 AZL_a03130
CheA RC1_2127,RC1_2126 | AZOBR_p1100035 AZOLI_p20364 AZL_a03120
CheB RC1_2125 AZOBR_p1100037 AZOLI_p20363 AZL_a03110
RR RC1_2124 AZOBR_p1100039 AZOLI_p20362 AZL_a03100
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Table 7. Continued

Chemotaxis genes | R. centenum SW

A. brasilense Sp245

A.iipoferum 4B

Azospirillum sp. B510

Operon 4 - F7

CheY AZOBR_200200 AZOLI_2425 AZL_023410
CheA AZOBR_200201, AZOBR_200202 | AZOLI_2426 AZL_023420
Chew AZOBR_200203 AZOLI_2427 AZL_023430
MCP AZOBR_200204 AZOLI_2428

CheR AZOBR_200205 AZOLI_2429 AZL_023450
CheD AZOBR_200206 AZOLI_2430 AZL_023460
CheB AZOBR_200207 AZOLI_2431 AZL_023470
MCP AZOBR_200208 AZOLI_2432 AZL_023480
Operon 5 - Unc

MCP AZOLI_1666 AZL_016690
MCP AZOLI_1665 AZL_016680
CheR AZOLI_1664 AZL_016670
Chew AZOLI_1663 AZL_016660
CheB AZOLI_1662 AZL_016650
CheY AZOLI_1661 AZL_016640
CheA AZOLI_1660 AZL_016630
Operon 6 - F8

CheY AZL_a08750
CheA AZL_a08740
Chew AZL_a08730
MCP AZL_a08720
Chew AZL_a08710
CheR AZL_a08700
CheB AZL_a08690
MCP AZL_a08680
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Figure 18: Abundance of the F7 chemotaxis system in the rhizosphere.

Chemotaxis systems were assigned as described in SI Materials and Methods.
See Table 9 for detailed information.

a severe defect in attachment and biofilm formation (Figure 22) suggesting a role for

TAD in plant-microbe association.

Concluding remarks

Horizontal gene transfer has been long recognized as a major evolutionary force
in prokaryotes [321]. Its role in the emergence of new pathogens and adaptation to

environmental changes is well documented [347]. While other recent studies indicate
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Table 8: Classification of chemotaxis systems in rhizosphere.

Assigned Assigned Assigned Assigned Assigned
Clone name | chemotaxis Clone name | chemotaxis Clone name | chemotaxis Clone name | chemotaxis Clone name chemotaxis
class class class class class

cprootA02 F7 cprootG03 Unc soilB11N F7 soilD12N F7 whtrootC03 F8
cprootA03 F8 cprootG04 F7 soilB12 Unc SOIlEO2N Tip whtrootC04 F7
cprootA04 F5 cprootG05 F7 soilB12N F5 SOIl[EO3N F7 whtrootC05 F7
cprootA05 F5 cprootG06 F7 soilC01 F7 SoIilE04N F5 whtrootC06 F7
cprootAQ7 F7 cprootG07 F8 soilCO1N Unc SoilEO5SN F2 whtrootC07 F8
cprootA09 F5 cprootG08 F5 soilC02 F8 SoIlEO6N F7 whtrootC08 F7
cprootAll F5 cprootG09 F7 soilCO2N F2 SOIlEO7N F7 whtrootC09 F8
CcprootAl12 F7 cprootG10 F7 soilC03 F7 SoilEO8N F5 whtrootC10 F13
cprootB01 F7 cprootG11 F7 soilCO3N F7 SOIilE10N F7 whtrootC12 F7
cprootB02 F7 cprootG12 F5 soilC04 F2 soilE12N F5 whtrootclone2 F7
cprootB03 F5 cprootHO1 F5 soilC04N F7 soilFO2N Tip whtrootclone3 F8
cprootB04 F5 cprootH02 Unc soilC05 F7 soilFO3N F7 whtrootclone4 | F7
cprootB05 F5 cprootH03 F2 soilCO5N F7 soilF04 F13 whtrootclone6 F8
cprootB06 F2 cprootHO5 F7 soilC06 F8 soilFO5N F7 whtrootD0O1 F5
cprootB07 Unc cprootHO06 F5 soilCO6N F7 SoilFO6N Unc whtrootD02 F2
cprootB08 F7 cprootHO7 F7 soilC07 F7 soilFO7N F5 whtrootD05 Unc
cprootB09 F5 cprootH08 F5 soilC08 F5 soilFO8N F5 whtrootD0O7 F7
cprootB10 F7 cprootH09 F5 soilCO8N F7 soilFO9N Unc whtrootD09 F6
cprootB11 F7 cprootH10 ACF soilC09 F7 soilF10N F13 whtrootD10 F1
cprootB12 Unc cprootH11 F7 soilC10 F7 soilF11N F7 whtrootD11 F8
cprootCO1 F7 cprootH12 F7 soilC11 F2 soilF12N F5 whtrootD12 F8
cprootC02 F7 soilA01 F7 soilC11N F7 soilGO1N F7 whtrootEO1 F7
cprootC03 F5 soilA01 F7 soilC12 Unc soilGO4N Unc whtrootE02 F7
cprootC04 Unc soilA02 Unc soilC12N F7 soilGO5N Unc whtrootE03 F7
cprootC05 F7 SoilAO2N Unc soilCL1 F7 s0ilG06 F7 whtrootE04 F8
cprootC06 F5 soilA03 F7 soilCL2 F7 soilGO7N F6 whtrootE05 F7
cprootCO7 Unc soilAO3N F7 soilCL2B F7 soilGO8N F7 whtrootE06 F8
cprootC08 Unc soilA04 F5 soilCL3 F7 SoilGO9N F1 whtrootEOQ7 F13
cprootC09 F8 s0ilAO4N F8 soilCL3b F7 soilG10N F7 whtrootE09 F8
cprootC10 F5 soilA05 F7 soilCL4b F5 soilG11N F7 whtrootE10 F7
cprootC11 F5 soilAOSN Unc soilCL5b F2 soilG12 Unc whtrootE11 F7
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Table 8. Continued

