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Abstract

Signal transduction pathways allow organisms to sense and respond appropriately to a complex
bouquet of environmental cues. The molecular determinants of specificity are constrained by the
demands of signaling fidelity, yet flexible enough to allow pathway remodeling to meet novel
environmental challenges. A detailed picture of how these forces shape bacterial two-component
signaling systems has emerged over the last decade. However, the tension between constraint and
flexibility in more complex architectures has not been well-studied.

In this thesis, I combine comparative genomics and in vitro phosphotransfer experiments to
investigate pathway remodeling using the Firmicutes sporulation initiation (Spo0) pathway as a
model. The present-day SpoO pathways in Bacilli and Clostridia share common ancestry, but
possess different architectures. In Clostridia, a sensor kinase phosphorylates SpoOA, the master
regulator of the sporulation, directly. In Bacilli, Spo0 is phosphorylated/activated indirectly via
a four-protein phosphorelay. The presence in sister lineages of signaling pathways that activate
the same response regulator and control analogous phenotypes, yet possess with different archi-
tectures, suggests a common ancestral pathway that evolved through interaction remodeling. The
prevailing theory is that the ancestral pathway was a simpler, direct phosphorylation architecture;
the more complex phosphorelay emerged within the Bacillar lineage.

In contrast to this prevailing view, my analysis of 84 representative genomes supports a novel
hypothesis for the evolution of Spo0 architectures, wherein the two protein, direct phosphoryla-
tion architecture is a derived state, which arose from an ancestral Spo0 phosphorelay. The com-
bination of my bioinformatic analysis and the first experimental characterization of a Clostridial
phosphorelay provide evidence for the presence of functional phosphorelays in both classes Bacilli
and Clostridia. Further, a cross-species complementation assay between phosphorelays from each
class suggests that interaction specificity has been conserved since the divergence of this phylum,
2.7 BYA.

My results reveal a patchy phylogenetic distribution of both Spo0 pathway architectures, con-
sistent with repeated remodeling events, in which a phosphorelay was replaced with a two protein,
direct phosphorylation pathway. This remodeling likely occurred via acquisition of a sensor kinase
with direct specificity for SpoOA.

Further, my analysis suggests that the unusual architectures of the Spo0 pathway and its striking
tendency to gain and lose interactions may be due to the juxtaposition of three key properties:
the maintenance of interaction specificity through molecular recognition; the ecological role of
endosporulation; and the degeneracy of interaction space that permits the ongoing recruitment of

kinases to recognize novel environmental signals.
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Chapter 1

Introduction

Signal transduction systems are essential for an organism to sense and respond to dynamic envi-
ronments. In order to recognise new signals, these systems must also be able to adapt through the
acquisition of new signal transduction pathways or the remodeling of existing pathways. Thus,
adaptation to novel environmental challenges requires sufficient flexibility to allow the rapid re-
modeling of signal transduction systems. In bacteria, two-component signaling (TCS) systems,
typically comprised of a histidine kinase (HK) and a cognate response regulator (RR), are a primary
mechanism of environmental response (Fig 1.1A). Signal recognition by the N-terminal sensor re-
gion of the HK leads to the autophosphorylation of a conserved histidine residue in the so-called
HisKA domain by the catalytic (HK_CA) domain. The signal is then transduced by phosphotrans-
fer from the autophosphorylated HK to a conserved aspartate residue in the N-terminal receiver
(REC) domain of the RR [Lewis et al., 1999]. Phosphorylation of the REC domain activates the

C-terminal output domain of the RR, initiating a response to the recognized signal.

The modular encapsulation of sensing, transduction, and output functions into discrete regions
within the two TCS proteins allows for specialized input and output modules that support recogni-
tion and response to a specific signal. Transduction between these domains is mediated by inter-
action at the interface of the HisKA and REC domains. This modularity allows for adaptation to
novel environmental challenges through modification of the input module to recognize a new sig-
nal and modification of the output module to initiate a different set of output machinery [Galperin,
2005]. The variety of TCS proteins with distinct input and output modules and conserved interac-
tion domains, 20-30 per organism on average, are a testament to this process [Szurmant and Hoch,
2010].

A set of non-contiguous, co-evolving residues at the interface of HK and RR proteins, six in
1
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Figure 1.1: Histidine-aspartate phosphotransfer pathway architectures and qualitative representa-
tion of receiver interaction specificity. Protein interaction diagrams show simple and complex in-
teraction architectures involving histidine-aspartate phosphotransfer domains, HisKA (teal oval),
REC (blue and green rectangles), and SpoOB (orange oval). Grey domains are conserved aspects
of these pathways that are not involved in interaction including sensor region of the histidine ki-
nase (pointed rectangle), catalytic domain of the histidine kinase (rectangle with one curved side),
and output domain of the response regulator (trapezoid with notch). Right side is a qualitative rep-
resentation of interaction specificity where each colored semi-circle corresponds to the response
regulator in the diagram in the left column. The horizontal axis represents the set of possible HK
specificity signatures capable of phosphotransfer to a given RR (the RR specificity spectrum). The
height of the spectrum indicates the strength of interaction. (A) Canonical TCS system architec-
ture. Interaction between a histidine kinase and a response regulator (B) The interaction space of a
set of three TCS system pathways showing the position of each HK within the specificity spectrum
of its cognate RR. Although RRs with overlapping spectra could, in theory, be phosphorylated by
the same HK, crosstalk would only occur if the genome encoded an HK with a specificity signature
located in both spectra. Selection acts to separate these interactions to maintain signal fidelity and
avoid crosstalk. Thus, each RR specificity spectrum must have a region that has no overlap with the
spectrum of another response regulator, and its cognate histidine must occupy that non-overlapping
region of the spectrum. (C) B. subtilis Spo0 phosphorelay. Multiple sporulation kinases (KinA-E)
phosphorylate SpoOF. Subsequently, SpoOB transfers a phosphoryl group from SpoOF to SpoOA.
(D) Phosphorelay interaction space. The phosphorelay interaction pattern requires that the spectra
for the intermediate RR (SpoOF) and the terminal RR (Spo0OA) overlap and that the phosphotrans-
ferase (Spo0OB) be located in the overlap. Additionally, the specificity of the sporulation kinases
must only be in the specificity spectrum of SpoOF or else crosstalk would occur to SpoOA. (E)

. acetobutylicum Spo0 direct phosphorylation architecture. Multiple sporulation kinases phos-
phorylate SpoOA. (F) Direct phosphorylation architecture specificity space. The multi-input direct
phosphorylation specificity spectra only requires that all sporulation kinases be within the SpoOA
specificity spectrum.



the HisKA domain and seven in the REC domain, ensure specific interaction within each cognate
pair [Capra et al., 2010; Casino et al., 2009; Procaccini et al., 2011; Skerker et al., 2008]. These
specificity residues are partially degenerate: multiple sets of kinase specificity residues permit
phosphotransfer to the same receiver (and vice versa [Podgornaia and Laub, 2015]), such that each
receiver has a spectrum of kinase specificity with which it can interact (Fig 1.1B). To prevent dele-
terious crosstalk between non-cognate proteins [Capra et al., 2012b], selection acts to separate the
spectra of two-component signaling pathways encoded in the same genome. Acquisition of novel
pathways (e.g. through duplication or horizontal gene transfer) can cause conflicts in interaction
space. The degeneracy of these interactions allows for repositioning in interaction space to elim-
inate crosstalk via mutational trajectories involving compensatory mutations in the cognate pair.
However, in the absence of a perturbation, pathways likely inhabit the same region of interaction
space [Capra et al., 2012b].

Histidine-aspartate phosphotransfer also admits more complex signal transduction architec-
tures. Examples include multiple-input architectures, e.g. [Kaczmarczyk et al., 2014], multiple-
output architectures, e.g. [Wuichet and Zhulin, 2010], and so-called phosphorelays comprising a
sequence of phosphotransfer, interactions e.g. [Biondi et al., 2006; Burbulys et al., 1991; Ueki
and Inouye, 2002]. For example, the sporulation initiation (SpoQ) pathway is a multi-input phos-
phorelay characterized extensively in Bacillus subtilis [Burbulys et al., 1991; Jiang et al., 2000;
Trach and Hoch, 1993] and also observed in closely related species [Bick et al., 2009; Brunsing
et al., 2005; Park et al., 2012]. In this architecture, multiple sensor kinases phosphorylate SpoOF,
a response regulator lacking an output domain; subsequently, that phosphoryl group is transferred
via Spo0B, an intermediate histidine phosphotransferase, to Spo0OA, a second response regulator

that serves as the master regulator of sporulation (Fig 1.1C).

The maintenance of signal fidelity in these more complex pathways entails additional con-
straints on the genetic determinants of specificity, because a single protein must support multiple
interactions. The interaction requirements of the Spo0 phosphorelay necessitate precise molecular
recognition to allow both SpoOF and SpoOA to interact with SpoOB, but only SpoOF to accept a
phosphoryl group from sporulation kinases (Fig 1.1D). The balance of flexibility and constraint
that shapes molecular recognition in these complex architectures is not well understood.

To explore this issue, I present here an analysis of the evolution of the Spo0 pathway. The Spo0
pathway controls entrance into a developmental program that produces stress-resistant, dormant
endospores. The ability to produce endospores is a common feature of the Firmicutes phylum,
observed in numerous species throughout two anciently related classes, the Bacilli and Clostridia,
suggesting that this survival mechanism is ancient [de Hoon et al., 2010; Galperin, 2013]. These
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CHAPTER 1. INTRODUCTION

two classes are predicted to have diverged 2.7 billion years ago, coinciding with the atmospheric
rise of oxygen during the great oxidation event [Battistuzzi et al., 2004]. The ancestral Firmi-
cute was likely an obligate anaerobe, a trait that has been preserved in the present-day Class
Clostridia, whereas the Bacilli are typically facultative aerobes. Many taxonomic families include
both sporogenous and asporogenous species, suggesting that the ability to sporulate is frequently
lost [Galperin et al., 2012] through adaptation to a stable niche where sporulation is unnecessary
for survival [Maughan et al., 2009].

Strikingly, a comparison of the Spo0 pathways in the type species of the two Firmicutes classes,
B. subtilis [Burbulys et al., 1991] and Clostridium acetobutylicum [Steiner et al., 2011], reveals that
the sporulation initiation pathway is conserved in its output [Al-Hinai et al., 2015], but differs in
terms of the input(s) and the signal transduction architecture. SpoOA, the terminal component
of the pathway in both species, initiates spore development upon phosphorylation [Hoch, 1971;
Worner et al., 2006] and is encoded by all known sporulators [Galperin et al., 2012]. SpoOA is a
canonical response regulator protein in its domain composition, including a REC domain [Lewis
et al., 1999] and a highly conserved, DNA-binding output domain, SpoOA_C [Lewis et al., 2000].
Unlike SpoOA, which is likely orthologous in these distantly related species, the upstream signal
transduction architectures are different. In contrast to the B. subtilis multi-input phosphorelay SpoO
architecture, C. acetobutylicum and other closely related species possess a multi-input architecture
in which Spo0OA is directly phosphorylated by multiple kinases [Mearls and Lynd, 2014; Steiner
et al., 2011; Underwood et al., 2009] (Fig 1.1E).

Considering that these two different signal transduction architectures both orchestrate the initia-
tion of sporulation through the phosphorylation of an orthologous regulator, they likely arose from
a common ancestral pathway. How then, did different signaling architectures evolve in present
day species? The prevailing view is that the ancestral Spo0 pathway had a two-component di-
rect phosphorylation architecture and the more complex phosphorelay observed in B. subtillis is
a derived state [Durre, 2011; Stephenson and Hoch, 2002; Talukdar et al., 2015]. This hypothesis
was inspired by the apparent lack of SpoOF and SpoOB orthologs in the first Clostridium genome
sequenced [Stephenson and Hoch, 2002]. The simplicity of the direct phosphorylation architec-
ture and the similarly anaerobic lifestyles of the ancestral Firmicutes and present-day Clostridia,
taken together, fueled predictions that the original Spo0O pathway also functioned through direct
phosphorylation [Durre, 2011]. It was further proposed that the phosphorelay likely arose in the
Bacillar lineage, possibly as the result of duplication of a cognate HK-RR pair [Stephenson and
Lewis, 2005], and that the additional points of control associated with a phosphorelay may have
contributed to adaptation to rising oxygen levels in early Bacilli [Durre, 2014].

4



The goal of this thesis is the characterization of the forces that govern the evolution and re-
modeling of bacterial histidine-aspartate phosphotransfer-based pathways using the Sporulation
Initiation (Spo0) pathway as a case study. Regardless of the status of the ancestral pathway, some
combination of gains and losses of interaction must have occurred to produce the distinct path-
way architectures observed in present day species. I used a combination of computational and
experimental techniques, based on a comparative genomics approach, leveraging the dramatically
increased number of sequenced Firmicutes genomes available, to investigate these remodeling
events. I provide evidence for the most comprehensive set of Spo0O pathway homologs, to date.
Based on the distribution of these homologs, I generate a novel hypothesis for the evolution of the
Spo0 pathway architectures. This evolutionary history implies a series of remodeling events that
occured repeatedly in independent lineages, resulting in transition from an ancestral phosphorelay

architecture to present-day direct phosphorylation architectures.

First, in Chapter 2, I review the histidine-aspartate phosphotransfer literature including the
domains involved, common and complex architectures, specificity via molecular recognition and
spatial tethering, and the evolutionary effects of signal transduction via molecular recognition in
two-component signaling systems (Section 2.1). Next, I present a review of the knowledge regard-
ing the Firmicutes phylum and endosporulation (Section 2.2). Finally, I review previous studies
of the Spo0 pathway that have shaped our understanding of the two pathway architectures that are

predicted to share a common ancestral pathway architecture(Section 2.3).

In Chapter 3, I investigate the present-day distribution of Spo0 architectures. The present-day
Spo0 architectures was examined in a set of 84 Firmicutes genomes (Section 3.1). Although SpoOA
was readily identifiable by a conserved output domain, SpoOF, Spo0B, and the candidate sporu-
lation kinases were unable to be identified using typical homology identification approaches due
to sequence similarity methods identifying too much. Instead, I defined specific criteria for each
component, leveraging genome context and domain content, to identify a set of putative homologs
throughout the genomes of the representative set. Based on similarity of specificity residues to
experimentally verified Bacillar phosphorelays and a Clostridial phosphorelay experimentally ver-
ified in this work, the identified homologs are likely to function in Spo0 architectures. Specifically,
I predict that if SpoOF and SpoOB are present, the Spo0 architecture of that genome has a phos-
phorelay architecture. In the absence of one or both of these intermediate phosphorelay proteins,

the likely architecture is a direct phosphorylation of SpoOA.

Having presented evidence for the predicted architecture of Spo0 pathways in the representative
set, I examine the phylogenetic distribution of these architectures (Section 3.4). This reveals a
patchy distribution of both the phosphorelay and direct phosphorylation architectures. To assure

5



CHAPTER 1. INTRODUCTION

that this result is not due to phylogenetic error in the species tree that I constructed, I also present
analyses of phylogenetic distribution in two other sets of Firmicutes reported in the literature,
including one that is much larger (Section 3.4.1). Similar patchiness is observed in each of these
alternate trees. This patchy distribution suggests that there have been multiple transitions from the
ancestral architecture. The presence of Clostridial phosphorelays and the patchy distribution of
Spo0 architectures in both classes calls for the reconsideration of the evolutionary history of the

Spo0 pathway in the Firmicutes.

In Chapter 4, I compare specificity residues and interaction specificity of Bacillar Phospho-
relays, Clostridial phosphorelays, and direct phosphorylation architectures to generate evidence
regarding the evolutionary history of the SpoO pathway. I provide evidence that specificity in phos-
phorelays is similarly encoded in both classes (Section 4.1) and that phosphorelays from Bacillar
and Clostridial lineages are functionally interchangable (Section 4.2). These observervations sug-
gest a single genesis of the Spo0O phosphorelay, from which all other Spo0 phosphorelays are de-
scended. Based on the patchy distribution of phosphorelay architectures, I reason that this genesis
must have occured prior to the divergence of Bacilli and Clostridia (in other words, in the Fir-
micutes ancestor), as all other scenarios containing a single generation of the Spo0 phosphorelay

would require an unlikely series of horizontal gene transfer events.

If the ancestral Spo0 pathway was a phosphorelay, then the direct phosphorylation architec-
tures, observed patchily throughout the phylum, must be the result of multiple, independent in-
stances of remodeling, wherein an interaction was gained between a sensor kinase and SpoOA
(Section 4.3.1. Comparison of heterologous interactions between these species provides insight

into the possible mechanisms of remodeling (Section 4.3.2).

Finally, in Chapter 5, I discuss how flexibility and constraint have shaped the predicted evo-
lutionary history of the SpoO architectures. First, I present evidence that the repeated transitions
were mediated by changes in kinase specificity while SpoOA specificity has remained relatively
stable (Section 5.1.1). Considering the differences between interaction profiles that I observe,
I discuss a series of possible mechanisms that result in the acquisition of a sensor kinase that
specifically phosphorylate SpoOA (Section 5.1.2). This repeated remodeling suggests that phos-
phorelays which signal through molecular recognition are particularly susceptible to remodeling,
compared to spatially tethered phosphorelays (Section 5.2). I hypothesize that this apparent sus-
ceptibility also permits the acquisition of new signal recognition capabilities, allowing sporulation
in response to novel conditions. Experiments and future genomic studies motivated by this work

are also discussed.