Assigned Assigned Assigned Assigned Assigned
Clone name chemotaxis Clone name chemotaxis Clone name chemotaxis Clone name chemotaxis Clone name chemotaxis
class class class class class
cprootclonel F3 soilA06 F7 soilclone10 F7 SoilHO1N F13 whtrootE12 F8
cprootclone?2 F8 SOilAO6N F7 soilclone2 F8 soilHO2N F5 whtrootF01 F13
cprootclone3 F5 soilA07 F7 soilclone3 F2 soilHO3N F5 whtrootF02 F7
cprootD01 F5 SoilAO7N Unc soilclone5 F2 soilHO5N F7 whtrootF03 F7
cprootD02 Unc soilA08 Unc soilclone6 F8 soilHO6N F7 whtrootF04 F7
cprootD03 F7 soilAO8N F7 soilclone7 F2 soilHO7N unc whtrootF05 F8
cprootD04 ACF soilA09 F7 soilclone8a F8 soilHO8N F7 whtrootF06 F8
cprootD08 F7 soilAO9N Unc soilclone9 F7 soilH10N Unc whtrootF08 F7
cprootD09 F7 SoilA10N F5 soilD01 F6 SOilH11N F5 whtrootF09 F5
cprootD10 F7 SoilA11 Unc S0ilDOIN F7 SoilH12N F7 Whtg?)%féORX‘lz F7
cprootD11 F8 soilA11N F7 soilD02 F2 whtrootA01 F5 whtrootF11 F7
cprootD12 F7 soilA12 F7 soilDO2N F7 whtrootA02 Unc whtrootF12 F8
cprooteE01 F7 SoilA12N Tfp soilD03 F7 whtrootA03 F7 whtrootG01 F7
cprooteE02 F7 soilBO1 F7 soilDO3N F5 whtrootA04 F5 whtrootG03 Unc
cprooteE03 Tip s0ilBO1N F2 soilD04 F8 whtrootA06 F8 whtrootG04 F7
cprootE04 F2 s0ilB02 F5 soilD04N F13 whtrootA07 F7 whtrootG05 F5
cprootE06 F5 s0ilB03 F5 s0ilD05 F7 whtrootA08 F8 whtrootG06 Unc
cprootEQ7 F2 soilBO3N F7 soilDO5N Unc whtrootA10 F7 whtrootG08 F7
cprootE08 F8 s0ilB04 F7 s0ilD06 F7 whtrootA12 F7 whtrootG09 F7
cprootE10 F7 soilBO4N Tfp soilDO6N F5 whtrootB0O1 F8 whtrootG10 F2
cproote12 F8 s0ilB05 F2 soilDO7N F7 whtrootB05 F7 whtrootG11 F7
cprootF01 F7 s0ilBO5SN Tfp soilD08 F5 whtrootB06 F7 whtrootG12 F7
cprootF03 F7 s0ilB06 F6 soilD08a F7 whtrootB07 F8 whtrootH02 F2
cprootF04 F7 s0ilBO7 F7 soilD09 F7 whtrootB08 Unc whtrootHO3 F8
cprootF07 F7 soilBO8N F7 soilDO9N F7 whtrootB09 F7 whtrootHO4 F7
cprootF08 F5 s0ilB09 F7 soilD10 F5 whtrootB10 F7 whtrootHO6 F5
cprootF09 ACF s0ilBO9N F5 soilD10N F7 whtrootB11 F5 whtrootHO7 F7
cprootF10 Unc s0ilB10 Unc soilD11 F7 whtrootB12 F7 whtrootH10 F7
cprootF12 F7 soilB1ON F8 SoilD11N F7 whtrootCO1 F2 whtrootH12 Unc
cprootG01 F8 soilB11 F2 soilD12 F7 whtrootC02 F7
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Figure 19: Glycoside hydrolases in Azospirillum with a potential to degrade the
plant cell wall.
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The genomes of Azospirillum encode from 26 to 34 glycoside hydrolases that
belong to various CAZy [342] families (Table 8). Total number of glycoside hydrolases
in Azospirillum species is similar to that in a soil cellulolytic bacterium Thermobifida
fusca [343]. All three species have orthologs of putative cellulases (AZOLI_p10561,
AZOLI _p40099; AZOBR_p1110164; AZL_a06890; AZL _d05040) with unique domain
architecture: GH_5 — CalX-B. The other two putative cellulases (AZOBR 150049,
AZOBR_p470008) are found only in A. brasilense. In addition to putative
cellulases, Azospirillum species encode putative extracellular endoglucanases that may
be involved in cellulose/hemicellulose degradation. For example, glycoside hydrolases
that belong to family GH8 (AZOLI_p30425, AZL_c05150), which are known for a wide
range of cellulose-containing substrates [344-346] and family GH12 (AZOBR_p440082).
All three species are predicted to secrete a number of putative hemicellulases, that
belong to glycoside hydrolase families GH1 (B-glycosidases), GH4
(glucuronidase/galactosidase), GH10 (endo-xylanases) and GH16 (licheninases) (Table