In summary, my results support a scenario in which the ancestral Spo0O pathway in the Firmi-



cutes ancestor was a phosphorelay, a contrasting hypothesis to the prevailing theory. The phylo-
genetic distribution of Spo0 architectures is patchy, consistent with several independent transitions
from phosphorelay to direct phosphorylation architecture. My results further suggest that these
transitions were mediated via changes in sensor kinases, while SpoOA specificity is conserved
across the Firmicutes phylum. My findings provide a framework for reasoning about the forces
that act to maintain the signaling fidelity in complex signal transduction pathways with multiple

interactions.






Chapter 2

Background: Two-Component Systems
and Spo0 Pathway History

2.1. Bacterial Signal Transduction Systems

In bacteria, the most common type of signal transduction system is the two-component system,
consisting of a histidine kinase and a response regulator. Briefly, the histidine kinase reacts to a
stimulus, autophosphorylates, and transfers that phosphoryl group to the response regulator. Upon
receiving the phosphoryl group, the response regulator is activated to change cellular behavior,
typically as a transcription factor. Examples of interacting pairs are typically encoded adjacently
in so-called cognate pairs. Section 2.1.1 describes in detail the domain composition of each of
these proteins and modularity in these pathways. This modularity further begets plasticity, which
may be necessary for the evolution of these pathways (section 2.1.3). Typical bacterial cells encode
20-30 TCS systems, and therefore requires that interaction between cognate pairs is specific. The

discovery of this specificity and its implications are discussed in section 2.1.2.

2.1.1. Two Component Signaling System Domain Content and Mod-
ularity

In bacteria, the most common type of signal transduction system is a two-component signaling

(TCS) system, in which a Histidine Kinase (HK) autophosphorylates in response to a specific

signal and then transfers the phosphoryl to a Response Regulator (RR). Each HK has a sensor

region, which is N terminal and typically extracellular. The C terminal portion of an HK consists
9
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of two domains: a HisKA domain and a catalytic domain (HK_CA). Upon detection of a signal
by the N terminal domains, the HK_CA domain catalyzes the hydrolysis of an ATP to obtain the
phosphate that will be transferred through the pathway. The HisKA domain contains the histidine
that receives the phosphate during autophosphorylation. The RR is composed of two domains: the
response receiver (REC) domain and an output domain. The receiver domain of the RR interacts
specifically with the phosphorylated HisKA domain. Once the RR has been phosphorylated it will
undergo a conformational change, allowing it to initiate a change in cellular processes in response
to the signal detected by the HK.

A detailed explanation of the domains and interactions observed for these two proteins follows.

2.1.1.1. Histidine Kinase

The histidine kinase is composed of an N-terminal sensor region and C-terminal interaction and
catalytic domains. The N-terminal sensor region is often separated from the C-terminal domains
by a transmembrane region resulting in the sensor region being displayed on the outer membrane
of a cell, allowing detection of the outside environment or cell deformation. However, cytoplasmic
histidine kinases that react to changes in the environment within the cell have been observed .
Upon detection of a stimulus, a series of conformational changes occur that initiate signal
transduction. Only limited studies have been performed to determine the mechanisms that allow
conformational change in the N-terminal sensor region upon recognition of an environmental trig-
ger. Based on these studies, sensor regions are specific for a signal due to the specific biochemistry
of amino acids at the protein surface. The sensor regions undergo conformational changes under
a specific condition that, in turn, cause conformational change in the C-terminal domains respon-
sible for signal transduction. In some cases, the sensor may be formed by the coordination of
histidine kinase dimers [Sdnchez-Sutil et al., 2016]. For example, a specific, structural mechanism
for signal recognition has been discovered for a histidine kinase responsible for the recognition
of copper ions where a copper ion is coordinated in the sensor region which causes long range
conformation changes [Sanchez-Sutil et al., 2016]. Although a specific signal recognition method
may be challenging to identify, the stimuli associated with sensor domains can be studied using
genetic experiments where a pathway is mutationally affected and growth or other responses are
monitored in the condition of interest. Examples include the EnvZ-OmpR pathway that responds
to oxygen [Shimada et al., 2015], the E. coli QseC pathway that senses epinephrine and nore-
pinephrine [Clarke et al., 2006], and the Myxococcus xanthus CorS pathway that senses copper
[Sanchez-Sutil et al., 2016]. Finally, the stimuli of a histidine kinase can be inferred by homology
or domain conservation with the sensor region.
10
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After the signal is detected, the catalytic domain (HK_CA) of the histidine kinase hydrolyzes
a bound ATP and autophosphorylates a conserved histidine residue in the interaction domain,
HisKA. Many histidine kinases have been found to be homo-dimeric. This dimerization is medi-
ated by residues within the HisKA domain. This dimerization may be functionally relevant as many
HKSs have been found to “auto”-phosphorylate the HisKA domain in trans [Casino et al., 2009].
Histidine kinases have been classified into distinct sub-groups based on the phylogenetic signals
of their C-terminal domains in diverse bacterial and fungal species [Catlett et al., 2003]. This sub-
classification is limited mainly to HKs involved in general TCS and those similar to chemotaxis
kinase, CheA. Another subclassification focuses on the catalytic domain using hidden Markov
models based on groups of similar kinases [Wuichet and Zhulin, 2010]. While these subclassifi-
cations of histidine kinases and their catalytic domains may be useful to distinguish evolutionarily
distinct groups of kinases from each other, the basic function of the interaction and catalytic do-

mains has been preserved.

2.1.1.2. Response Regulator

Once the kinase is phosphorylated, the response receiver transiently binds to the HisKA domain
and the phosphate is transferred to a conserved aspartate residue in its own interaction domain,
REC. Initial mutagenic and structural efforts examining the sensor histidine kinases and response
receivers, individually, revealed that the interaction domains of each protein are structurally con-
served and each has a specific histidine or aspartate residue where the signaling phosphoryl group
is covalently bound [Mizuno, 1998]. The response receiver is typically composed of a REC domain
and some output domain. Output domains are typically DNA-binding domains that allow the re-
cruitment of other transcription machinery including the broad subtypes HTH_18 and Trans_reg_C.
Other types of output domains that have enzymatic activity have been observed [Galperin, 2006].
Prior to phosphorylation, the REC domain sterically inhibits activity of the output domain.
Once the receiver domain is phosphorylated, a conformational change occurs that allows the out-
put domain to function. This rearrangement of the protein revolves around a conserved aromatic
residue in the REC domain, commonly referred to as an “aromatic switch”. (Note, some response
regulators have two aromatic residues in this region of the response regulator.) Typically, in re-
sponse regulators that have not been phosphorylated the aromatic switch residues will be pointing
away from the core of the protein and the most energetically favorable conformations will include
hydrophobic hiding of these residues by the C-terminal output domain. These conformations pre-
vent the C-terminal output domain from performing its function. However, upon phosphorylation
of the REC domain, conformational changes occur that activate the output domain [Lewis et al.,
11
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2002]. Specifically, phosphorylation of the conserved aspartic acid causes the displacement of
a conserved threonine or serine that moves towards the phosphoryl group. This movement has
been termed the “threonine flip”. Subsequently, the aromatic residue forming the aromatic switch,
typically a phenylalanine or tyrosine residue, moves into the space created by this displacement
(termed the “tyrosine tuck’). The “tucking” motion hides the exposed hydrophobicity of the aro-
matic residue, allowing conformations where the C-terminal output domain is not bound to the
REC domain. This results in the activation of the output function. Some response regulators have

also been demonstrated to dimerize at the site of the tucked tyrosine [Lewis et al., 2002].

2.1.2. Specificity in Two Component Systems

A bacterial organism can encode between up to two hundred [Alm et al., 2006] individual two
component systems and typically encode between 20 and 30. Each of these pathways must remain
specific for its intended target or cross-talk will develop and could reduce the efficacy of signal
transduction or initiate an inappropriate response [Laub and Goulian, 2007a]. It is essential to
understand how these proteins interact in order to understand how specificity is maintained. These
interactions are likely transient as many sensor kinases are transmembrane while receivers that
regulate genes are located on the bacterial chromosome, away from the surface.

Given the lack of variation in the shape of the domain, specificity must be achieved via the
amino acids presented at the interfacial region of the interaction [Szurmant and Hoch, 2010]. The
first structural analysis of these domains in complex revealed that not only do the amino acids
surrounding the conserved phosphorylated residues interact, another set of residues away from the
phosphorylation site also come in close contact [Zapf et al., 2000]. The non-phosphorylation site
residue interactions are mainly found within the a1 of both RR and HK as well as a2 of HK which
form the majority of the interfacial surface. Non-phosphorylation site residue interactions were
observed in similar positions in more recent structures of HK and RR in complex [Casino et al.,
2009; Yamada et al., 2009], despite different residues observed at those positions.

To elucidate how specificity is conferred, Skerker et al. [2005] sought sites that co-vary across
pairs of cognate two component system proteins to find interprotein, co-evolving residues. This
analysis revealed that a series of non-contiguous residues localized to the interaction domains of
histidine kinases and response regulators (specifically, six in the HisKA domain and seven in the
RR domains) have the highest interprotein covariance [Skerker et al., 2005]. Subsequent experi-
ments showed that by swapping kinase interaction domains, the targeted response regulators were
also swapped and the same effect was conferred by mutating as few as three of the six histidine
kinase specificity residues [Skerker et al., 2008]. Such rational rewiring also had the same effect
12
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for response regulators [Capra et al., 2010]. These experimental studies also show that it is difficult
to predict the effects of individual specificity residues. Modifying only one specificity residue of a
kinase, in some cases, resulted in gain of non-specific interactions to one or more partners, changed
the strength of interaction observed, or did not change specificity at all.

To predict which histidine kinases would be specific for a certain response regulator, compu-
tational techniques were employed. One method used direct-coupling analysis [Procaccini et al.,
2011] which determined 70 of the most coupled interdomain columns in an MSA of almost 9,000
concatenated cognate pairs. Cognate pairs were then scored by the set of paired residues of the
columns discovered by DCA. Each set of paired residues were scored using a method based on
the frequency of observing two residues paired and their biochemical properties. A favorable in-
teraction would increase the score for that column. One such interaction might be the oppositely
charged aspartate and arginine residues, which are observed to be frequently paired and would
readily interact to “hide” their respective charge. Although this resulted in a fairly robust estima-
tion of interaction, it was not extremely accurate for some of the examples they scored and the

cut-off between interacting and not interacting is unclear.

2.1.2.1. Interaction Space

In two-component systems, the genetic determinants of interaction are partially degenerate; mul-
tiple sets of kinase specificity residue signatures permit phosphotransfer to the same receiver (and
vice versa [Podgornaia and Laub, 2015]). The specificity spectrum of each RR is therefore defined
by the specificity residues of the set of histidine kinases that are able to phosphorylate it.

To prevent deleterious crosstalk between non-cognate proteins [Capra et al., 2012b], selection
acts to separate the spectra of two-component signaling pathways encoded in the same genome.
For the set of TCS proteins encoded in a single genome, these constraints require that the space of
all possible interactions is partitioned, i.e. each HK must interact with only one RR. This partition

requires that each specificity spectrum must have a region with no overlap and its cognate HK
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Figure 2.1: Example specificity spectra. The interaction space of the three partitioned RRs with
their cognate histidine kinases is depicted. The set of histidine kinases that do not have phospho-
transfer to any re in a given cell are depicted as blank space between spectra (arrow).

RR,
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must occupy that part of the spectrum. The degeneracy of specificity allows for some plasticity;
mutations are tolerated if interaction is maintained without the generation of crosstalk. Acquisition
of novel pathways (e.g. through duplication or horizontal gene transfer) can cause conflicts in
interaction space that require co-evolutionary shifts of specificity spectra. However, in the absence

of a perturbation, pathways likely inhabit the same region of interaction space [Capra et al., 2012b].

2.1.3. Expansion of TCS through remodeling

The diverse repertoire of TCS proteins that respectively sense and respond to diverse stimuli are
linked by the conserved signal transduction mechanism of phosphotransfer. The variety of these so-
called cognate pairs are a testament to the rapid expansion of TCS pathways [Szurmant and Hoch,
2010]. Several processes, including domain replacement (or shuffling) and duplication/divergence
events, contribute to the expansion of TCS systems [Alm et al., 2006].

Duplication and divergence allows the generation of new TCS pathways from existing ones
[Alm et al., 2006]. TCS proteins are typically encoded adjacently, leading to an increased like-
lihood of being duplicated together. Following duplication, the resulting two identical pathways
must accrue mutations such that fitness is provided in the cell or else they may be lost. The pairing
of histidine kinase and response regulator results in additional constraints. First, the two identical
pathways must accrue sufficient mutations within their interaction domains to insulate from the
other pathway (and also must avoid other existing pathways, see 2.1.2) such that signaling fidelity
is maintained. Next, the sensor and output domains may also need to accrue mutations such that a
novel signal and novel response are generated. In addition to mutations within the output domain
and in order to provide a new response, this evolutionary process likely plays out in mutations
throughout the genome in the form of mutations in non-coding DNA to create transcription factor
binding sites (in the common case that the output domain is a transcription factor) and the proteins
that will be regulated by this new output domain.

The modularity afforded by encapsulation of function into discrete domains allows special-
ization to sense and respond to new signals through domain shuffling and replacement. As the
N-terminal sensing region of the HK and the output domain of the RR have been demonstrated not
to affect the ability of the interaction domains to perform phosphotransfer [Procaccini et al., 2011;
Skerker et al., 2005], they could be replaced by their counterparts from different TCS proteins.
Such replacements are possible through recombination and other domain shuffling events [Long
and Thornton, 2001; Long et al., 2003]. The result of replacing the sensing or output modules
with another similar domain could pair a novel response to a stimulus. A similar result could be
obtained by replacing one of the interaction domains in either the HK or RR, resulting in a new
14
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pairing of sensing and output modules. The new pairing could result in a beneficial response that

could provide a fitness advantage, leading to selection and proliferation.

2.1.3.1. Specificity following Duplication of the Ntr pathway

Study of the duplication/divergence of the genetic determinants of interaction in the NtrBY and
NtrCX pathways across the alpha-, beta-, and gammaproteobacteria lineages revealed that, in the
alphaproteobacteria lineage, the specificity of the PhoRB pathway was impacted [Capra et al.,
2012b]. This hypothesis is supported by lineage-specific differences in the specificity residues of
both NtrB and PhoR that translate into differences in specificity. When heterologously combined,
the gammaproteobacterial PhoR was able to target the alphaprotebacterial NtrX while the autolo-
gous PhoR was unable to interact with it. Given that NtrX is not encoded by gammaproteobacteria,
this suggests that the duplication and subsequent divergence of NtrX in the alphaproteobacteria re-
quired changes in specificity residues for PhoR.

This study demonstrates that the constraints of a partitioned specificity space both restrict and
drive changes in signal transduction over the course of evolution. Perhaps on a larger or more
immediate scale, these constraints additionally affect the specificity of duplicated pathways. In
particular, the divergence within interaction space is the result of selection to insulate the two new
pathways from each other to maintain signal fidelity. These changes in specificity will manifest as
differences between the specificity residues of the paralogous proteins [Capra et al., 2012b]. These
changes that prevent such interactions can occur in either the HisKA or REC domains. Changes
to additional unrelated pathways may occur if crosstalk develops to an unrelated pathway during
the mutational trajectory to insulate the duplicated pair from each other. This study highlights the
role that flexibility of interaction and the constraints of the partitioned interaction space play in the

evolution of TCS proteins.

2.1.4. Complex Histidine-Aspartate Phosphotransfer Architectures

For the canonical two-component signaling system, the architecture is simply direct phosphoryla-

tion by phosphotransfer between the histidine kinase and response regulator interaction domains.
However, more complicated signal transduction architectures have also been observed. These
include multiple-input architectures, where more than one kinase is specific for the same RR, (e.g.
the general stress response of Alphaproteobacter [Kaczmarczyk et al., 2014]). The level of signal
integration among the signals transduced by the kinases in these systems is unclear. A single HK
can also be specific for multiple RRs in a multiple-output architecture (e.g. the signal transduction
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proteins that control chemotaxis in many organisms [Wuichet and Zhulin, 2010] or the response to

adrenergic hormones in E. coli [Parker et al., 2017]).

Multiple phosphotransfer interactions are observed in phosphorelay architectures. The interac-
tion domains involved in a phosphorelay can be encoded within the same protein (e.g. hybrid HK
observed in stalk biogenesis of Caulobacter [Biondi et al., 2006] or hybrid RR observed in flagellar
gene expression in Geobacter [Ueki and Inouye, 2002]) or distributed across multiple proteins (e.g.
RedCDEEF in Myxococcus xanthus [Jagadeesan et al., 2009]).

The major difference between these two types of phosphorelay architectures is the way signal
fidelity is managed. Interaction in distributed pathways must still rely on molecular recognition,
restricting certain mutational trajectories where interaction is lost or cross-talk is gained (as dis-
cussed in 2.1.2.1). The maintenance of signal fidelity in these more complex pathways entails
additional constraints on the genetic determinants of specificity because a single protein must sup-
port multiple interactions. The interaction requirements of the distributed-domain phosphorelay,
for example, necessitate precise molecular recognition to allow both the intermediate and terminal
response regulator to interact with histidine phosphotransferase. However, additional constraints
are made to the specificity of the initiating histidine kinase, which, to maintain signal fidelity, must

only interact with the intermediate response regulator and not the terminal response regulator.

However, for the co-located phosphorelay interactions, specificity is controlled by spatial teth-
ering, relaxing constraints on specificity residues [Capra et al., 2012a]. The specificity residues
of co-located interaction domains lack a strong mutual information signal suggesting that they are
under weaker selection than domains where specificity is maintained by molecular recognition.
Further, when the REC domain is removed from a hybrid histidine kinase, it displays phospho-
transfer to several autologous response regulators, in vitro (and sometimes does not even interact
with its co-located domain!). This suggests that the co-location of the REC domain insulates the
HisKA domain from interaction with other RRs as, based on the constraints placed on TCS by
the partitioning of specificity space, these promiscuous and strong interactions would likely be
deleterious. This insulation is likely incurred by the effective concentration of the interaction REC
domain (or, in other words, the co-located REC domain is phosphorylated before interaction with

a different REC domain, due to its proximity).

Considering the effect of spatial tethering in the broader context of the other TCS proteins in a
given genome, the evolution and specificity of the co-located interaction is not governed by selec-
tion which acts to create a partitioned TCS system to maintain signal fidelity and avoid crosstalk.
Therefore, the HisKA specificity may be specific for one or more of the response regulators en-
coded by that genome and may not be specific for its co-located REC domain. Loss of the REC
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domain from a hybrid histidine kinase may result in a remodeling event whereby the newly minted

HK is wired up to a separate response regulator that it is able to phosphorylate.

2.2. Firmicutes Phylum and Endosporulation

The Firmicutes (which loosely translates to Strong skinin Latin) phylum is a taxonomic delineation
of mainly gram positive bacteria with low %G+C [Vos et al., 2009]. Most members of this phylum
have either cocci or rod-shaped cells. One of the key characteristic phenotypes of this phylum is
the production of endospores, a cellular morphotype that is dormant and protected from the en-
vironment. Endosporulation is observed widely and scattered throughout the phylum. The major
divisions in this phylum, the classes Bacilli and Clostridia, are contrasted by their preference for
anoxic versus oxygenated environments. The Clostridia are obligate anaerobes, while the Bacilli
are facultative aerobes. Due to this major ecological difference as well as phylogenetic inference
[Battistuzzi et al., 2004], the Bacilli are thought to have diverged from the Clostridia around the
time of the Great Oxygenation Event, 2.3 to 2.7 billion years ago. The Bacilli are likely descen-
dants of a population of ancestral Firmicutes exposed to Earth’s atmosphere that evolved the ability
to survive in increasingly oxygenated conditions. A discussion of the phylogenetic organization

within this phylum follows (Section 2.2.3).

2.2.1. Ecology

The Firmicutes are ecologically diverse. Firmicutes species have been found in a large variety
of environments including aquatic, mammalian, soil, and food [Mandic-Mulec et al., 2015; Vos
et al., 2009]. Members of both classes also include extremophilic species including from those
tolerant of extreme heat (thermophilic) [Juturu and Wu, 2017; Kozianowski et al., 1997], cold
(psychrophilic) [Larkin and Stokes, 1967], and salinity (halophilic) [Mavromatis et al., 2009].
Many species inhabit specific niches and require certain substrates for their continued survival and
growth. For example, Desulfotomaculum acetoxidans was demonstrated to perform redox reac-
tions necessary to survival using acetate or butyrate as a substrate (and as a by-product produces
hydro-sulfuric acid!) [Widdel and Pfennig, 1977].

Several species within both classes are also medically relevant as many of the earliest discov-
ered and studied species within the Firmicutes are pathogenic. Further, transmission is commonly
linked to the production of antibiotic and disinfectant resistant endospores. Notably, this phy-
lum includes the leading cause of hospital-associated diarrhoea, Clostridiodes difficile, and many
other species that are associated with human or livestock disease [Ontiveros Corpus et al., 2008].
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Many infections by these bacteria are typified by their production of toxins and neurotoxins such
as those that result in paralysis (Clostridium botulinum [Maignel-Ludop et al., 2017]), muscle
spasms (C. tetanus [Ahnert-Hilger and Bigalke, 1995]), or cause cell death (Bacillus anthracis
group [Mourez et al., 2002]). In general, bacterial pathogenesis is a substantial medical issue;
the medical challenges when faced with Firmicutes pathogens are enhanced by toxinogenesis and
sporulation. Sporulation in particular can allow the pathogen to persist despite the arsenal of med-
ical treatments available.

The Firmicutes phylum is taxonomically subdivided into two major classes, the Bacilli and
the Clostridia. Although these classes are each diverse, they are typically characterized by aero-
tolerance; most Clostridia are obligate anaerobes and most Bacilli are facultative aerobes. This
distinction, along with phylogenetic evidence [Battistuzzi et al., 2004], have led to the hypothesis
that the Bacilli and Clostridia diverged around the time of the Great Oxidation Event (GOE), when
the atmospheric oxygen levels began to rise due to the advent of photosynthetic cyanobacteria in

the oceans.

2.2.2. Production and lifecycle of Endospores

Endosporulation is a survival response to adverse environmental conditions observed broadly scat-
tered throughout the Firmicutes phylum [Galperin et al., 2012]. The specific conditions wherein
sporulation is activated vary between species and may be lineage specific [Auchtung and Gross-
man, 2008; Baril et al., 2012]. Heat and starvation are conditions typically associated with the
production of spores. As such, many of the assays that are used to study the production of spores
use media with reduced nutrients or subject the organisms to extreme heat [Burns and Minton,
2011]. However, other lineage-specific sporulation signals or conditions have been discovered
such as quorum sensing in Bacillus subtilis [Auchtung and Grossman, 2008] and the presence of
acetate in Desulfotomaculum acetoxidans [Widdel and Pfennig, 1977].

Although this survival response ensures the continuation of the lineage of an organism, it is a
metabolically expensive [de Hoon et al., 2010] and intricate process involving up to 150 different
genes [Galperin et al., 2012; Molle et al., 2003]. If sporulation is interrupted by irregular expression
of a sporulation gene or not enough energy is available to complete the process, the resulting spore
may not be protected from the environment and could result in loss of both the mother and daughter
cell. To assure that spores are only produced in the correct conditions, tight control of the initiation
of sporulation is advantageous [Higgins and Dworkin, 2012].

The production of endospores is split into five “stages” and the genes controlling it are labeled
by the stage in which they are involved. Initiation of sporulation is also called sporulation stage 0
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and all involved proteins carry the prefix Spo0.

The initiation of sporulation is controlled by a histidine kinase-based signal transduction system
in all species in which it has been studied [Burbulys et al., 1991; Steiner et al., 2011]. The result
of activation of this pathway is the phosphorylation of SpoOA, a response regulator that acts as
the master regulator of sporulation, controlling many of the genes in the initial stages of spore
production [Asayama et al., 1995].

The general scheme of the sporulation process begins with standard mitosis, but diverges at the
conclusion of anaphase II. At this point, rather than splitting into two cells, the daughter cell is
engulfed by the mother cell, where it is coated with protecting proteins and lipids [Tocheva et al.,
2011]. In many species, endosporulation uses up the remaining energy stores of the mother cell,
which typically undergoes apoptosis, releasing the spore into the environment. However, there are
some species which are known to produce multiple spores before apoptosing, such as B. polyspora
[Flint et al., 2005]. Once the spore is created it will remain dormant until it is reactivated in

response to environmental triggers [Paredes-Sabja et al., 2011].

The result of the endosporulation process is a dormant cell surrounded by a double membrane,
protectively coated with a mixture of proteins and lipids [Tocheva et al., 2011]. Typical spores
are protected from the gamut of environmental stressors including heat, radiation, antibiotics, and
toxins, by their thick, decorated membranes [Setlow, 2014]. Through these resistances, spores are
able to persist until conditions improve, at which point they will germinate, beginning the bacterial
lifecycle anew. Germination conditions are likely to be niche-specific [Paredes-Sabja et al., 2011];
anaerobic spore-formers that colonize the human gut may germinate in response to tachoaic acid
[Francis et al., 2013] .

2.2.2.1. Relationship between Negativicutes and Sporulation

Unlike most other Firmicutes, the so-called Negativicutes have a double cell-membrane and are
Gram-stain negative. Recent work in Acetonema longum by [Tocheva et al., 2011, 2013, 2016] has
provided evidence that the diderm characteristic may be related to endosporulation. Fully mature
spores of the Negativicutes, Bacillus, and Clostridium, all share the same morphology: one cell
membrane derived from the forespore and one derived by engulfment by the mother cell. When
spores germinate, those of Bacilli and Clostridia lose their outer membrane, while in A. longum
the outer membrane persists and is further elaborated.
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2.2.2.2. Challenges in identifying sporogenous species

The spore formation phenotype is observed scattered throughout the Firmicutes phylum, implying
that sporulation has been independently lost in many lineages. It has been suggested that adap-
tation to a stable environment will lead to the eventual loss of the ability to sporulate [Maughan
et al., 2009]. Specific adaptations, where possible, to the dynamics of a specific environment may
be more cost-effective than the expensive and intricate sporulation process. Consistent with this
hypothesis, there are two large clades within the Firmicutes phylum, the Lactobacillaceae and
the Veillonellaceae, that have adapted to specific, stable environments and spore-formation is not
observed. Both of these families are commonly associated with commensal or pathogenic inhabi-
tation of animal niches [Ludwig et al., 2015].

For the purposes of this thesis, sporulation status of a species has implications on (what can be
learned) from the SpoO components. If a species is asporogenous, its Spo0 pathway may not be
under selective pressure and could be in the process of being lost or lost altogether. The formation
of spores can be measured in a variety of ways and, for sporogenous species, is typically reported
as part of the initial description of a species or alongside the characterization of a species during
whole genome sequencing. However, asporogeneity is challenging to predict. Several stress condi-
tions have been used to test for the presence of spores including growth in reduced-nutrient media
(starvation), heat-shock, or exposure to oxygen [Burns and Minton, 2011]. After induction of
sporulation, spore-formation has been measured by observation of spore-forms using microscopes
and viability following stress condition. The latter method is based on the implicit assumption that
only spores would survive the stress condition. Measurement of spore-formation (or in some cases,
the prevalence of spore-formation) is also used in the study of the genetic basis of sporulation (e.g.
characterization of mutants and knockouts of sporulation kinases).

While determining that a species is able to form spores may be trivial using standard methods,
assessment of inability to form spores is challenging. Typically, if no spores or viability follow-
ing stress conditions is observed, the species will be reported to be asporogenous. However, as
spore-production has been observed in a variety of specific conditions and may not be initiated by
the conditions tested, it is possible that some reports of asporogenous species are false-negatives.
Further, the methods used to detect spore-formation could vary based implementation. Differences
in spore detection and counting technique, for example, has lead to vast variability in reporting the
frequency of Clostridiodes difficile spores [Burns and Minton, 2011].

Another strategy to determine sporogeneity leverages sporulation genotypes. Specifically, a
number of studies have sought the minimal set of sporulation genes that genes are necessary and
sufficient for the production of endospores [Abecasis et al., 2013; Browne et al., 2016; Galperin
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et al., 2012]. For example, Galperin et al. [2012] examines the presence of four essential genes
to provide evidence for sporogeneity. If the genome is found not encode SpoOA, evidence sug-
gests that it will not to form spores. Consistent with this hypothesis, in studies where Spo0OA is
knocked out or mutated, an asporogenous phenotype is observed [Obana et al., 2017; Trach and
Hoch, 1993]. However, if Spo0OA is encoded but there is no evidence of spore-formation, the pres-
ence and absence of downstream sporulation genes may not be sufficient to predict the (lack of)
ability to form spores. This may be further complicated by variations in the proteins involved in
the downstream mechanisms of spore-production, given the observed differences between evolu-
tionarily distant species [Al-Hinai et al., 2015; Dalla Vecchia et al., 2014; de Hoon et al., 2010].

Finally, a recent study on the prevalence of spore-formers in the human anaerobic microbiome
suggests that the number of sporogenous species within the Ruminoccaceae, Lachnospiraceae, and
Erysipelotrichaceae has been underestimated [Browne et al., 2016]. This study grew microbes
from human faecal samples to determine which species compose the intestinal microbiome and,
specifically, what the prevalence of spore formation in this microbiome is. To assess sporulation
capability, growth was compared with and without exposure to ethanol and oxygen. Single-founder
colonies were generated from combined samples after exposure to the combined stress condition.
The viability of these colonies is likely the result spore-formation. To determine the identity of
these species that were able to survive the stress conditions, whole genome sequencing was per-
formed on the single-founder colonies. They found that several of the species they isolated had
greater than 95% similarity to species that had not been reported to form spores, but clearly sur-

vived the stress condition.

There are several possibilities for these conflicting results. First, the conditions tested in this
study differ from those tested in prior studies. Next, some of the species identified in this study
may be able to withstand the ethanol stress condition via other mechanisms [Bravo-Ferrada et al.,
2015]. Finally, there could be strain differences between a species identified as a non-spore-former
in the lab versus that retrieved from the “wild” such that the lab strain is a bonafide non-spore-
former while the environmental strain is able to form spores. At 95% sequence similarity, for
example, the isolate may even be a distinct species from the sequenced species to which it shares
similarity. While these results are intriguing, we look forward to more detailed characterization of
the strains identified including microscopy, spore-formation in isolation, and further phylogenetic
classification before species definitions are altered.
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2.2.3. Phylogenetic Context and Taxonomy

The Firmicutes phylum is thought to have diverged from the high-GC actino- and cyano-bacteria
approximately 3 billion years ago [Battistuzzi et al., 2004]. Within the Firmicutes phylum, the
currently accepted hypothesis is that the classes Clostridia and Bacilli diverged approximately 2.3-
2.7 billion years ago, coinciding with the atmospheric rise of oxygen [Battistuzzi et al., 2004].

A definitive species tree for the Firmicutes phylum has been elusive due to the nature of the
time-scale, in addition to the likely occurrence of horizontal gene transfer that may cloud phylo-
genetic signal. As more Firmicutes genomes have become available, efforts have been made to
generate Firmicutes species trees that are more accurate and comprehensive [Antunes et al., 2016;
Ludwig et al., 2015; Yutin and Galperin, 2013].

Early phylogenetic efforts included trees built to determine the relationships within the two
major classes of the Firmicutes. These notably include a phylogeny by Collins et al. [1994] based
on 16S rRNA that grouped the species of Class Clostridia into 24 groups, commonly referred to
as “Cluster #” Clostridia, representing groups of bacteria that are genetically similar and inhabit
similar niches. In this tree, the Clostridium sensu stricto were established as Cluster 1 Clostridia.

A set of comprehensive trees were published in Bergey’s Manual of Systematic Bacteriology
[Ludwig et al., 2015] and based on 16S rRNA. This tree suggests a topology (summarized in Fig
2.2A) where many genomes of “early-branching” Clostridia diverged prior to the separation of
the Bacilli class. These early-branching genomes include the families Thermoanaerobacter and
several families of syntrobiotic or symbiobiotic Firmicutes. Relationships within Class Clostridia
are largely unresolved in this tree.

Although 16S rRNA has commonly been used to determine species phylogenies, protein-based
phylogenies have recently come in to favor. Amino acid sequences have more phylogenetic infor-
mation, more accurate models, larger available data sets, and more efficient algorithms than rRNA.
Further, the use of amino acid data, which may also require increased memory and calculation
speed, is facilitated by increases in computing power. For species trees, more recent approaches
have used ribosomal protein data to build species-level phylogenies [Antunes et al., 2016; Kuni-
sawa, 2015; Yutin and Galperin, 2013]. Ribosomal proteins may provide the benefits of amino acid
data and are thought to be rarely transferred or duplicated. Here I focus on two of the most recent
and comprehensive Firmicutes species tree studies based on this type of data.

The Yutin and Galperin [2013] tree was built on 70 Firmicutes with the goal of placing the Veil-
lonellaceae in the context of the phylum and to re-classify several species of mis-placed Clostrid-
ium [Yutin and Galperin, 2013]. This tree was created using a concatenated sequence alignment of

50 ribosomal proteins as data. To root this tree, two outgroup species, Leptotrichia buccalis and
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Fusobacterium nucleatum, were included.

Antunes et al. [2016] was constructed using a larger set of taxa (205 genomes) using multiple
tree-building methods and a ribosomal protein dataset similar to that used in the Yutin and Galperin
[2013] tree. These trees were built to confidently place the Selenomonadales/Veillonellaceae group
and the Halanaerobiales/Natranaerobiales group for the purposes of determining the ancestral state
and evolutionary history of monoderm and diderm cellular envelopes. To root these trees, thir-
teen outgroup species were also included in the analysis. This study presents species trees built
using both maximum likelihood and a Bayesian approach. Trees built using either method are

topologically similar and well-supported.