8). CAZy families were assigned as described in Materials and Methods.

Figure 20: Cellulolytic activity of A. brasilense Sp245 cells.

All three Azospirillum species are shown on the left panel. Known cellulose
degrader (Dickeya dadantii 3937, T+) and non-degrader (Agrobacterium tumefaciens

NT1, T-) are shown as positive and negative controls, respectively.
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Table 8: Putative complex carbohydrate-degrading enzymes in three Azospirillum species in comparison with a

soil cellulolytic bacterium Thermobifida fusca.

CAZy family Putative activity A. lipoferum 4B | A. brasilense Sp245 | A.sp.B510 | T.fusca
GH1 B-glucosidase, cellobiase 4 4 4 2
GH 2 B-mannosidase, B-glucruonidase, galactosidase | 1 3 1 1
GH 3 Xylosidase, B -N-acetylhexosaminidase 1 1 2 2
GH4 Glucuronidase, galactosidase, glucosidase 1 1 1 1
GH5 Mannanase 0 0 0 1
GH5 Cellulase, endogluconase 2 3 2 2
GH6 Endogluconase 0 0 0 2
GH38 Cellulase, endogluconase 1 0 1 0
GH9 Endogluconase 0 0 0 2
GH 10, GH11 Endoxylanase, xylanase 1 2 1 3
GH 12 Endogluconase 0 1 0 0
GH 13, GH15 Amylase, pullulanase, dextranase 10 14 8 8
GH 16 Lichninase 1 0 1 0
GH 48 1,4-exocellulase 0 0 0 1
GH 17, GH25 Other 4 5 5 12
All Glycosyl hydrolases 26 34 26 37
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Figure 21: Phylogenetic trees for thiamine synthetase (left) and cellulase (right).

The trees exemplify ancestral and HGT relationships, respectively, that were
predicted with high confidence. Trees were built from aligned sequences of the A.
brasilense Sp245 query and twenty most similar sequences determined by BLAST. The
thiamine synthetase set contains only representatives of alpha-proteobacteria including
Rhodospirillaceae (shown in red). The cellulase set consists of representatives of
Actinobacteria, Firmicutes, and Chloroflexi with only one representative of alpha-

proteobacteria other thanAzospirillum (that are shown in blue, highlighting their HGT
origin), Azorhizobium.

4
osf ]
2q |1
2y !
0
wTt cpaB

72



Figure 22: TAD pili in A. brasilense are required for biofilm formation.

Quantification of biofilm formed by wild type (wt) and a pili mutant (cpaB) on
glass using crystal violet staining (left panel) and 3-D-reconstruction of the biofilm
formed by wild type (top) and a pili mutant (bottom) by confocal microscopy (right

panel).

that HGT levels in natural environments may reach as much as 20% of a bacterial
genome [108], our data suggest that HGT has affected nearly 50% of the Azospirillum
genomes, in close association with dramatic changes in lifestyle necessary for transition
from aquatic to terrestrial environments and association with plants. Emergence of
these globally distributed plant-associated bacteria, which appear to coincide with
radiation of land plants and root development, likely has dramatically changed the soil

ecosystem.