Comparison of the Yutin and Antunes trees reveals similar topology at the highest ranks of
taxonomy (Figure 2.2). These trees differ in their placement of the anaerobic halophiles (Ha-
lanaerobiales and Natranaerobiales) — in the Antunes tree, this clade is predicted to have diverged
prior to the divergence of the two Firmicutes classes, Clostridia and Bacilli; in the Yutin tree, it is
predicted that this clade diverged from Class Clostridia after the divergence of the Bacilli, but the
relationship to other clades within Class Clostridia is not resolved in this tree. The resolution of
families within Class Clostridia in the Antunes tree compared to the Yutin tree also leads to other
differences, such as the prediction that families Lachnospiraceae and Ruminoccocaceae are sister
taxa and the placement of the order Thermoanaerobacterales is basal to those two families and the

Clostridiaceae. This ordering is consistent with the unresolved branches of the Yutin tree.

A B C
Thermoanaerobacterales — Qutgroup Outgroup
Erysipelotrichaceae Erysipelotrichaceae Halanaerobiales
Alicyclobacillaceae 4'_7‘: Lactobacillaceae Natranaerobiales
Paenibacillaceae Bacillaceae Alicyclobacillaceae
Bacillaceae _ Syntrophomonodales Pae.nibaculaceae
Lactobacillaceae Bacillaceae

Haloanaerobiales Lactobacillaceae

Peptococcaceae

Natranaerobiales
Ruminococcaceae Peptococcaceae
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Clostridiaceae T
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Figure 2.2: Comparison of three Firmicutes phylogenies. Phylogenetic summaries show family
and order levels of taxonomy based on trees presented in the main text of (A) Bergey’s Manual of
Systematic Bacteriology (16S rRNA). (B) Yutin and Galperin [2013] tree (50 ribosomal proteins).
(C) Antunes et al. [2016] (46 ribosomal proteins).
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2.2.3.1. Recent reclassifications within the Firmicutes phylum

In general, taxonomic nomenclature does not always agree with phylogeny. Systematic informa-
tion is only one of several criteria used in the classification of bacteria, which, prior to the advent
of systematics mainly classified and named bacterial species based on phenotypic characteristics,
including cellular morphology, niche, and unique metabolic tendencies.

The taxonomic nomenclature and classification within the Firmicutes phylum is currently in
flux [Galperin et al., 2016; Lawson et al., 2016]. This is partially due to the historical classifi-
cation of spore-formers based on aerotolerance. Prior to the 1990s: nearly all anaerobic spore-
formers were assigned to the Clostridium genus while aerobic spore-formers were assigned to the
Bacillus genus [Parte, 2014]. With the advent of whole genome sequencing and more sophisti-
cated phylogenetic reconstruction methods, a better understanding of phylogenetic relationships
within the Firmicutes is emerging [Kunisawa, 2015]. As such, efforts are being made to reclassify
species that were formerly assigned by these general criteria into a more descriptive taxonomic
organization. New classifications aim to group species by genetic similarity, metabolic capa-
bility, and environmental niche at all levels of taxonomy. Typically, upon reclassification, new
names are generated that aim to provide more characteristic information. In cases where it is be-
lieved that re-classification is necessary but a new taxonomic organization has not been determined
or agreed upon, species are re-named using the convention “New-genus-name [historical-genus-
name] species’.

For example, a case that has been particularly contentious is Clostridioides difficile, formerly
known as Clostridium difficile. In recent phylogenetic reconstructions using both 16S rRNA and
ribosomal proteins [Galperin et al., 2016; Lawson et al., 2016], this medically relevant species has
been placed with other members of the family Peptostreptococcaceae. Yutin and Galperin [2013]
suggested that this species be named “Peptoclostridium difficile” However databases and later
journal articles rejected this name as this medically-relevant species is colloquially referred to as
“C. diff” within medical communities and the general zeitgeist. The “validly described” reclassifi-
cation of this species is Clostridiodes difficile, which preserves the initial “C” while differentiating
the species from the Clostridium sensu stricto [Lawson et al., 2016].

For a more in-depth look at the current issues in Clostridium reclassification, please refer to
[Galperin et al., 2016; Lawson et al., 2016; Vos et al., 2009; Yutin and Galperin, 2013]; the most
recent major reclassifications within the Bacilli are found in Vos et al. [2009]. Further complicating
these reclassification efforts, different databases that contain taxonomic information, such as LPSN
[Parte, 2014] and the NCBI taxonomy database [Sayers et al., 2009], have different criteria that
must be met for a suggested change in taxonomic assignment or name to be reflected in their
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databases.

2.3. Sporulation Initiation (Spo0) Pathway

The sporulation initiation pathway controls the entrance into the cellular differentiation program
that results in the production of endospores. This pathway has different signal transduction archi-
tectures in two evolutionarily distant genera, the Clostridium and Bacillus. Although the architec-
tures differ, both pathways result in the phosphorylation of the response regulator, SpoOA, which
has been called the “master regulator of sporulation” [Galperin et al., 2012] (Section 2.3.1).

In B. subtilis, the sporulation initiation (Spo0) pathway is a multi-input phosphorelay (see Sec-
tion 2.1.4) characterized extensively [Burbulys et al., 1991; Jiang et al., 2000; Trach and Hoch,
1993] and also observed in closely related species [Bick et al., 2009; Brunsing et al., 2005; Park
et al., 2012]. In this architecture, multiple sensor kinases phosphorylate SpoOF, a response regu-
lator lacking an output domain; subsequently, that phosphoryl group is transferred via Spo0B, an
intermediate histidine phosphotransferase, to Spo0OA, a second response regulator that serves as the
master regulator of sporulation (Fig 2.3). SpoOF and SpoOB were not identified in early genomes
of Clostridium [Stephenson and Hoch, 2002] and one of these genomes was later found to encode

a multi-input direct phosphorylation architecture [Steiner et al., 2011].

2.3.1. Regulation of sporulation via the Spo0 pathway

Spo0A, the terminal component of the pathway in both species, initiates spore development upon
phosphorylation in both classes [Hoch, 1971; Worner et al., 2006] and is encoded by all known
sporulators [Galperin et al., 2012]. Spo0OA 1is a canonical response regulator protein in its domain
composition, including a REC domain [Lewis et al., 1999] and a highly conserved, DNA-binding
output domain, SpoOA_C [Lewis et al., 2000]. As is typical in response regulator proteins, phos-
phorylation of SpoOA activates the output functionality. Specifically, the phosphorylated form
of SpoOA “unhinges” (as described in 2.1.1.2) allowing the SpoOA_C output domain to act as a
DNA-binding transcription factor. This conformational change also exposes residues that coordi-
nate dimerization [Lewis et al., 2000], which has been implicated in the regulatory role of SpoOA.
The Spo0A _C output domain binds to so-called OA-boxes that are found upstream of the genes
controlled by SpoOA [Burbulys et al., 1991]. For successful sporulation, proteins involved in the
machinery that produces spores must be precisely expressed. For many of these proteins, phos-
phorylated SpoOA plays a role in transcriptional regulation. Phosphorylated SpoOA proteins bind
a specific upstream site, consisting of seven basepairs. It has been suggested that the configuration
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Figure 2.3: Simple and complex interaction architectures involving histidine-aspartate phospho-
transfer domains, HisKA (teal oval), REC (blue and green rectangles), and SpoOB (orange oval).
A) Canonical TCS system architecture. Interaction between a histidine kinase and response regula-
tor B) B. subtilis Spo0 phosphorelay. Multiple sporulation kinases (KinA-E) phosphorylate SpoOF.
Subsequently, Spo0B transfers phosphate from SpoOF to SpoOA. C) C. acetobutylicum Spo0 direct
phosphorylation architecture. Multiple sporulation kinases phosphorylate SpoOA.

of these so-called OA-boxes can lead to different expression profiles that may be required for the
regulation of Spo0 machinery. The nucleotide identity of the variable basepairs of this motif can
vary the affinity of SpoOA binding. For example, in the instance of B. subtilis SpoOF, a rise-and-fall
expression pattern is achieved through multiple upstream OA-boxes in a specific pattern [Asayama
et al., 1995]. The binding of two high affinity 0A-boxes, by dimerized SpoOA is hypothesized to
cause a conformation change in the surrounding DNA, which may promote the recruitment of a
sigma factor, (0 H), that, in turn, recruits polymerase machinery [reviewed in de Hoon et al., 2010].
As the concentration of phosphorylated SpoOA increases, an 0A-box with weaker affinity that is
further upstream from the two high-affinity OA boxes is bound and inhibits the binding of the
sigma factor, reducing the expression of SpoOF. This weaker 0A-box is hypothesized to be bound
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by non-dimerized SpoOA that may accrue as a result of high concentrations of phosphorylated
SpoOA [Asayama et al., 1995]. Evidence for this transcriptional control through dimerized, phos-
phorylated SpoOA is corroborated by the reduction of DNA-binding [Muchova et al., 2004] and
sporulation observed when the dimerization residues of Spo0OA are mutated to abolish dimerization

between either the N- or C-terminal domains [Seredick et al., 2009].

Regulation of sporulation initiation by phosphorylated SpoOA is modulated by proteins that
interact with the Spo0 pathway proteins to remove phosphoryl groups from the system or to inhibit
interactions. These include aspartyl-phosphatases, such as B. subtilis RapA, B, and E, which target
SpoOF, and Yisl, YnzD, and SpoOE, which target SpoOA [de Hoon et al., 2010, reviewed in]. In
some cases, these phosphatases are additionally inhibited by small peptides: RapA, for example,
is inhibited by the small peptide PhrA [Diaz et al., 2012]. There are also proteins that inhibit
phosphorylation by direct interaction with SpoO proteins. B. subtilis Sda, for example, binds to the
HisKA domain of sporulation kinases to prevent interaction with SpoOF [Rowland et al., 2004].
Intriguingly, Sda is upregulated in response to DNA damage, suggesting that this protein acts
as a checkpoint before sporulation can proceed. Finally, proteins such as SinR [Mandic-Mulec
et al., 2015] and AbrB [Zuber and Losick, 1987] act as transcriptional repressors in the Spo0OA
regulon genes. As with many concepts related to sporulation, regulation of the Spo0 pathway was
primarily characterized in B. subtilis. Although comparative genomic studies have revealed sets
of Spo0 regulators in other species [Galperin et al., 2012], the complete set of regulators and their

concerted mechanisms in species other than B. subtilis is poorly understood.

Regulation of sporulation following the production of phosphorylated SpoOA is mainly through
recruitment of specific sporulation sigma factors (mediated by phosphorylated SpoOA). These
sigma factors are temporally and locally expressed in either the forespore or the mother cell of
the sporulating bacteria [de Hoon et al., 2010]. For example, in the earliest stages of sporulation,

Spo0A recruits sigH in the mother cell and sigF in the forespore.

The study of sporulation kinases in the Clostridium genus has revealed another apparent method
of sporulation regulation: histidine phosphatases. These proteins are similar to histidine kinases
in their domain content, though rather than phosphorylating a response regulator they remove the
phosphoryl group from response regulators [Casino et al., 2010]. Although it has not been explic-
itly studied, based on the domain content similarities to histidine kinases, it is intriguing to consider
that the specificity of this de-phosphorylation interaction may be governed by the same specificity
residues as histidine kinases. Further, these phosphatases may also require stimuli to initiate their
phosphatase activity. No specific histidine phosphatases have been reported in Spo0 phosphore-
lays, although many kinases are suspected to act as both kinases and phosphatases [Casino et al.,
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2010].

2.3.1.1. Sporulation and the cell cycle

Sporulation initiation must be tightly linked to the end of the cell cycle, as it is a derivative process
from mitosis. Further, the appropriate expression of sporulation proteins in both the mother cell
and the forespore is essential to the sporulation differentiation process. Consistent with this logic,
inability to fully transfer DNA to the prespore has been observed to result in stage III sporulation
arrest with a partially formed forespore [Wu et al., 1995]. These results suggest that if the chro-
mosomal copy is not available, sporulation will not proceed. In turn, this suggests that cellular
regulation of the Spo0 pathway must result in syncing the availability of the regulating, phospho-
rylated SpoOA with the end of the cell cycle when the chromosomal copy is available, or else
sporulation will not proceed appropriately. In B. subtilis and other organisms that control sporu-
lation through phosphorelays, this timing control may be partially performed by inhibitive small
peptides that are independently linked to the cell cycle, such as NprX and Sda that block SpoOF
from interacting with sporulation kinases [Perchat et al., 2016]. It is also intriguing to consider that
the kinetics of the phosphorelay may result in syncing with the cell cycle. It has been suggested
that the availability of SpoOF may temporally inhibit sporulation kinase activity in a concentration
dependent manner [Narula et al., 2015] — as such, overexpression of SpoOF leads to decreased
sporulation [Grimshaw et al., 1998].

The coordination of the cell cycle and sporulation in species where SpoOA is directly phospho-
rylated is not well-studied. There is evidence to support the hypothesis of regulation via a feedback

loop wherein sporulation kinases are controlled by phosphorylated SpoOA [Steiner et al., 2011].

2.3.2. Experimental Characterization of the Spo0 Pathway

In this section, I review the experimental evidence of Spo0 components, their interaction, and the
resulting pathway architectures. The sporulation kinases, and other Spo0 component homologs
identified in these studies are catalogued in Table 1 along with their specificity residue signature
and PAS domain content.

The well-characterized B. subtilis Spo0 pathway has a multi-input phosphorelay architecture.
Evidence from experiments in other species in Class Bacilli suggest that their Spo0O pathways are
similar in architecture to the B. subtilis Spo0 pathway [Bick et al., 2009; Brunsing et al., 2005;
Park et al., 2012].

In contrast to these multi-input phosphorelay Spo0 architectures, C. acetobutylicum and other
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closely related species possess a multi-input architecture in which SpoOA is directly phosphory-
lated by multiple kinases [Steinerl 1, Underwood09, Mearls14].

2.3.2.1. Experiments Demonstrating Phosphorelay Architecture of Spo0 pathways

2.3.2.1.1. B. subtilis The Spo0 pathway was initially discovered in Bacillus subtilis, a model
organism for the gram-positive eubacteria (later known as Firmicutes). Determination of the mech-
anisms responsible for the production of endospores was a primary focus for early geneticists
working in this system given its association with infection in both humans and livestock. As such,
analysis of mutations that caused reduction or elimination of sporulation was common. These mu-
tations were categorized by the stage in which sporulation was arrested. Any mutation that was
demonstrated to occur prior to formation of the prespore and excretion of antibiotics and proteases
was considered a mutant in Stage 0, or sporulation initiation. Mutants that appeared in different
regions of the chromosome were given a letter to denote that region.

By 1976, nine Spo0 genes had been identified among several hundred mutations that were
mapped [Hoch, 1976]. As understanding of the Spo0 pathway became better understood, the num-
ber of Spo0 pathway proteins would decrease to five. Two mutations were found to be within
previously characterized SpoO components: SpoOD and SpoOC were found to be mutations within
spoOB and spo0A respectively. Other genes initially given the Spo0 prefix were better characterized
and found to not participate in the histidine-aspartate phosphotransfer pathway, including spoOH,
which was found to be a sigma factor and renamed o/ [Dubnau et al., 1988]; spoOK, an oligopep-
tide permease that likely plays a role in small-peptide import that may include a sporulation stim-
ulus [Rudner et al., 1991]; and finally, spo0J, a ParB family protein involved in chromosomal
segregation during the initiation of sporulation [Ireton et al., 1994].

A combination of mutants was used to elucidate a possible interaction pattern at a time when
little was known about the structure of these proteins. Specifically, a particular mutant of B. sub-
tilis Spo0OA, sof-1, was demonstrated to recover sporulation in the presence of mutations in either
SpoOF, Spo0B, or SpoOE [Hoch et al., 1985]. The rescue of these other mutations implies that the
other Spo0 proteins “interact in a sequential or concerted fashion to effect the activity of the SpoOA
gene product” [Hoch et al., 1985]. This sporulation defect suppressor mutation was mapped to the
12th codon of the SpoOA locus, altering an asparagine to a lysine (N12K).

We now know that the sof-1 SpoOA mutant altered the first specificity residue from N to K,
likely introducing direct phosphorylation of SpoOA by either a sporulation kinase or some other
kinase [LeDeaux et al., 1995]. Alternatively, this amino acid change may have solely or addi-
tionally changed the dynamics of dephosphorylation by SpoOE, allowing the usually low rate of
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SpoOA phosphorylation by KinA and other sporulation kinases to be sufficient to initiate sporula-
tion. Although not included in the study published by LeDeaux et al. [1995], the associated thesis
demonstrated that KinC, later found to be a sporulation kinase [Jiang et al., 2000], directly phos-
phorylates the sof-1 version of Spo0A, suggesting that direct phosphorylation is indeed occurring.

Each of the products of genes in which a Spo0 mutation was identified were further charac-
terized by sequence analysis in subsequent studies. While the primary sequence of spoOB did not
reveal a function for the gene product [Ferrari et al., 1985a], the primary sequences of both SpoOF
and SpoOA were identified to be homologous to OmpR, a regulatory protein [Ferrari et al., 1985b;
Trach et al., 1985]. However, SpoOF notably lacks the C-terminal region typically associated with
this protein family [Trach et al., 1985] (see Section 2.1.1.2). This homology suggested that there

should be a corresponding “transmitter kinase” that interacts with these proteins to activate them.

A potential transmitter kinase was identified as the spoOIlJ gene [Antoniewski et al., 1990].
This gene was categorized as a sporulation stage II gene, as mutations to this gene caused sporu-
lation arrest prior to the transcription of several other Spoll genes. However, such arrest at stage
IT was intermittent, even with the same strains harboring mutations within this gene, and stage 0
blockage was also inconsistently observed [Antoniewski et al., 1990, unpublished A. Ryter, cited
in]. Sequence analysis revealed that the product of the spoOIlJ gene shares homology with the
transmitter kinase family, especially in the C-terminal transmitter region. In contrast to typical
transmitter kinases, which are encoded adjacent to a cognate response regulator, this protein is an
orphan kinase, lacking such an adjacent interaction partner. This led to speculation that spollJ
encodes a kinase that may be specific for SpoOF or SpoOA, given the occasional effect of SpoOILJ
mutations to block spore production at stage 0. The SpoOIlJ gene product, renamed KinA, was
later demonstrated to phosphorylate SpoOF, and, to a lesser extent, SpoOA, confirming a role in in
sporulation initiation [Perego et al., 1989]. Note, however, that these interactions were observed
after an incubation period of 1 hour at 37C with autophosphorylated KinA and may not represent

physiological conditions.

Finally, a phosphotransfer assay was performed using KinA, SpoOF, Spo0OB, and SpoOA pu-
rified from B. subtilis that demonstrated that these proteins interact sequentially [Burbulys et al.,
1991]. This series of interactions was termed a “multi-component phosphorelay”. This study addi-
tionally confirmed that the primary target of KinA is SpoOF and that SpoOB transfers a phosphoryl
group from SpoOF to SpoOA, likely through a mechanism similar to that of the transmitter kinases.

Four additional orphan transmitter kinases were also found to be specific for SpoOF [Jiang
et al., 1999, 2000; Trach and Hoch, 1993]. Each of these kinases were identified by homology

to KinA and orphan status; there is experimental evidence for interaction with SpoOF for each
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of these kinases by phosphotransfer assay, though KinB [Trach and Hoch, 1993] was initially
identified by a sporulation efficiency assay in a double deletion mutant. Of these five sporulation
kinases, the largest reduction of sporulation efficiency is observed for KinA, followed by KinB, and
the remaining kinases contribute substantially less. It may be interesting to study the sporulation
kinases that effect sporulation less in different conditions, as these may be sensitive to different

stimuli not commonly tested in sporulation efficiency assays.

2.3.2.1.2. Bacillus anthracis The sporulation kinases of Bacillus anthracis were identified
by sequence similarity to the interaction domain of the B. subtilis sporulation kinases. These
nine kinases were identified using a BLASTP search with B. subtilis KinA as a query. Next,
these kinases were experimentally characterized by their ability to drive sporulation initiation in B.
subtilis when under their own promoter or the promoter of BA4223, which was found to be highly
active in the backgrounds tested. Although orphan kinases were not the target of this BLAST
search, all nine kinases identified were also orphans. Further inspection reveals that this is the
full complement of orphan kinases in B. anthracis. Of those tested, only BA4223 and BA2291
restored sporulation to significant levels in a A KinA and A KinB background. BA1356 also
restored sporulation in the double kinase knockout but to a much lesser degree and increased
sporulation much more in a single knockout (0 KinA) mutant. Expression of BA5029 under the
promoter of BA4223 resulted in sporulation rescue under the single knockout (6 KinA). Expression
of BA1351 in the wildtype background eradicated sporulation ability, suggesting it is a phosphatase
and possibly acting as a SpoOE homolog. Overexpression of BA2291 also reduced sporulation
percentage nearly to zero, suggesting it has phosphatase activity at high concentrations, though
this could be an artifact of overexpression. I suggest an alternative hypothesis: BA2291 has some
affinity for B. subtilis SpoOA and its overexpression resulted in inappropriate crosstalk to SpoOA
such that sporulation was not able to proceed as normal. These mixed results suggest that these
four kinases and one phosphatase are involved in sporulation in B. anthracis.

The remaining kinases, BA2636, BA3702, BA1478, BA5029, and BA2644 did not show any
rescue of sporulation deficiency. Other experiments were done to examine the activity of the
promoters of these proteins and sporulation ability after single knockout in B. anthracis. These
experiments do not directly characterize these proteins as sporulation kinases, though the authors
suggest that the knockout experiments show that there is no kinase that regulates sporulation ini-
tiation more than any other (unlike in B. subtilis where knockouts of SpoOA have greatly reduced
sporulation).

Although the downstream components of the phosphorelay were not directly tested by the
Brunsing et al. [2005] study, it is mentioned that they are extremely similar in sequence to B.
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subtilis including “identity throughout the interaction surface.”

2.3.2.1.3. Paenibacillus polymyxa SpoOF and SpoOA of P. polymyxa were identified to
be highly conserved with those of B. subtilis. Although P. polymyxa SpoOB is conserved with B.
subtilis throughout its region of interaction, it is varied throughout the rest of the protein, sharing
only 14% identity. Additional evidence that this protein is a SpoOB homolog was the presence of
an upstream ObgE protein.

P. polymyxa SpoOA was shown to partially recover sporulation in the SpoOA knockout strain
of B. subtilis. It is unclear if this recovery is partial due to the inability of the SpoOA_C domain
to interact with the “OA box” promoter regions of B. subtilis or the inability of the P. polymyxa
SpoOA interaction domain to receive phosphate from B. subtilis SpoOB. Later results suggest the
latter.

Sporulation kinases in P. polymyxa were identified by sequence comparison of orphan kinases
to B. subtilis KinA and KinB. Five orphan kinases were tested by expression in a KinA and KinB
deletion strain of B. subtilis. Only two kinases, PP_1038 and PP_1377 were able to restore sporula-
tion in B. subtilis. PP_1038 was additionally able to restore sporulation in a SpoOB deletion strain
of B. subtilis suggesting that it is able to directly phosphorylate B. subtilis SpoOA. Surprisingly,
sporulation was restored to nearly wild-type levels in a SpoOB knockout strain of B. subtilis ex-
pressing P. polymyxa PP_1038 and P. polymyxa SpoOA. These results suggest that, at least in the
B. subtilis background, PP_1038 is able to directly phosphorylate its own SpoOA.

2.3.2.1.4. Geobacillus stearothermophilus One orphan kinase (WP_013143992.1) of G.
stearothermophilus was shown to interact with its own SpoOF by in vitro phosphotransfer [Bick
et al., 2009]. Spo0OB and SpoOA were not reported in this study, though the presence of SpoOF and
its interaction with an orphan kinase suggest that this organism encodes a phosphorelay.

2.3.2.2. Direct Phosphorylation Architecture

SpoOF and SpoOB were found to be absent from the early genomes of Class Clostridia [Stephen-
son and Hoch, 2002]. As the absence of these proteins precludes the phosphorelay architecture,
this initially this led to myriad theories, perhaps best captured by Paredes et al. [2005], including
“an unknown phosphorelay, spontaneous acetyl/butyl phosphotransfer, or direct phosphotransfer.”
However, with the recent development of tools for genetic manipulation of Clostridial species
[Kuehne et al., 2011], experimental characterization of the Spo0 pathway in Clostridium species
has become possible [Steiner et al., 2011].
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2.3.2.2.1. C. botulinum Research into the Spo0O pathway of the Clostridia began with char-
acterization of the Clostridium botulinum SpoOA in a B. subtilis background [Worner et al., 2006].
Unfortunately, the negative results of rescue and transcriptional activation experiments suggest
that the C. botulinum SpoOA (NEFISDD) is not phosphorylated in the B. subtilis background. The
addition of a C. botulinum orphan kinase and the C. botulinum SpoOA to a A SpoOA B. subtilis
background, proved lethal. The orphan kinase on its own in this background did not result in lethal-
ity, suggesting that phosphorylated C. botulinum SpoOA caused the lethality. However, a chimeric
SpoOA with the REC domain of B. subtilis SpoOA and the C. botulinum SpoOA_C domain was able
to sporulate. These mixed results suggest that the SpoOA_C domain of C. botulinum can initiate
transcription at “OA” boxes, but the effect of phosphorylation of C. botulinum SpoOA REC domain

remains unclear.

2.3.2.2.2. C. difficile Two sporulation kinases in Clostridioides difficile were experimentally
verified using two different methods: CD2492 by reduction of sporulation in a single deletion
mutant and CD1579 by in vitro phosphotransfer. The authors of this study note a third C. difficile
sporulation kinase is suggested by orphan status and sequence homology in the HisKA domain,

though it was not tested.

2.3.2.2.3. C. acetobutylicum Sporulation efficiency and in vitro phosphotransfer experi-
ments were performed in Clostridia acetobutylicum, demonstrating that three orphan kinases are
individually sufficient for the phosphorylation of SpoOA [Steiner et al., 2011].

Single deletion mutants of each of the five orphan kinases in C. acetobutylicum, were screened
in a sporulation assay. Three of those five kinase knockouts showed a reduction in sporulation
efficiency, suggesting that these three kinases are sporulation kinases. Another of the five kinases
showed an increase in sporulation yield, suggesting that it is a phosphatase, preventing activation
of the sporulation pathway. In a set of double knockouts, two of the kinases showed even greater
sporulation yield, suggesting that these kinases work in conjunction.

Based on these in vivo results, two of the three kinases were tested for in vitro phosphotrans-
fer to C. acetobutylicum SpoOA. They additionally tested those kinases for phosphotransfer with
B. subtilis SpoOF and Spo0OA. Results were mixed for the two C. acetobutylicum kinases tested:
both kinases were able to phosphorylate B. subtilis SpoOA and Ca_C3319 was additionally able to
phosphorylate B. subtilis SpoOF (though relatively weakly).

2.3.2.2.4. R. thermocellum Finally, sporulation efficiency in single deletion mutants of

three orphan kinases and SpoOA was measured in Ruminoclostridium thermocellum [Mearls and
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Lynd, 2014]. In each knock out, sporulation was eradicated, suggesting that these proteins work
in concert to initiate sporulation. As in vitro phosphotransfer experiments were not performed,
the underlying architecture of this Spo0 pathway is unclear. Further, one of the kinases tested,
clo1313_1942, is a hybrid RR, consisting of an N-terminal REC domain and C-terminal HisKA
and HK_CA domains. It is intriguing to consider that this hybrid kinase may require phosphoryla-
tion of the REC domain for kinase activity to proceed — if this is the case, the result would be an

alternative phosphorelay architecture compared to that of the Spo0O pathway in B. subtilis.

2.3.2.2.5. Enigmatic impact of Sporulation kinases in direct phosphorylation ar-
chitecture The dynamics of sporulation kinases in Clostridia species remains enigmatic. Two
of the three C. acetobutylicum sporulation kinases appear to work together, while the third is inde-
pendent. In C. difficile knockout of CD2492 results in sporulation rates dropping from 14% to 4%,
implying other kinases additionally phosphorylate SpoOA, such as CD1579. Finally, R. thermocel-
lum sporulation kinases are each necessary, as knockout of any of the three results in reduction of

sporulation equal to knockout of Spo0OA.

2.3.2.2.6. Bioinformatic identification of Spo0B and SpoOF in Class Clostridia SpoOB
homologs have been computationally predicted using a combination of BLAST and genomic re-
gion conservation [Mattoo et al., 2008] in species ranging from Class Bacilli to several examples
in Class Clostridia. None of these except B. subtilis have been experimentally investigated for
interaction with SpoOF and SpoOA. In another study, putative phosphorelay proteins have been
identified in the genus Desulfotomaculum [Dalla Vecchia et al., 2014], using sequence similarity
methods to identify potential sporulation kinases and SpoOF as well as genomic region conserva-
tion to identify SpoOB. Comparison of SpoOF residues involved in interaction with SpoOB (though
not the exact set of specificity residues defined by Skerker et al. [2008] and Capra et al. [2010])
reveal similarities to B. subtilis specificity residues and suggest interaction. The identification of
SpoOF and SpoOB homologs in Class Clostridia by these studies suggest that the phosphorelay

architecture may not be isolated to Class Bacilli.

2.3.3. Evolution of the Spo0 pathway architectures

Considering that there are two different signal transduction architectures that both orchestrate the
initiation of sporulation through the phosphorylation of an orthologous output RR, they likely
arose from a common ancestral pathway. How then, did different signaling architectures evolve
in present day species? Given the two distinct architectures observed, remodeling of the signal
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transduction architecture that results in the phosphorylation of SpoOA must have occurred. Under-
standing of the nature of this remodeling between the Spo0 pathway is incomplete. The prevailing
view is that the ancestral Spo0 pathway was a direct phosphorylation architecture and the more
complicated phosphorelay arose in the Bacillar lineage [Durre, 2011; Stephenson and Hoch, 2002;
Talukdar et al., 2015].

2.3.3.1. The prevailing view of the evolution of sporulation initiation

Predictions that the original Spo0 pathway, encoded by the ancestor of all Firmicutes, had a direct
phosphorylation architecture are fueled by its simplicity and the similarly anaerobic lifestyles of
the ancestral Firmicute and present-day Clostridia [Talukdar et al., 2015]. Experimental charac-
terization of the Spo0O pathway in C. acetobutylicum wherein SpoOA is directly phosphorylated
[Steiner et al., 2011], along with the apparent lack of SpoOF and SpoOB proteins in sequenced
Clostridium genomes [Stephenson and Lewis, 2005] gave more evidence to this ancestral direct
phosphorylation architecture hypothesis [Durre, 2011]. The expansion into a phosphorelay within
the Bacilli is supported by the observation that this architecture offers more potential points of
control that may have allowed early Bacillar species to adapt to rising oxygen levels during the
Great Oxidation Event [Durre, 2014].
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Chapter 3

Prediction of Spo0 Proteins in Firmicutes
Genomes

In order to study the evolutionary processes and forces that shaped the Spo0 pathway, I first inves-
tigated the evolutionary history of this pathway, which remains poorly understood. The hypothesis
that the ancestral Spo0 pathway was a two-component, direct phosphorylation architecture was
proposed in the when only a few Firmicutes genomes had been sequenced, primarily genomes
within the evolutionarily distant genera, Bacillus and Clostridia. In the intervening years, hun-
dreds of sequences within the Firmicutes have become available, but the architecture of the Spo(O
pathway encoded in these genomes has received little attention. The first step for such an analysis

is the prediction of homologs of the known Spo0 proteins across the Firmicutes phylum.

In this chapter, I present a survey of SpoO proteins in a representative set of Firmicutes,
broadly sampled to cover the phylum’s diversity. Prediction of sporulation kinases, SpoOF, and
SpoOB proved to be non-trivial, requiring specific criteria to distinguish these proteins from other
histidine-aspartate phosphotransfer signal transduction proteins. These criteria revealed putative
homologs of Spo0 proteins, including the intermediate phosphorelay proteins, SpoOF and SpoOB,
in many spore-formers belonging to both the Bacillar and Clostridial lineages. In spore-former
genomes where homologs of all four of the Spo0 phosphorelay components have been identified,
it is likely that the SpoO pathway has a phosphorelay architecture. Other spore-formers, primar-
ily within the Clostridial lineage, were found not to encode either SpoOF or SpoOB, suggesting

phosphorylation of SpoOA directly by a sporulation kinase, as observed in C. acetobutylicum.

Prior to this work, there have been sparse reports of proteins that may be homologous to SpoOF
and SpoOB within Clostridial genomes [Dalla Vecchia et al., 2014; Galperin, 2006; Mattoo et al.,
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2008]. However, due to lack of characterization, these reports have not resulted in re-definition
of the Spo0 pathway architectures in Class Clostridia. Thus, in addition to presenting the most
comprehensive set of homologs of SpoOF and Spo0OB in Class Clostridia genomes, I provide bioin-
formatic and experimental evidence that all Spo0 component homologs that I have identified are
functional. Specifically, I compare the specificity residues to experimentally verified examples and
demonstrate that a Clostridial phosphorelay is functional through in vitro phosphotransfer experi-

ments.

3.1. Representative Set of Firmicutes Genomes

To facilitate a survey of present day Spo0O architectures, I assembled a set of 84 whole genome
sequences that are representative of the two major sporogenous Firmicutes Classes: the Clostridia
and the Bacilli. These genomes, listed in Supplementary Table A1, were used for a comparative
genomic analysis and construction of a species phylogeny.

I seeded my initial set based on the genomes presented in a recently published phylogeny
[Yutin and Galperin, 2013]. The genomes for the Yutin and Galperin [2013] tree were sampled
to assure coverage of the class Clostridia clusters presented by Collins et al. [1994]. I noted the
absence of three prominent genera presented in Bergey’s Manual of Systematic Bacteriology [ Vos
et al., 2009], and added one genome from each of these — Mahella australiensis, Acetivibrio
cellulolyticus, and Dorea formicigenerans. Further, this set only contained 8 species of class Bacilli
and, notably, several major Bacillar lineages were not represented. Thus, I added several genomes
to obtain broader coverage in this class, guided by a prior phylogenetic study [Wei Wang, 2009],
based on 16S rRNA, that split the Bacilli into nine groups. Bacilli genomes were selected such
that there was at least one representative from each group.

This process resulted in a set of 94 Firmicutes genomes and two outgroup genomes to root the
tree. Several of these genomes, subsequently, proved to be topologically unstable during phylogeny
reconstruction. Several of these genomes had very long branches, increasing the risk of long branch
attraction artifacts. Most were associated with species believed to be asporogenous [Galperin
et al., 2012] and are therefore not central to my analyses. These were removed from the analysis,

resulting in the final set of 84 Firmicutes genomes and one outgroup genome.