Materials and Methods

Genome sequencing and assembly

The genome of Azospirillum lipoferum 4B was sequenced by the whole random
shotgun method with a mixture of ~12X coverage of Sanger reads, obtained from three
different libraries, and ~18X coverage of 454 reads. Two plasmid libraries of 3 kb (A)
and 10 kb (B), obtained by mechanical shearing with a Hydroshear device
(GeneMachines, San Carlos, California, USA), were constructed at Genoscope (Evry,
France) into pcDNAZ2.1 (Invitrogen) and into the pCNS home vector (pSU18 modified,
Bartolome et al. [348]), respectively. Large inserts (40 kb) (C) were introduced into the
Pmll site of pCC1FOS. Sequencing with vector-based primers was carried out using the
ABI 3730 Applera Sequencer. A total of 95904 (A), 35520 (B) and 15360 (C) reads were

analysed and assembled with 504591 reads obtained with Genome Sequencer FLX
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(Roche Applied Science). The Arachne “HybridAssemble” version (Broad institute, MA)
combining 454 contigs with Sanger reads was used for assembly. To validate the
assembly, the Mekano interface (Genoscope), based on visualization of clone links
inside and between contigs, was used to check the clones coverage and
misassemblies. In addition, the consensus was confirmed using Consed functionalities
(www.phrap.org), notably the consensus quality and the high quality discrepancies. The
finishing step was achieved by PCR, primer walks and transposon bomb libraries and a
total of 5460 sequences (58, 602 and 4800 respectively) were needed for gap closure

and quality assessment.

The genome of strain Azospirillum brasilense Sp245 was sequenced by the
whole random shotgun method with a mixture of ~10X coverage of Sanger reads
obtained from three different libraries and ~25X coverage of 454 reads. A plasmid
library of 3 kb, obtained by mechanical shearing with a Hydroshear device
(GeneMachines, San Carlos, California, USA), were constructed at Plant Genome
Mapping Laboratory (University of Georgia, USA) into pcDNA2.1 vector (Invitrogen).
Large inserts (40 kb) were introduced into the Pmll site of pPCC1FOS. Sequencing with
vector-based primers was carried out using the ABI 3730 Applera Sequencer. The
Arachne “HybridAssemble” version combining 454 contigs with Sanger reads was used
for assembly. Contig scaffolds were created using Sequencher (Gene Codes) and
validated using clone link inside and between contigs.

Genome annotation

AMIGene software [349] was used to predict coding sequences (CDSs) that were
submitted to automatic functional annotation [350]. The resulting 6233 A. lipoferum 4B
CDSs and 7848 A. brasilenseSp245 CDSs were assigned a unique identifier prefixed
with “AZOLI” or “AZOBR” according to their respective genomes. Putative orthologs and
synteny groups were computed between the sequenced genomes and 650 other
complete genomes downloaded from the RefSeq database (NCBI) using the procedure
described in Vallenet et al. [350]. Manual validation of the automatic annotation was
performed using the MaGe (Magnifying Genomes) interface. IS finder (www-is.biotoul.fr)
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was used to annotate insertion sequences [351]. The A. lipoferum 4B nucleotide
sequence and annotation data have been deposited to EMBL databank under
accession numbers: FQ311868 (chromosome), FQ311869 (pl), FQ311870 (p2),
FQ311871 (p3), FQ311872 (p4), FQ311873 (p5), FQ311874 (p6). The A. brasilense
Sp245 nucleotide sequence and annotation data have been deposited at EMBL
databank under accession numbers: HE577327 (chromosome), HE577328 (pl),
HE577329 (p2), HE577330 (p3), HE577331 (p4), HE577332 (p5), HE577333 (p6). In
addition, all the data (i.e., syntactic and functional annotations, and results of
comparative analysis) were stored in a relational database, called

AzospirilluScope [350], which is publicly available at

http://lwww.genoscope.cns.fr/agc/mage/microscope/about/collabprojects.php?P_id=39.

Computational genomics/bioinformatics

BLAST searches were performed using NCBI toolkit version 2.2.24+ [94].
Multiple sequence alignments were built using the L-INS-i algorithm of MAFFT [352]
with default parameters. Phylogenetic tree construction was performed using PhyML
[353] with default parameters unless otherwise specified. 16S rRNA sequences were

retrieved from the Ribosomal Database Project [354].

A concatenated ribosomal protein tree was constructed from sequenced
members of alpha-proteobacteria with a 98% 16S rRNA sequence identity cutoff to limit
overrepresentation. The following ribosomal proteins were used: L3, L5, L11, L13, L14,
S3, S7, S9, S11, and S17. The proteins were identified using corresponding Pfam
models and HMMER [104] searches against the genomes of sequenced alpha-
proteobacteria selected above. The sequences were aligned and concatenated.
GBlocks [355] with default parameters was used to reduce the number of low
information columns. The tree was constructed using PhyML with the following options:
empirical amino acid frequencies, 4 substitution categories, estimated gamma

distribution parameter, and NNI tree topology search.
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As described by Harrison et al.[109], GC content was calculated for all the
replicons. A cutoff value was calculated as GC within 0.521 + 0.399% (mean * standard
deviation) of the host chromosome. Proteins present in all chromid containing genomes,
as identified by Harrison et al.[109], were used to identify chromids in Azospirillum

genomes.