3.1.1. Species Tree

I constructed a maximum likelihood phylogeny for these 84 representative genomes from a con-
catenated alignment of 50 ribosomal proteins. Ribosomal proteins have largely congruent phyloge-
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netic signal in the Firmicutes [Antunes et al., 2016], and phylogenies constructed on concatenated

ribosomal protein sequences provide robust relationships in this phylum .

3.1.1.1. Data Collection

The set of aligned ribosomal protein sequences on which the Yutin and Galperin [2013] tree was
constructed was generously provided by Dr. Michael Galperin and Dr. Natalya Yutin. To collect
the ribosomal protein sequences for the species not found in the Yutin and Galperin [2013] tree,
I identified the ribosomal protein sequences using HMMER3 [Eddy, 2008]. HMMER takes an
multiple sequence alignment as input and generates a profile hidden Markov model, which is then
used to search the sequence database. Searching with a model that reflects the properties of many
sequences from a homologous family, instead of a single query sequence, increases the sensitivity
of the search. [Eddy, 2008].

Profiles were constructed from the multiple sequence alignments provided by Yutin and Galperin
[2013] for each ribosomal protein. The proteins associated with the additional genomes not rep-
resented in their data set were downloaded from the NCBI protein database in FASTA format and
concatenated for use as a database. As typically only one copy of each ribosomal protein family
will be encoded in each genome, I took the highest E-value hit for each species as the ribosomal
protein of interest. The extraction of samples was done using custom Java code to search for the
gene of the top hit in the original NCBI protein FASTA files.

3.1.1.2. Phylogeny Reconstruction

A multiple sequence alignment for each ribosomal protein family was constructed separately using
GUIDANCE2 [Selaet al., 2015] with MAFFT [Katoh et al., 2005] to construct the underlying mul-
tiple sequence alignment. Columns possessing at least 50% gaps or a GUIDANCE alignment score
below 92% were trimmed from the alignment. Next, the 50 trimmed multiple sequence alignments
were concatenated into a supergene alignment. After concatenation, TIGER was used to eliminate
uninformative sites [Cummins and Mclnerney, 2011]. TIGER analysis was performed to group
sites into ten bins that are predicted to be evolving at similar rates. The most rapidly evolving sites
(Bin_10) were removed, along with columns that were less informative than a randomized site (ptp
test with defaults, Bin_Disagreement). The maximum likelihood species tree (Fig 3.1) was built
from the resulting alignment using RaxML version 8.2 [Stamatakis, 2014] with the RAXML im-
plementation of the CAT model [Stamatakis, 2006], which accounts for site-specific heterogeneity,
and bootstrapped with 100 replicates (branch labels in Fig 3.1).

39



CHAPTER 3. PREDICTION OF SPO0O PROTEINS IN FIRMICUTES GENOMES

3.1.1.3. Results

The resulting phylogeny (Fig 3.1) supports early divergence of Classes Bacilli and Clostridia and
the divergence of orders and families that is consistent with other protein-based phylogenies [An-
tunes et al., 2016; Yutin and Galperin, 2013]. The position of several taxa conflicts with accepted
phylogenies. B. subtilis is placed basal to the Lactobacillaceae in our tree. The bootstrap support
for this configuration is 30. B. subtilis is placed deep within the Bacillus sensu stricto clade in the
Antunes et al. [2016] tree and most other accepted phylogenies [Wei Wang, 2009]. The placement
of D. acetoxidans in the Antunes tree and in our tree differ slightly. Our topology supports the
placement of D. acetoxidans as a sister taxon to Pelatomaculum thermopropionicum. This pair
form a sister taxon to the clade consisting of Desulfotomaculum reducens and Desulfotomaculum
ruminis. In the Antunes tree, D. acetoxidans is basal to the clade consisting of P. thermopropi-
onicum, D. reducens, and D. ruminis.

My tree supports the placement of the Erysipelatrichaceae within the Bacillales. This place-
ment is consistent with the Yutin tree, which places these species as a divergent clade from other
class Bacilli species. However, my set includes additional early branching genomes in Class Bacilli
and suggests the divergence of the Erysipelotrichaceae is internal to class Bacilli. It is unclear if
this result is due to phylogenetic error as this is well-supported in my tree, and I was unable to
identify any phylogenies including at least one genome sampled from each of the Paenibacillaceae,

Bacillaceae, and Erysipelatrichaceae.

3.2. Identification of Novel Phosphorelay Homologs

In this section, I present the identification of Spo0 components in a representative set of Firmicutes
in order to characterize the evolutionary history of the Spo0 pathway. In each case, the criteria
I present for homology assignment are based on a comparative genomics approach with known
examples of these proteins. While SpoOA is readily identifiable by its conserved output domain,
standard homology identification did not fair well with the other Spo0 components. Sequence
similarity methods were not sensitive enough to distinguish SpoOF and SpoOB orthologs from
other protein families with similar domain architecture. This issue stems from the commonality of
the interaction domains observed throughout histidine-aspartate phosphotransfer signal transduc-
tion architectures. As a solution to this issue, I developed a comparative genomics approach that
leverages similarities between the genome neighborhoods of known examples of Spo0 proteins to
identify potential orthologs in other genomes. This approach readily identified candidate orthologs
to SpoOF and SpoOB. Unexpectedly, these proteins were identified in both major lineages of the
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Figure 3.1: Phylogeny of 84 representative Firmicutes genomes constructed for this study, rep-
resented as a phylogram, outgroup rooted with Leptotrichia buccalis. Tree constructed from the
concatenated alignment of 50 ribosomal protein sequences using RaxML, as described in above.
Colored branches indicate known sporulating species of Class Bacilli (blue) and Class Clostridia
(red).

Firmicutes Phylum.
In order to provide a complete characterization of the evolution of the Spo0 pathway architec-

ture, prediction of sporulation kinases is also required. I treat these separately.

Data Collection Methods

Protein information for this survey was obtained from MiST 2.2 [Ulrich and Zhulin, 2010] through
their website GUI, found at www.mistdb.com. This database was created to catalogue the signal
transduction proteins of prokaryotic organisms including one- and two-component signaling sys-
tems, as well as hybrid histidine kinases and response regulators. Much of this information is
accessible using URL-based queries. Specially formatted URLs allow direct input to the search
function and genome, gene and protein summary pages. Although it is not a publicized feature of
MistDB, all ORFs in all of the included genomes are accessible in the database and are annotated
with locus name, RefSeq information [O’Leary et al., 2016], domain content, and external cross-
reference identifiers (including Uniprot, PDB, and NCBI accession numbers). Domain content in
MistDB is predicted using the domain models from the PFAM database (version 26 [Punta et al.,
2012]) and a custom HMM-based domain classifier that specializes in signal transduction domains
(Agfam version 1 [Alexander and Zhulin, 2007]). Adjacent genes are organized by consecutive
MistDB protein IDs. I have created custom Java code to access the search or adjacent gene func-
tions of the URL-based query services of MistDB, download the HTML page source, and parse
for genome names, sequence identifiers (gene locus), domain content, and amino acid sequences.
It should be noted that this database was created as a snapshot, and annotations are based on the
information available in 2012 when the website updated to MiST 2.2.

3.2.1. Identification of Spo0A by Domain Content

All known SpoOA proteins, spanning the entire phylum, encode a conserved C-terminal output
domain called SpoOA_C. This domain is a typical DNA-binding helix-turn-helix output domain,
but has a unique sequence compared to other output domains of these families, permitting the
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development of a PFAM domain model. Thus, SpoOA proteins can be reliably identified by domain
content, specifically those proteins that contain only a REC domain and a SpoOA_C domain.

Within the representative set, I identified 68 genomes, broadly distributed across the Firmicutes
phylum, that encode an apparent SpoOA ortholog (Fig 3.3, green dots). Of these, 53 are reported
to form spores (Table A1, red leaves in Class Clostridia, blue leaves in Class Bacilli Fig 3.1). The
presence of SpoOA in 15 reported non-spore-formers (Table A1) could be due to a recent loss of
sporulation or an alternate functional role for SpoOA in those species. It is also possible that these
species are sporogenous, but spore formation has not been observed under the conditions tested
[Browne et al., 2016; Galperin et al., 2012] (see also Section 2.2.2.2).

3.2.2. Identification of SpoOF and Spo0B

The intermediate phosphorelay proteins, SpoOF and SpoOB, along with a sporulation kinase, are
necessary to phosphorylate SpoOA and initiate sporulation in Bacillus subtilis [Burbulys et al.,
1991] and likely also in other Bacillar pathways [Bick et al., 2009; Brunsing et al., 2005; Park
et al., 2012] (see also Section 2.3.2). The only reported functional roles for SpoOF and SpoOB are
as signal transduction intermediates in the Spo0O pathway [reviewed in Galperin et al., 2012; Mat-
too et al., 2008]. Thus, the presence of homologs of both SpoOF and SpoOB is strong evidence of
a Spo0 pathway with a phosphorelay architecture. However, prediction of SpoOF and SpoOB ho-
mologs via sequence similarity methods has proven challenging due to the specific characteristics
of SpoOF and SpoOB.

3.2.2.1. Challenges

Homologs are frequently identified based on significant sequence similarity or shared domain con-
tent. Unfortunately, due to the expansive and modular nature of histidine-aspartate phosphotransfer
signal transduction systems results in many proteins in each genome that encode the TCS interac-
tion domains, REC and HisKA [Galperin, 2006]. As a result, genes that encode histidine-aspartate
signaling proteins are easily recognized, based on the presence of conserved interaction domains,
but specific signaling families are difficult to distinguish from each other. Typical cognate two-
component signaling system proteins are encoded adjacent to each other providing addition in-
formation for homology identification. This, for example, provides more sequence to compare
between potential homologs. Further, if the TCS system has specific sensing and output domains,

the pairing of such domains may be indicative of homology.
However, this strategy does not work for the Spo0 pathway, as all experimentally verified or
annotated examples of SpoOF and Spo0OB are encoded in dispersed regions of the genome compared
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to Spo0A or any known sporulation kinases. For example, the distribution of Spo0 proteins of B.
subtilis, depicted in Figure 4.3, are disperesed throughout the genome. Further, although SpoOF
and SpoOB have different domain content than typical TCS proteins, this domain content is not
sufficiently distinctive that it can be used as an identifier. In the following paragraphs, I detail the
specific characteristics of SpoOF and Spo0OB that make them difficult to identify using sequence or

domain content similarity.

SpoOF contains only a REC domain (Response_reg, PFAM:PF00072), but lacks an output do-
main. This characteristic domain content does not distinguish SpoOF homologs from homologs
of other stand-alone response regulators, such as CheY. Proteins matching this criteria are readily
alignable, but in such alignments it is not clear which sequences are homologs of which protein as

these sequences have similar characteristics.

SpoOB proteins, generally, have similar characteristics to histidine kinases [Mattoo et al., 2008].
Spo0B sequences lack strong sequence conservation, even within the same genus. Over broader
evolutionary distances, sequence comparison cannot distinguish between Spo0OB proteins and his-
tidine kinases unambiguously [Mattoo et al., 2008]. For example, BLAST [Altschul et al., 1997]
searches with B. subtilis SpoOB as a query retrieve both histidine kinase and SpoOB homologs. The
retrieved sequences cannot be separated into two separate groups based on E-value or bit score.

Clear Spo0OB homologs are only identifiable in closely related species by this method.

In the current release of PFAM (version 31), two domains are assigned to B. subtilis SpoOB and
its homologs: one corresponding to the N-terminal alpha-helical region (SPOB_a, PF:14689) and
another corresponding to the C-terminal alpha-beta region (SPOB_ab, PF:14682). The SPOB_a
domain is very similar to the HisKA domain and also contains a conserved, active histidine residue
(at position 21 in the PFAM HMM profile). The SPOB_a domain is found throughout the Firmi-
cutes, Proteobacteria, and Actinobacteria. Since endosporulation is a phenotype uniquely found
in the Firmicutes, the presence of sequences annotated with SPOB _a in the latter two phyla sug-
gests that this domain is not specific to SpoOB proteins. Further, within the firmicutes, protein
sequences of histidine kinases not resembling the B. subtilis SpoOB are also assigned this domain
by the PFAM HMM. These histidine kinases are likely the citrate/malate kinases, which are also
identified in BLAST searches using SpoOB sequence queries [Mattoo et al., 2008]. The second
domain, SPOB _ab, is only found in Class Bacilli SpoOB homologs. It is unclear whether this is
due to SpoOB proteins only being present in Bacillar genomes or because the model is too specific
to find SpoOB sequences in Clostridial genomes. Thus, PFAM domains associated with SpoOB are

either too specific or too general to allow for definitive identication of homologs.

Earlier PFAM releases contained no domain models corresponding to SpoOB-like sequences.
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PFAM version 26 was used to assess ORF domain content in MistDB version 2.2. Thus, in the

data used in this study, lack of domain annotatation was a characteristic of Spo0OB-like sequences.

3.2.2.2. Genome Neighborhood Conservation

As sequence similarity and domain content do not provide sufficient information to identify phos-
phorelay protein orthologs, I devised an alternative method for the identification of orthologs of
SpoOF and SpoOB, based on genome context. As a basis for a comparative genomics approach,
we considered the several dozen proteins from strains of B. subtilis, and their closest relatives that
are annotated as SpoOF or SpoOB in the RefSeq database [O’Leary et al., 2016]. This guide set
includes three experimentally verified SpoOF proteins [Bick et al., 2009; Burbulys et al., 1991;
Malvar et al., 1994] and two experimentally verified SpoOB proteins [Burbulys et al., 1991; Mat-
too et al., 2008]. These annotated SpoOF and SpoOB proteins were obtained through the MistDB
website as described earlier in this section. We considered this set of “known” orthologs to SpoOF
and SpoOB for use in identifying distantly related orthologs. Unfortunately, in both cases, the set
of orthologs were not sufficient to create sequence-based classifiers for these proteins.

I hypothesized that the genome neighborhoods of a pair of homologs would be more likely to
contain homologous genes than the genome neighborhoods of a pair of unrelated genes. To analyze
the genome context of the guide set proteins, I first collected the four genes up- and downstream
from each annotated protein i.e. the “genome neighborhood” of the annotated protein. Comparison
of these genes for similarity was non-trivial, as this is preceded by a matching problem (i.e. which
genes should be aligned between neighborhoods). If genes were annotated with protein family
identifiers (e.g., RefSeq gene names), then these could be used to determine whether the same
family was represented in both neighborhoods. However, many genes in bacterial genomes lack
RefSeq identifiers. Another approach is to compare the domain content of the two neighborhoods.
Domain content annotation can be performed using readily available tools, making it an ideal
method to characterize a large sets of unknown proteins. Note that for the purpose of neighborhood
comparison, it is not necessary to identify specific pairs of homologous flanking genes. General
evidence of shared homology is sufficient.

Thus, to identify potential gene markers I analyzed the domain content of genes within the
neighborhood of the proteins. For each of the two guide sets, I manually selected three genes,
identified by domain content, that were frequently observed within the neighborhood of the an-
notated SpoOF or SpoOB, and were not abundant outside of the genome. I also favored genes
encoded close to the annotated protein as this increases the likelihood that the protein will remain
in that neighborhood, even in more distantly related species. Each of these genes (Table 3.1) had a
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characteristic domain which could be used in searching with the MistDB interface.

Table 3.1: SpoOF Genome Neighborhood Marker Genes

Gene Name Search Domain | PFAM ID | Typical Location
Fructose Bisphosphate Aldolase | F_bp_aldolase | PFO1116 | 1 gene downstream
Transaldolase Transaldolase | PF00923 | 2 genes downstream

CTP Synthase CTP_Synth_.N | PF06418 1 gene upstream

I next used these marker genes to search all genomes in the representative set. For each genome,
the MiSTDB interface was used to search for marker genes using the characteristic domain (Table
3.1, Table A6). The genome neighborhood for all genes encoding the characteristic domains were
collected. If two or more marker genes were within the same genome neighborhood they were
merged. Each of these potential SpoOF neighborhoods was searched for proteins matching the
SpoOF criteria: a protein encoding only a single REC domain, taking up 90% or more of the total
protein (as measured by amino acid coverage).

This procedure revealed that all but two spore-forming Class Bacilli genomes investigated con-
tain a putative SpoOF (Fig 3.2, light blue octagons). I also identified candidate SpoOF genes in 18
spore-forming genomes within Class Clostridia in the representative set. No genome encodes more
than one predicted SpoOF. In contrast, 13 spore-forming Class Clostridia genomes do not encode
a SpoOF-like gene in the vicinity of any of the SpoOF neighborhood markers; nor do they encode
any two of the neighborhood markers in close proximity to each other. In particular, no candidate
SpoOF proteins were found in species in which a direct phosphorylation architecture has been ex-
perimentally verified (C. acetobutylicum [Steiner et al., 2011], R. thermocellum [Mearls and Lynd,
2014], and C. difficile [Underwood et al., 2009]). These results suggest that SpoOF homologs can
be identified by conserved genome neighborhoods and that they are found not only in Class Bacilli,
but also in many taxa in Class Clostridia.

A similar procedure was used to identify candidate SpoOB orthologs. Analysis of the neigh-
borhoods of the SpoOB guide set proteins resulted in the selection of three marker genes for the
SpoOB neighborhood (Table 3.2, A7). Again, I used these marker genes to search all genomes in
the representative set for the presence of marker genes. Marker gene genome neighborhoods were
collected and analyzed for the presence of SpoOB-like proteins. For retrieval from MistDB version
2.2 (which uses PFAM version 26), candidate SpoOB proteins fit the criteria of no assigned PFAM
domains and sequence similarity to guide set SpoOB proteins within the the first 50 amino acids.
This is the most conserved region in SpoOB-like proteins. The SpoOB marker genes were typi-
cally singleton in all guide set genomes and were encoded in the same window of four ORFs. All
annotated Spo0Bs were encoded between the ribosomal protein L21 and the ObgE-like GTPase.
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Table 3.2: SpoOB Genome Neighborhood Marker Genes

Gene Name Search Domain | PFAM ID Typical Location
ObgE-like GTPase GTP1_.OBG PFO1018 | 1 gene upstreamstream
Ribosomal protein L21 | Ribosomal L21p | PF00829 1 genes downstream
Ribosomal protein L27 | Ribosomal L27 | PF1016 3 gene upstream

In our set of representative Firmicutes, 75 genomes encode the trio of SpoOB marker genes
in close proximity (Fig 3.2, Table A7). All but two spore-formers in Class Bacilli were found
to encode a SpoOB-like protein within a five gene window that includes all three marker genes.
Genomes of 18 spore-formers within the Class Clostridia also had a region containing the three
marker genes and a candidate SpoOB ortholog. With the release of the latest version of PFAM (ver-
sion 31), SpoOB can also be identified as proteins that encode SPOB_a and SPOB_ab or SPOB _a
and no other domains, and all identified SpoOBs meet this criteria. The remaining Class Clostridia
genomes encoded the three SpoOB neighborhood markers in close proximity, but did not encode
a protein meeting the criteria of SpoOB in that vicinity. No Class Clostridia species that has been
experimentally verified to directly phosphorylate SpoOA encodes a candidate SpoOB. Thus, SpoOB
homologs can also be identified by conservation of genome neighborhood and are found in almost

all genomes in which a SpoOF homolog was identified.

3.2.2.3. Discussion of SpoOF and Spo0B predictions

The genome neighborhood conservation method allowed the successful prediction of several un-
known orthologs to both SpoOF and Spo0B, especially within Class Clostridia. These results con-
flict with the standing hypothesis, which suggests that phosphorelays, and therefore phosphorelay
proteins, are restricted to Class Bacilli.

In nearly all cases, regardless of whether a genome was a spore-former, if SpoOF is predicted
then SpoOB is also predicted, and vice versa. This striking result is further suggestive of the
hypothesis that these proteins participate in the same function, as observed in B. subtilis, in all
genomes where both were identified.

There are three cases where SpoOF and SpoOB do not co-occur:

1. Thermincola potens is closely related to a number of spore-formers which encode both
SpoOF and SpoOB and has been observed to sporulate in some cases [Sokolova et al., 2004].
Further, the identified SpoOF is encoded in the canonical SpoOF neighborhood containing
all three marker domains and shares strong sequence similarity with other SpoOF proteins
identified in closely related genomes. Thus, the absence of SpoOB in this genome may be a
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Figure 3.2: Extended genome neighborhoods prepared as detailed above. Top 20 most frequent
genes (as determined by domain content) shown in color. Genes lacking domains are represented
by light gray boxes; all other genes are represented by white boxes. General and lineage-specific
conservation is extends beyond the marker genes in the neighborhoods of both phosphorelay pro-
teins. Predicted SpoOF proteins are centered, blue circles in the first column. Predicted SpoOB
proteins are centered, orange circles in the second column. Strikingly, the SpoOB neighborhood is
conserved even in species that do not encode SpoOB.

sequencing error or a variation restricted to the strain that was sequenced. (The region that
typically encodes SpoOB, between the ObgE-like and L27 ribosomal protein gene is occu-
pied by several spore germination proteins including GerA. This may be the result of transfer

or genome re-arrangement and warrants further investigation.

2. The predicted SpoOB in Centipeda periodontii was identified within the genome neighbor-
hood of a gene harboring a GTP1_OBG domain and aligns well to the active site of anno-
tated Spo0OBs. However, unlike other predicted SpoOB proteins, it is not encoded between
the ObgE-like protein and the L.27 ribosomal protein. Further, this protein is not annotated
by PFAM as SPOB_A. I hypothesize that this protein may be a degenerate SpoOB-coding
region or coincidentally encodes a region that is alignable with Spo(OB.

3. The strain of Clostridium tetanus used in this study is a non-sporulating variant and was
derived in a labratory setting [Galperin et al., 2012]. These factors suggest that the presence

of Spo0B may be specific to this strain and may be not be typical of the C. tetanus genomes.

3.2.3. Identification of Potential Sporulation Kinases based on Genome
Context

A different approach was required to identify potential sporulation kinases, as analysis of the re-
gions flanking known sporulation kinases did not reveal any conservation of the genomic neigh-
borhood. Further, experimentally verified Spo0 kinases possess few shared sequence features that
definitively distinguish sporulation kinases from other sensor histidine kinases. Sequence simi-
larity and strict domaint content methods also present mixed results, as the HisKA and HK_CA
domains of known sporulation kinases are not markedly more similar to each other than to those
encoded by other sensor kinases, and the N-terminal sensor regions of bonafide sporulation kinases
vary substantially in both sequence and domain content.
However, all experimentally verified sporulation kinases (Table A2) are orphans, i.e., are not
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found adjacent to genes encoding any other two-component signaling pathway proteins two-component
signaling pathway proteins. Moreover, N-terminal PAS domains are observed more frequently in
Spo0 kinases than in the set of all kinases in the same species. For example, three out of the five
experimentally verified kinases of B. subtilis and one of the three in C. acetobutylicum contain
at least one PAS domain. This is compared to 24% and 11% overall, respectively, including all
kinases in each genome. Thus, orphan status, combined with the presence of an N-terminal PAS
domain, furnishes a signature for predicting candidate Spo0 kinases. All 48 spore-formers in our
data set (with the exception of one Erysipeloclostridium) were found to encode at least one orphan

kinase and 41 of those have at least one orphan kinase with an N-terminal PAS domain.

3.2.4. Results of Survey and Distribution of Spo0 Components

Thus far in this chapter, I have presented the identification of putative homologs of Spo(O pathway
components of B. subtilis and other experimentally verified Spo0 pathways in the representative set
of Firmicutes. Specifically, I predicted SpoOA in all spore-formers, consistent with the conserved
role of Spo0OA as the master regulator of sporulation. Further, I predicted 33 pairs of SpoOF and
SpoOB orthologs in spore-formers, including most Class Bacilli genomes and a distributed set of
Class Clostridia genomes. The remaining 15 spore-former genomes do not encode either SpoOF
or Spo0B. As a guide to the results of this survey, I have prepared Figure 3.3, depicting Spo0O
component and sporulation kinase predictions on the species tree.

Considering the sequence similarity and similarity of domain content to the experimentally
verified examples, it is unlikely that these putative SpoO proteins are performing any alternative
function. Thus, as the only known function of SpoOF and SpoOB proteins is phosphotransfer within
the Spo0 phosphorelay, this is also the likely function of the predicted phosphorelay proteins. This
is corroborated by the consistency of the predictions across the complete data set: almost all species
either encode both SpoOF and SpoOB or encode neither. Further, orphan kinases with potential to
be involved in the Spo0 pathway were identified in all, but one, spore-former.

Therefore, I hypothesize that the presence of SpoOF and SpoOB, in conjunction with at least
one potential sporulation kinase and a putative SpoOA, is indicative of a functional phosphorelay
architecture; the lack of predicted SpoOF and SpoOB proteins in a spore-former genome is indica-
tive of an architecture where SpoOA is directly phosphorylated. Alternative hypotheses include
the scenario where these proteins have been maintained but act as phosphorelay intermediates in
a different pathway, are non-functional, or are not the only means of phosphorylating SpoOA. In
these cases, some set of spore-former genomes would encode SpoOF and Spo0OB, but still signal
the initiation of sporulation via direct phosphorylation of SpoOA, or be capable of signaling sporu-
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Figure 3.3: Cladogram of representative Firmicutes constructed with 50 concatenated ribosomal
protein sequences using RAXML with the CAT model and 100 bootstrap replicates (bootstrap
support greater than 50 labeled on branches). Rooted by outgroup, not shown. Colored branches
indicate known sporulating species of Class Bacilli (blue) and Class Clostridia (red). Species where
no spores have been reported are shown in grey. Colored dots indicate Spo0 pathway components
predicted in this study: one or more orphan HKs (cyan); SpoOF (blue); SpoOB (orange); SpoOA
(green). Filled cyan dot indicates at least one orphan HK encodes a PAS domain. For number
of orphan kinases in each genome, see Table A9. Genomic origin of proteins used in in vitro
phosphotransfer assays (Figs 3.6, 4.2, 4.9) are starred.

lation directly as well as through the phosphorelay. The following section (Section 3.3) provides
evidence towards these hypotheses using experimental and in silico approaches.
Finally, I analyze the present-day distribution of predicted pathway architectures that will fa-

cilitate the development of an evolutionary history of the Spo0 pathway (Section 3.4).

3.3. Predicted Spo0 Components are likely functional

In this section, I present results examining the hypothesis that the presence of SpoOF and SpoOB,
with SpoOA and a potential sporulation kinase, indicates sporulation signaling via a phosphorelay
and the absence of SpoOF and SpoOB indicates sporulation signaling via direct phosphorylation of
SpoOA.

Here, I present two strategies that provide evidence for the interaction pattern of the predicted
Spo0 components. First, I examine specificity residues for similarity to the set of experimentally
verified examples of Spo0O proteins (Section 3.3.1). Next, noting that there have been no exper-
imentally verified SpoO phosphorelays outside of Class Bacilli, I performed a phosphotransfer
profiling experiment using the predicted Spo0 proteins of a member of Class Clostridia (Section
3.3.2).

3.3.1. Specificity Residue Signatures are Similar to Experimentally
Verified Spo0 Components

Inspection of the specificity residues encoded in candidate Spo0 components supports the accuracy
of our predictions. Specificity residues were inferred for all predicted Spo0 proteins and all orphan
kinases encoded by spore-formers within the representative set (Tables A8 and A9). Specificity
residues for candidate SpoOB homologs and orphan kinases were identified by manual alignment
of relevant sites within SPOB _a or HisKA domains to the HisKA domains of proteins with known
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specificity residues [Skerker et al., 2008]. Kinases and candidate SpoOB were aligned by the
conserved phosphorylated Histidine residues of EnvZ, RstB, CpxA, and TMO0853. The columns
aligned with those identified as HK-RR covarying residues [Capra et al., 2010] were predicted
to be the specificity residues for the kinases and candidate Spo0 components. The specificity
residues of the SPOB_a domain are likely equivalent to those of HisKA because the SpoOF-SpoOB
interaction was instrumental in uncovering interfacial contact residues [Zapf et al., 2000] and have
since typified the residues that co-vary between REC and HisKA domains [Skerker et al., 2008]
(see also PDB:1F51).

Similarly, specificity residues for candidate SpoOF and SpoOA were determined by manual
alignment to REC domains of proteins with known specificity residues [Capra et al., 2010]. The
REC domains of the candidate SpoOFs and SpoOAs were aligned with the RR domain of OmpR,
RstA, CpxR, and TM0468. Again, the columns aligned with those identified as HK-RR covary-
ing residues [Capra et al., 2010] were predicted to be the specificity residues for the kinases and
candidate Spo0O components (Table AS).

To permit further analysis of these specificity residues, I created specificity residue logos for
each set of predicted SpoO components, further subdividing these sets by predicted architecture
and, within the phosphorelay architecture, by taxonomic class (Fig 3.4). The specificity signatures
of predicted phosphorelay proteins (Fig 3.4A and 3.4B, Table A8 and A9) are markedly similar
to specificity residues in experimentally verified phosphorelay proteins (Figure 3.4D and Tables
A2—AS5). Given that similarity in specificity residues correlates with phosphotransfer capability
in vitro [Capra et al., 2010; Podgornaia and Laub, 2015; Skerker et al., 2008], this similarity further
supports the hypothesis that the predicted phosphorelays interact similarly to canonical phospho-

relays.

3.3.2. Phosphotransfer Profiling of a Clostridial Phosphorelay, Desul-
fotomaculum acetoxidans

The presence of putative SpoOF and SpoOB proteins in some spore-forming Class Clostridia species
suggests that these organisms may, like those in Class Bacilli, signal the initiation of sporulation
through a phosphorelay architecture. To determine whether the Spo0 proteins predicted by our
method do, in fact, participate in a phosphorelay, I sought to test the phosphotransfer properties
[Laub and Goulian, 2007b] of the putative phosphorelay proteins from Desulfotomaculum acetox-
idans DSM771 (Class Clostridia, starred in Fig 3.3), a spore-forming species in Peptococcaceae
[Widdel and Pfennig, 1977]. The predicted homologs of SpoOF and SpoOB in this genome have
conserved genomic neighborhoods. Comparison of the predicted SpoO proteins in D. acetoxidans
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Figure 3.4: A, B, C) Sequence logos for predicted specificity residues of orphan kinases, SpoOF,
SpoOB, and SpoOA. Phosphorelay architecture subdivided by taxonomic class. All but two pre-
dicted direct phosphorylation architecture are encoded in Class Clostridia. Created using WebLogo
[Crooks et al., 2004]. (The SpoOF sequence in Solibacillus is truncated and was not included.) D)
Specificity residues of experimentally verified sporulation kinases separated by architecture (see
also Tables A2—AS5).

with their B. subtilis counterparts indicated a high degree of similarity in their respective specificity
residues (Table 3.3).

For phosphotransfer profiling, I also chose a potential sporulation kinase to test. For the pur-
poses of this experiment, I aimed to select one that was the most likely to interact in the phos-
phorelay. D. acetoxidans has seven orphan kinases, six of which encode a PAS domain. Each has
putative specificity residues (Table 3.3) similar to verified Bacillus sporulation kinases suggesting
that they may target SpoOF. Of these six kinases, Dtox_1918 was chosen for the phosphotransfer
experiments as it has specificity residues differing from B. subtilis KinA at only one position.
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Table 3.3: Specificity residues of D. acetoxidans predicted Spo0 components

Locus PAS | Orphan Kinase SpoOF Spo0B Spo0A
Dtox_0091 | Yes TTGFQM
Dtox_1564 TAAFEL

Dtox_1918 | Yes TTGFQL
Dtox_2569 | Yes TTGFQM QGILEVD QVGLQL NEFLDFD
Dtox_3081 | Yes TTGFQF
Dtox_3426 | Yes TTGFQL
Dtox_3834 | Yes TTGFQM

3.3.2.1. Phosphotransfer Profiling Method

Phosphotransfer profiling reactions were based on the protocols outlined in [Laub and Goulian,
2007a].

Autophosphorylation was performed at a final concentration of approximately SuM kinase in
HKEDG buffer (10 mM HEPES-KOH, pHS8.0, 50mM KCIl, 10% glycerol, 0.1 mM EDTA, 2mM
DTT) supplemented with 5 mM MgCl2, 500 uM ATP, and 0.5 uCi [32P]-ATP from a stock at
6000Ci/mmol (Perkin Elmer). The results from the autophosphorylation experiments 3.5 demon-
strated that 15 minutes was an appropriate amount of time for Dtox_1918 to autophosphorylate
to peak levels. Dt_Spo0OB was also subjected to these conditions but no autophosphorylation was

observed.

For phosphotransfer profiling of the candidate phosphorelay, Dtox_1918 was allowed to au-
tophosphorylate for 15 minutes before addition of another putative phosphorelay component. Each
additional component was added at a low volume and high concentration to maintain the concen-
tration of kinase and other components which had been added. In Fig 3, a solution containing
2uM autophosphorylated Dtox_1918 was split to accommodate different sequences of component
addition. Sequence one was addition of SpoOF, Spo0OB, and SpoOA at 4 minute intervals. Se-
quence two was addition of SpoOB and SpoOA at 4 minute intervals. Sequence three was addition
of Spo0A. After the addition of SpoOA in each sequence a sample was taken after 10 minutes to
observe the equilibrium phosphorylation state for each sequence. SpoOF and SpoOB were added at
a concentration of 6 uM while SpoOA was added at 10 uM. Samples were taken 3 minutes after the
addition of each additional component and after the 10 minute incubation post-addition of SpoOA.
The reaction for each sample was stopped by the addition of 2X Novex LDS Loading buffer (Life
Technologies) and analyzed by 12% SDS-Page gel and phosphorimaging.
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. Kis4Auto

Figure 3.5: Dtox_1918 was incubated with 10 mM HEPES-KOH, pHS8.0, 50mM KCl, 10% glyc-
erol, 0.1 mM EDTA, 2mM DTT, 5 mM MgCl2, 500 uM ATP, and 0.5 uCi [32P]-ATP from a stock
at 6000Ci/mmol for 1 hour. Peak autophosphorylation observed after 15 minutes.

3.3.2.2. Predicted Spo0 components of D. acetoxidans act as a phosphorelay

The similarity of the D. acetoxidans Spo0 components to known SpoO phosphorelays suggested
that phosphotransfer to its SpoOA will only be observed in the presence of a sporulation kinase,
SpoOF, and SpoOB. To test this hypothesis, I purified His6-tagged variants of each of the four com-
ponents. The kinase, Dtox_1918, was prepared without the N-terminal sensor region, and SpoOA
(Dtox_2041) without the SpoOA _C output domain; Full length D. acetoxidans SpoOF (Dtox_0055)
and SpoOB (Dtox_3313) were used.