Average Nucleotide Identity (ANIm) is calculated from the maximal unique
matches (MUMSs) determined by the MUMmer 2.1 program in pairwise comparisons
[356]. Direct and palindromic repeats were calculated using the repfind application of
REPUTER with the default parameters [357].

Assignment of gene ancestry

Protein sequences queries from all 3 Azospirillum genomes were used in BLAST
searches against the non-redundant microbial genome set constructed by Wuichet and
Zhulin [107] supplemented with sequenced members of Rhodospirillales absent in the
original set (Acetobacter pasteurianus IFO 3283-01, alpha proteobacterium BAL199,
Magnetospirillum gryphiswaldense MSR-1, and Magnetospirillum magnetotacticum MS-

1). E-value cutoff of 10 was used.

Only the first occurrence of each species was used in ancestry assignment. Proteins
were assigned as being ancestral or horizontally transferred, with varying degrees of
confidence, based on the presence of members of Rhodospirillales and
Rhodospirillaceae in the top eight BLAST hits. Ancestral assignment was based on the
top 8 hits, based on the number of Rhodospirillaceae genomes in the database:

2 Azospirillum, 3 Magnetospirillum, 2 Rhodospirillum, and Nisaea sp. BAL199,
excluding the organism on which ancestry assignment is being performed. High
confidence ancestral proteins have at least 6 of the top 8 species belonging

to Rhodospirillales or all but 1, if the BLAST result had less than 8 species. This rule
allows for 1-2 independent events of HGT from Rhodospirillales to other distantly
related species. Medium confidence ancestral proteins have at least 4

Rhodospirillaceae in the top 8. Low confidence ancestral proteins have at least

76



1 Rhodospirillaceae in the top 8, excluding hits to other Azospirillum genomes. High
confidence horizontally transferred proteins have 0 hits toRhodospirillales in the top 10,
excluding hits to other Azospirillum genomes. Medium confidence horizontally
transferred proteins have 0 hits to Rhodospirillales in the top 5, excluding hits to
otherAzospirillum genomes. Low confidence horizontally transferred proteins have 0 hits
to Rhodospirillaceaein the top 8, excluding hits to other Azospirillum genomes.
Unassigned proteins either have no BLAST hits outside Azospirillum, or simultaneously
classify as medium confidence horizontally transferred and medium or low confidence

ancestral.

Proteomics

Cell growth

Azospirillum brasilense strain Sp245: Overnight starter cultures (5 mL) were
inoculated from fresh plates. Starter cultures were grown overnight at 27°C in a shaking
water bath in minimal media containing malate as carbon source and ammonium
chloride as nitrogen source. Cells were pelleted from starter cultures and washed with
appropriate growth media. Base media for all cultures was minimal media (MMAB) [358]
with 20 mM malate as carbon source, ammonium chloride as nitrogen source where
appropriate, and molybdate. Starter cultures were resuspended with appropriate media
and used to inoculate 250 mL cultures for nitrogen-fixing growth, or 500 ml cultures for
non-nitrogen-fixing growth. Nitrogen fixation requires a great deal of energy and
continuous optimal oxygen concentration, so growth of nitrogen fixing cells is slower
than those growing in nitrogen sufficient conditions. Cells grown under nitrogen fixing
conditions exhibit a doubling time of 170 minutes while control (non nitrogen fixing) cells
have a doubling time of 120 minutes [331]. Further, OD of cells grown under nitrogen
fixing cultures never reaches high levels, tending to level off at or below an OD600 of
0.2-0.3 [331]. Therefore, each growth condition was optimized as follows. For nitrogen-
fixing cultures, nitrogen gas was sparged through the head space of the media bottle
through the serum port, and sufficient air was injected to give a final oxygen content in
the head space of 2%; cultures were grown at 25°C without shaking to early log phase
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(ODgoo = 0.1-0.2) to minimize exposure to high levels of oxygen, as Azospirillum
species are microaerophilic diazotrophs. Non-nitrogen fixing cultures were grown under
optimum growth conditions (shaking and in presence of ammonium) at 25°C on an
orbital shaker to mid-log phase (ODggo = 0.5-0.6). Cells were harvested by
centrifugation at 8000 rpm for 10 minutes, washed twice with 50 mM Tris (pH 7.9), then
pelleted by centrifugation at 8000 rpm for 10 minutes, and stored at —80 C. Cell pellets
from two biological replicates were pooled for subsequent proteome preparation.
Azospirillum lipoferum: Growth conditions were as described above for A. brasilense
Sp245, except that cells were grown in MMAB media supplemented with 1 mg/L D-

biotin.

Proteome preparation for LC/LC-MS/MS

Frozen cell pellets (0.1 g for each sample) were resuspended at a rate of 500 pl
lysis buffer/0.1 g wet cell pellet weight in lysis buffer of 6 M guanidine hydrochloride, 10
mM DTT solubilized in 50 mM Tris-HCI, 10 mM CacCl, [359]. Resuspended cells were
then further lysed by sonication. Lysate was centrifuged at 18,000 g for 20 minutes to
clear cellular debris. Supernatant was collected for tryptic digestion. 10 mM DTT was
added and lysate was incubated at 60°C for 1 hour. Lysate was then diluted 6-fold with
trypsin digestion buffer (50 mM Tris-HCI, 10 mM CaCl,, 10 mM DTT, pH 7.9) and 20 pg
sequencing-grade trypsin (Promega, Madison, WI) was added to each sample. Samples
were incubated overnight at 37°C with gentle rotation. An additional 20 pg of trypsin was
added the following morning and samples were subsequently incubated for an
additional 5—6 hours at 37°C with gentle rotation. Digestion was halted by addition of 5
pl formic acid to the 5 ml lysate. Samples were then desalted using Sep-Pak Plus C-18
solid phase extraction (Waters, Milford, MA) following manufacturer's recommendations,
and subsequently concentrated and solvent-exchanged into 100% HPLC-grade H-0,
0.1% formic acid using vacuum centrifugation (Savant, Thermo Scientific). Samples

were aliquoted into 40 yL volumes and stored at —80°C until analysis.
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LC/LC-MS/MS analysis

Proteome samples were analyzed via Multi-dimensional Protein Identification
Technology (MudPIT) [360-362] with triphasic columns. Columns were individually
packed using a pressure cell (New Objective, Woburn, MA). Back columns were loaded
in 150 um ID fused silica capillary tubing first with 3 cm of Luna 5 um particle diameter
strong cation exchange (SCX) resin (Phenomenex, Torrance, CA) followed by 3 cm of
Aqua 5 um C-18 reverse phase resin (Phenomenex). Proteome aliquots (40 ul) were
loaded directly onto the back column via pressure cell and subsequently coupled to the
front column. Front columns were pulled from 100 um ID fused silica capillary tubing to
a tip with an inside diameter of 5 um using a P-2000 laser puller (Sutter Instruments,
Novato, CA), and packed with a 17 cm long bed of Aqua 5 um diameter C-18 reverse
phase resin. This column acts as the resolving column for peptides eluted from the back
column. For analysis, the combined columns were placed directly in-line with an LTQ

mass spectrometer (ThermoScientific, San Jose, CA) using a Proxeon source.

Chromatographic separation was accomplished with an Ultimate HPLC system
(LC Packings, a division of Dionex, San Francisco, CA) providing a flow rate of 100
pl/minute which was split prior to the resolving column such that the final flow rate
through the resolving column was ~300 nl/minute. Twelve two-dimensional (2D)
chromatographic steps were done. An initial 1 hour gradient from buffer A (95% water,
5% acetonitrile, 0.1% formic acid) to buffer B (70% acetonitrile, 0.1% formic acid)
bumped the peptides from the initial reverse phase column onto the strong cation
exchange column. Subsequent cycles included 2 minute salt pulses with varying
percentages of 500 mM ammonium acetate (10, 15, 20, 25, 30, 35, 40, 45, 50, 60%) to
first elute subsets of peptides from the SCX column according to charge, followed by a
2 hour gradient from buffer A to buffer B, to further separate peptides by hydrophobicity.
The final chromatographic step consisted of a 20 minute salt pulse of 100% 500 mM

ammonium acetate, followed by a 2 hour A-to-B gradient.

Data collection was controlled by Xcaliber software (ThermoScientific). Data was
collected in data-dependent mode with one full scan followed by 6 dependent scans,

each with 2 microscans. Dynamic exclusion was employed with a repeat count of 1,
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repeat duration of 60 s and exclusion list size of 300 and duration of 180 s. Isolation

mass width was set at 3 m/z units.

Data analysis

The Sp245 protein database was constructed from translated CDSs called in the
draft genome sequence (http://genome.ornl.gov/microbial/abra/19sep08/). The 4B
protein database was constructed from translated CDSs called in the complete genome
sequence. A list of common contaminants was appended to the gene call sequences,
and all coding sequences, including contaminant sequences, were reversed and
appended to the forward sequences in order to serve as distractors. From the number
of identifications in the reverse direction, peptide false positive (FP) rates were
determined using the formula %FP = 2[No. reverse ID/(no. reverse ID+no. real ID)]
[363]; FP rates ranged from 1.4%—4.3%. All MS/MS spectra were searched against the
corresponding database using SEQUEST [364], specifying tryptic digestion, peptide
mass tolerance of 3 m/z and a fragment ion tolerance of 0.5 m/z. Additionally, search
parameters included two dynamic modifications: 1. methylation represented by a mass
shift of +14 m/z on glutamate residues, and 2. deamidation followed by methylation
represented by a mass shift of +15 m/z on glutamine residues. Output data files were
sorted and filtered with DTASelect [365], specifying XCorr filter levels of 1.8 for peptides
with a charge state of +1, 2.5 for those with charge state +2 and 3.5 for charge state +3,
minimum delta CN of 0.08, semi-tryptic status and 2 peptides per protein identification.
In order to determine relative abundance of a given protein in a sample, normalized
spectral abundance factors (NSAF) were calculated for each individual protein k using
the formula NSAFy = (SpC/L)W/Z (SpC/L),, where SpC is the total spectral count for all
peptides contributing to protein k, L is the length of protein k, and n is the total number

of proteins detected in the sample [366].

Identification of glycoside hydrolases
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Bidirectional BLAST was used to identify orthologs of the putative glycoside
hydrolase (GH) genes. Phyml package was used to confirm evolutionary relationships
and visualize the results. Domain architectures were obtained through Pfam [367]
search for each protein. Then information from CAZy [342] and recent analysis [368]

was used to assign putative activities of the predicted GHSs.

Classification of chemotaxis systems in the rhizosphere

Chemotaxis proteins were identified in genomic datasets as previously described
[369]. Using CheA sequences from a recent chemotaxis system classification analysis
[107], alignments of the P3—P5 regions of CheA were built for each class and for the
entire set of CheA sequences. Each alignment was made non-redundant so that no pair
of sequences shared more than 80% sequence identity. Hidden Markov Models
(HMMs) were built from each non-redundant alignment and used to create library via
the HMMERS software package (version HMMER 3.0b3) [104] and default parameters.

The rhizosphere CheA sequences from a recent study [334] were run against the
CheA HMM library. Unclassified sequences (Unc) are those with top hits to the full
CheA set HMM rather than a class-specific HMM. The remaining sequences were

assigned to the class of the top scoring HMM.

Cellulase assay

Azospirillum strains and control strains (Dickeya dadantii 3937 as a positive
control, A. tumefaciens NT1 as a negative control) were cultured for 16 h in liquid AB
minimal medium [370] containing 0.2% malate and 1 mg/L biotin. An aliquot of 10" cells
(for Dickeya dadantii 3937) or 2.10° cells (for all other strains) was deposited on top of
AB plates containing 0.1% carboxymethylcellulose instead of malate. Plates were

incubated for 5 days before being stained as previously described [371].
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Pili mutant and attachment assay

A 211-bp cpaB (AZOBR_p460079) internal fragment was amplified by PCR with
primers F6678 (GCGTGGACCTGATCCTGAC) and F6679
(GTGACCGTCTCGCTCTGAC) and subcloned into pGEM-T easy (Promega). White
colonies were screened by PCR with primers F6678 and F6679 for correct insertion in
PGEM-T easy, resulting in pR3.37. The insert of plasmid pR3.37 was digested with Notl
and cloned into the Notl site of pKNOCK-Km [372], resulting in pR3.39 after transfer into
chemically-competent cells of E. coli S17.1 Apir. pR3.39 was introduced into A.
brasilense Sp245 by biparental mating. Transconjugants resulting from a single
recombination event of pR3.39 were selected on AB medium containing 0.2% malate,
ampicillin (100 mg/mL) and kanamycin (40 mg/mL). The correct insertion of pKNOCK
into cpaB was confirmed by PCR with primers (F6678 and F5595
TGTCCAGATAGCCCAGTAGC, located on pKNOCK) and sequencing of the PCR

amplicon.

Sp245 and Sp245cpaB were labelled with pMP2444 [373] allowing the
constitutive expression of EGFP. The strains were grown in NFB* (Nitrogen free broth
containing 0.025% of LB) with appropriate antibiotics in glass tubes containing a cover-
slide, under a mild lateral agitation for 6 days. After the incubation, the liquid and the
cover-slide were removed from the tubes and the biofilm formed at the air/liquid
interface was colored by 0.1% crystal violet. After two washings with distilled water,
crystal violet was solubilized by ethanol and quantified by spectrophotometry at 570 nm.
The experiment was performed twice in triplicate. In parallel, the colonization of the
glass cover-slide was monitored by confocal laser scanning microscopy (510 Meta
microscope; Carl Zeiss S.A.S.) equipped with an argon-krypton laser, detectors, and
filter sets for green fluorescence (i.e., 488 nm for excitation and 510 to 531 nm for
detection). Series of horizontal (x-y) optical sections with a thickness of 1 um were
taken throughout the full length of the Sp245 and Sp245cpaB biofilms. Three
dimensional reconstructions of biofilms were performed using LSM software release 3.5
(Carl Zeiss S.A.S.).
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CONCLUSION
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The research presented in this dissertation represents the application of
bioinformatics to biological problems at three levels of complexity: protein domain,
protein network, and whole genome. The problems studied were the identification and
functional characterization of the novel sensory FIST domain, evolutionary analysis of
the chemotaxis system in Escherichia, and comparative genomic analysis of two
Azospirillum genomes. This range of scales demonstrated how bioinformatics can be
effectively applied to a wide variety of problems, providing unique insight at many levels

of complexity.

The domain study, described in Chapter 1, showed how bioinformatics can be
applied to examine a previously uncharacterized protein region. Bioinformatic analysis
of the novel FIST domain provided for its annotation and functional characterization.
Sequence analysis tools allowed us to systematically analyze unknown regions in signal
transduction proteins, which led to the discovery of the FIST domain. Further analysis
showed that this domain was widely distributed in genomes of bacteria, archaea, and
eukarya, which implied its functional importance and ancestral origin. Its function as an
input domain was proposed due to its exclusive appearance with transducer and output
domains. Genomic context analysis showed that the FIST domain containing proteins
were found preferentially near amino acid metabolism and transport proteins. This
further suggested that FIST functioned as a small ligand binder, possibly an amino acid

or amino acid metabolite.

The protein network study, described in Chapter 2, shows how bioinformatics can
be used to gain insight into the evolutionary forces affecting a protein network. Analysis
of the Escherichia chemotaxis system allowed for the forces that affect its conservation
to be studied. Additionally, this analysis provides insight into the evolutionary
relationship between the chemotaxis system and E. coli pathogenicity. Comparative
genomic analysis showed that this system is conserved in the majority of sequenced
Escherichia strains. This further confirmed that the chemotaxis system provides an
adaptive advantage to Escherichia in all habitats. It was found that some of the
traditionally nonmotile Shigella retained their chemotaxis system. Since the chemotaxis
system is known to be adapted to uses other than switching flagellar motor, it is likely

that the chemotaxis system in Shigella still functions as a signal transduction system but
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with a different output. The finding that a large number of Escherichia were losing some
of their receptors confirms that many of the receptors are accessory components. This
implies that other sensory functions, such as osmotaxis, pH taxis, and thermotaxis, that
do not require accessory receptors are adaptively more important that the sensing of
chemicals provided by the accessory receptors. This point was further reinforced by the
relative lack of receptor acquisition either through duplication or horizontal gene
transfer. Additional receptors were found only on plasmids, suggesting their temporary

nature.

The genome study, described in Chapter 3, shows how bioinformatics can be
applied to gain insight into the evolutionary history of an organism. Sequencing and
genomic analysis of two strains of Azospirillum was carried out. The analysis confirmed
the complex arrangement of replicons previously noticed in Azospirillum strains. Also, it
was noted that the genomes possessed remarkable plasticity. Comparative genomic
analysis revealed that Azospirillum acquired almost half of its genes through horizontal
gene transfer. Among those acquired genes were many implicated in adaptation to the
terrestrial environment, survival in the rhizosphere, and plant growth-promoting
properties. It was found that many of the horizontally transferred genes were also
expressed in proteomic analyses, providing further evidence of their importance for the
adaptation of Azospirillum. This level of horizontal gene transfer is unprecedented. This
genome provides a unique insight into how bacteria can adapt to a drastically different

niche through massive acquisition of foreign DNA.

As these studies illustrate, the application of bioinformatics tools to sequence
data allows for the study of a wide variety of biological problems, providing novel insight
at those levels of complexity presented in this dissertation.

Future Aims

A progression towards additional integration of advanced bioinformatic principles

will allow for novel knowledge to be extracted from sequence data. With the increasing
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ability of sequencing technologies to produce cheaper and larger volumes of data, much
of the manual bioinformatics analysis that was discussed in this dissertation will soon
become impractical. Although automation of bioinformatics applications cannot provide
the insights derived from manual work, it will allow for improved data processing. This

will be critical for analyzing the increasing protein and nucleotide databases.

The systematic approach for domain identification and functional
characterization, while providing valuable insight, is a very manual process. Automation
of this process can lead to many additional discoveries and provide functional
characterization to many domains of unknown function (DUFs). Manual domain
discovery and analysis is already being replaced by automated processes to cover
unannotated protein space [374]. However, these methods only identify novel domains
without investing any resources into their functional characterization. The result is the
abundance of DUFs. While these DUFs provide valuable starting points for both
bioinformaticians and biochemists in the pursuit of their functional characterization,
additional automation will allow for these ventures to be more fruitful. Incorporating
genomic context, as described in Chapter 1, and structural fold information into the

available domain databases will allow for increased functional prediction of these DUFs.

Similarly, automated tools and databases exist to help extract information from
newly sequenced genomes [350, 375]. However, their analysis does not delve deeply
into comparative genomics. Automation of the ancestry assignment scheme presented
in Chapter 3 in a framework such as SEED [375] would provide information on the origin
of proteins, which would be valuable in understanding the evolutionary history of that
organism. Studying the adaptation of organisms to their environment would be greatly
aided by knowing the ancestry of their proteome. As more genomes are sequenced,
covering more taxomomic space, the scheme for assigning ancestry becomes more

powerful and refined. This in turn would increase the confidence of the predictions.
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