The kinase, Dtox_1918, was first incubated alone with radiolabeled ATP for 15 min and then
examined by SDS-PAGE and autoradiography (Fig 3.6A, lane 1). Two bands likely represent-
ing autophosphorylated Dtox_1918 were seen; the faster migrating band likely corresponds to
monomeric Dtox_1918 with the slower migrating band reflecting dimeric Dtox_1918 that was not
fully dissociated during SDS-PAGE analysis.

Inclusion of SpoOF in the reaction (Fig 3.6A, lane 2) produced an additional band indicating
that SpoOF can be directly phosphorylated by Dtox_1918. Similarly, the addition of SpoOF and
SpoOB to autophosphorylated Dtox_1918 produced bands for each protein (Fig 3.6A, lane 3). Im-
portantly, the phosphorylation of SpoOB depended on the presence of SpoOF (Fig 3.6A, lane 6).
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Figure 3.6: Phosphotransfer analysis of putative D. acetoxidans Spo0 Components A) Reactions
contained SuM Dtox_1918 and 10uM each of the proteins listed above each lane in the phospho-
rimage. Incubation for 3 minutes after adding final component. B) Reactions with SpoOA as in
A, allowed to incubate for 10 minutes after adding SpoOA. Abbreviations: OF, Dtox_0055; OB,
Dtox_3313; 0OA, Dtox_2041.

Addition of SpoOF, Spo0OB, and SpoOA to autophosphorylated Dtox_1918 produced bands corre-
sponding to each protein (Fig 3.6A, lane 4). The phosphorylation of SpoOB and SpoOA depended
on the presence of SpoF (Fig 3.6A, lanes 7) and the phosphorylation of SpoOA also depended on
the inclusion of SpoOB (Fig 3.6A, lane 5).

Finally, we confirmed that Dtox_1918 cannot, under these conditions or at longer time point
(Fig 3.6B), directly phosphorylate SpoOA (Fig 3.6A, lane 8). Collectively, these results indi-
cate that Dtox_1918, along with the candidate SpoOF, Spo0OB, and SpoOA homologs, comprise
a bonafide phosphorelay, similar in architecture to that first characterized in B. subtilis. The D.
acetoxidans phosphorelay is, to my knowledge, the first experimentally verified Spo0 phosphore-
lay outside of Class Bacilli.

3.4. Distribution of Spo0 Pathway Architectures

Examination of the phylogenetic distribution of the predicted architectures (Fig 3.3, summarized
in Fig 3.7) reveals patchiness within both taxonomic classes of the Firmicutes phylum. That is, I
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find that neither predicted architecture is monophyletic within either class. Within Class Bacilli,
almost all spore-formers are predicted to encode a phosphorelay architecture with the exception of
two genomes of the genus Erysipelatoclostridium. The distribution of architectures within Class
Clostridia is noticeably patchier than Class Bacilli. All but one spore-former (Mahella australien-
sis) in the Peptococcaceae and Thermoanaerobacterales is predicted to encode a phosphorelay. The
remaining Clostridia are predicted to encode DPAs with the exception of two relatively recently
branching species within the Clostridiaceae, Gottschalkia acidurici and Alkaliphilus metalliredi-

gens.
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Figure 3.7: Summary of SpoO architectures in spore-forming taxa; Clades selected such that
all members encode the same predicted Spo0 components; the branch labelled Paenibacil-
laceae/Bacillales consists of four paraphyletic clades.

Collectively, the 48 spore-formers form 15 clades with the same architecture; five of these
groups are predicted to encode a direct phosphorylation architecture, while the remaining ten are
predicted to encode a phosphorelay. Parsimony suggests that it is likely that the common ances-
tor of each of these monophyletic clades also encode the same architecture as its constituents.
This interleaved distribution of predicted Spo0 architectures is consistent with multiple changes in

pathway architecture over the course of evolution.

To verify that the patchy distribution observed in our species tree is not an artifact of the selec-
tion of genomes in our study or the phylogenetic methods used, I took advantage of two recently
published, alternative Firmicutes phylogenies [Antunes et al., 2016; Yutin and Galperin, 2013],
one of which is based on a much larger set of Firmicutes genomes [Antunes et al., 2016].
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3.4.1. Distribution of Spo0 Components in Alternative Phylogenies

I scanned genomes in the Antunes et al. [2016] and Yutin and Galperin [2013] data sets for or-
thologs of Spo0 pathway components, using the same procedure described in Chapter 3. The Spo0
architectures predicted in spore-forming genomes in both sets have patchy phylogenetic distribu-
tions (Figs 3.8 and 3.9), similar to that observed in our original analysis (Fig 3.3). In particular,
in both data sets, I found phosphorelay architectures in both major taxonomic classes. The patch-
iness observed in all three trees is consistent with multiple changes in pathway architecture over
the course of evolution.

At the highest taxonomic ranks, the Yutin and Antunes tree topologies are similar to each other
and to our tree (Fig 3.3), despite differences in pre-processing, tree reconstruction methodology,
and taxon sampling. There are minor differences in the inferred relationships lower in the tax-
onomy, especially with respect to branches with weak sequence support. The remainder of this
section examines the positions of subgroups that differ across the three trees. In each case, I dis-
cuss the implications of those differences for our hypotheses regarding the ancestral pathway or

patchy distribution.

3.4.1.1. Halanaerobiales and Natranaerobiales

The Halanaerobiales and Natranaerobiales are anaerobic, halophilic extremophiles [Mesbah et al.,
2007; Roush et al., 2014]. The Antunes data set includes all currently available, fully sequenced
genomes from these taxa; i.e., the genomes of Natranaerobius thermophilus and five members of
the Halanaerobiales. The Yutin data set includes N. thermophilus and one Halanaerobiales genome.
No genomes from these taxa were included in our data set.

Analysis of these genomes for Spo0 components revealed putative SpoOB and SpoOF orthologs
in the only available Natranaerobiales genome (Natranaerobius thermophilus), which is consistent
with a phosphorelay, although this species is a reported non-spore former [Mesbah et al., 2007].
One spore-forming member of the Natranaerobiales order has been reported, Natranaerobaculum
magdiense [Zavarzina et al., 2013], but a whole genome sequence for this species has not been
published.

All Halanaerobiales analyzed encode SpoOA and at least one PAS-containing histidine kinase,
but neither SpoOF, nor SpoOB. Again, all of the Halanaerobiales species included in either the An-
tunes or Yutin tree are considered to be asporogenous [Mavromatis et al., 2009; Oren et al., 1991;
Sikorski et al., 2010; Vos et al., 2009; Zhilina et al., 1996]. However, several species within the or-
der Halanaerobiales have been reported to form spores, including Halonatronum saccharophilum
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Figure 3.8: Antunes tree (Page 60): Cladogram of 205 Firmicutes genomes rooted by 13 outgroup
species, adapted from Figure 2 in [Antunes et al., 2016]. This tree was constructed using Bayesian
tree inference on a concatenated alignment of 47 ribosomal protein sequences. Collapsed clades
(Veillonellaceae and Lactobacillaceae) represent species that do not harbor SpoOA (or SpoOF or
SpoOB) [this work] and are considered to be non-sporulators [Ludwig et al., 2015; Rogosa, 1971].
Some species encode orphan kinases, but, of those, none encode a PAS domain. Colored dots
indicate Spo0 pathway components predicted by the methods used in this study: one or more
orphan HK (cyan); SpoOF (blue); SpoOB (orange); SpoOA (green). Filled cyan dot indicates at
least one orphan HK encodes a PAS domain.

Figure 3.9: Yutin tree (Page 61): Cladogram of 68 Firmicutes genomes, outgroup rooted using
Leptotrichia buccalis and Fusibacterium nucleatum. Tree constructed from the concatenated align-
ment of 50 ribosomal protein sequences using FastTree [Price et al., 2010] and Treefinder [Jobb
et al., 2004], as described in Yutin and Galperin [2013]. Species known to sporulate labeled in
black. Colored dots indicate Spo0 pathway components predicted by the methods used in this
study: one or more orphan HKs (cyan); SpoOF (blue); SpoOB (orange); SpoOA (green). Filled
cyan dot indicates at least one orphan HK encodes a PAS domain.

[Zhilina et al., 2012], Fuchsiella ferrireducens [Zhilina et al., 2015], and Natroniella acetigena
[Zhilina et al., 1996]. The genus Sporohalobacter was initially reported to form spores [Oren et al.,
1991], but subsequent characterization called this result into question as no growth was obtained
following heat treatment [Ben Abdallah et al., 2015]. Swollen end cells were characterized as pre-
spore-like structures, but no spores were observed via microscopy. These experimental differences
could be due to the conditions tested or different spore definitions. Of spore-forming Halanaero-
biales, the only available genome is Halonatronum saccharophilum, which does not encode SpoOF
or Spo0B orthologs by our genome neighborhood conservation method.

Genomes from Halanaerobiales and Natranaerobiales form a clade in both recently published
trees, but the location of that clade, in relation to other Firmicutes differs. In the Antunes tree, these
taxa are basal to the divergence of Classes Bacilli and Clostridia. Since this placement makes them
the earliest branching clade within the Firmicutes, the presence of an apparent phosphorelay archi-
tecture in N. thermophilus supports the hypothesis that the emergence of the Spo0 phosphorelay
predates the divergence of the Clostridia and Bacilli.

In the Yutin tree, the clade (which includes one representative of each order, Natranaerobius
thermophilus and Halothermothrix oreni) is one of several descendants of a polytomy at the base
of Class Clostridia. This placement does not change our prediction that the common ancestor of
the Clostridia and Bacilli likely encoded a phosphorelay Spo0 pathway.

Regardless of their phylogenetic placement in the context of other species, the presence of both
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architectures in these sister taxa adds to the patchy distribution of SpoO architectures observed
throughout the Phylum, requiring an additional remodeling event to explain the present-day phylo-
genetic distribution. The placement of these sister taxa in the two recently published trees does not
contradict the hypothesis that the phosphorelay architecture was present in the common ancestor of
the Bacilli or Clostridia; moreover, the evidence from one of those studies suggests that it predates

that common ancestor.

3.4.1.2. Alkaliphilus, Gottschalkia, and Sporulating Peptostreptococcaceae

All three trees predict a clade consisting of species from the families Clostridiaceae (only genus
Alkaliphilus), Eubacteriaceae (genera Acetobacterium, Eubacterium), Peptoniphilaceae (genera
Finegoldia, Anaerococcus), Incertae sedis XI (Gottschalkia), and Peptostreptococcaceae (genera
Clostridiodes, Peptoclostridium, Filifactor). In all three trees, this clade is a sister taxon to the
Clostridium sensu strictu. Many genera within this clade are reportedly asporogenous [Galperin
et al., 2012]. The key exceptions are four species in the genera Alkaliphilus [Cao et al., 2003],
Gottschalkia [Yutin and Galperin, 2013], and Clostridioides [Lawson et al., 2016]. Each tree con-
tains a different subset of these four spore-formers: all contain Clostridioides difficile, the Antunes
et al. [2016] tree and my tree contain Alkaliphilus metalliredigens, the Yutin and Galperin [2013]
tree and my tree contain Gottschalkia acidurici, Antunes additionally encodes Alkaliphilus orem-
landii.

All trees agree on the relationships between these taxa: Alkaliphilus is a sister taxon to Clostrid-
iodes difficile and other Peptostreptococcaceae, when Gottschalkia is not present [Antunes et al.,
2016], and vice versa [ Yutin and Galperin, 2013]. When both are present (as in my tree), Gottschalkia
is basal to a clade that includes both Alkaliphilus and Clostridiodes. Notably, there are asporoge-
nous species interleaved between these taxa in all three trees.

These species are particularly interesting because, although closely related, they have different
predicted Spo0 architectures. A. metalliredigens and G. acidurici were found to encode homologs
of SpoOF and SpoOB and are therefore likely to initiate sporulation via a phosphorelay. No phos-
phorelay homologs were observed in either of the sporulating species A. oremlandii or C. difficile,
suggesting that they have a direct phosphorylation SpoO pathway. The presence of the phosphore-
lay homologs in G. acidurici and A. metalliredigens suggests that the phosphorelay has persisted
despite repeated losses of SpoOF and SpoOB and/or sporulation within closely related taxa. This
mixed distribution implies multiple transitions from phosphorelay to direct phosphorylation archi-
tecture within the Clostridiales, one at the base of each divergent group. This inference is supported
by all three trees.
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3.4.1.3. Predicted architectures within Class Bacilli

Each tree has a different set of species from Class Bacilli, but the results of these differences are
not at variance with the observations made here. Homologs of SpoOF and SpoOB were detected
by our methods in all genomes in spore-forming Bacilli represented in the three data sets, with the
exception of two Erysipelaclostridium genomes, two Paenibacillus genomes and the genome of

Sporolactobacillus inulinus. Each of these exceptions is treated below.

Erysipelatoclostridium: The genomes of Erysipelatoclostridium ramosum DSM 1402 and
Erysipelatoclostridium spiroforme DSM 1552 both encode Spo0A; E. spiroforme additionally en-
codes an orphan kinase. Spore formation in these species has been described as “rare or absent”
[Kaneuchi et al., 1979; Lavigne et al., 2003; Yutin and Galperin, 2013]. Based on the set of proteins
present in the sequenced strains used in this study, if they do form spores, it is likely signaled by di-
rect phosphorylation of SpoOA. No Erysipelatrichiaceae species were included in the Antunes et al.
[2016] data set. In the Yutin and Galperin [2013] tree, these genomes are basal to all other Bacilli.
In this study, these genomes are placed within the Bacillaceae clade. However, since the Yutin data
set does not include any early branching genomes in class Bacilli (e.g. Paenibacillaceae), the two

placements are consistent.

Paenibacillus: In my tree, both Paenibacillaceac genomes, Paenibacillus polymyxa and Bre-
vibacillus brevis, included in our representative set possess all phosphorelay components. These
genomes are monophyletic and are phylogenetically placed basal to the Bacillaceae. These taxa are
not represented in the Yutin and Galperin [2013] tree. The Antunes et al. [2016] tree includes the
genomes of six members of the Paenibacillaceae, including genomes from the genera Desmospora,
Brevibacillus, Paenibacillus, and Thermobacillus. These species are phylogenetically placed basal
to the Bacillaceae, though paraphyletically.

SpoOB was not identified in two of these species, Paenibacillus mucilaginosa and Paenibacil-
lus sp. Y412MC10. In both cases, inspection of the genome neighborhood of these two species
reveals a hypothetical protein with the similar in sequence and domain content to Spo0OB, though
it appears to be missing a stop codon. This could be a loss of function mutation or due to an error
in sequencing or assembly. If SpoOB is truly a pseudogene in these species, this could indicate
either the loss of sporulation or gain of the ability to sporulate via direct phosphorylation of Spo0A
in these individuals. Interestingly, the Paenibacillus polymyxa kinase PP_1077 has been reported
to directly phosphorylate P. polymyxa SpoOA when heterologously expressed in a B. subtilis mu-
tant lacking SpoOB but not lacking any of the B. subtilis sporulation kinases [Park et al., 2012]
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(See Section 2.3.2.1.3). Spo0 architectures in these species warrant further investigation. This was

accepted as sufficient evidence for the presence of Spo0B in our analysis.

Sporolactobacillus: S. inulinus is present in the Antunes et al. [2016] data set, but was not
included in either my tree or the Yutin tree. The Antunes tree places this species basal to the
Bacillaceae, diverging after the Paenibacillaceae. SpoOF was not identified by conserved genome
neighborhood in S. inulinus, although S. inulinus is reported to produce endospores [Kitahara and
Lai, 1967]. However, inspection of predicted RRs lacking an output domain in that species did
reveal a possible candidate. This protein (SINU_10335) aligns well to known and predicted SpoOF
sequences and has specificity residues typical of SpoOF (QGILEVD), although it is not encoded
in the proximity of any of the SpoOF neighborhood markers. All other single-domain RRs in
this species had less sequence similarity to SpoOFs and specificity residues that did not reflect the
SpoOF signature (Fig 4). This was accepted as sufficient evidence for the presence of SpoOF in our

analysis.

3.4.1.4. Ruminococcaceae and Lachnospiraceae

Species from the Ruminococcaceae and Lachnospiraceae are well-sampled in all three trees, how-
ever the relationship of these two families with respect to the Clostridiaceae varies slightly. In
our tree and the Antunes et al. [2016] tree, they are sister taxa to the Clostridiaceae, while the
relationship between these three clades is not resolved in the Yutin and Galperin [2013] tree. All
sporogenous members of the Ruminococcaceae and Lachnospiraceae families are predicted to en-
code a direct phosphorylation architecture. If these two clades represent distinct lineages that are
not sister taxa, as possible in the Yutin and Galperin [2013] tree, then an additional transition be-
tween phosphorelay and direct phosphorylation architecture is required to explain the phylogenetic

distribution of Spo0 pathway arechitectures in these species.

3.4.1.5. Spore-formers with symbiotic or syntrophic life styles

Several spore-forming species in the Antunes et al. [2016] tree have symbiotic or syntrophic
lifestyles, including members of the genera Symbiobacterium [Ohno et al., 2000], Thermaerobac-
ter [Han et al., 2010], Tepidanaerobacter [Westerholm et al., 2011], and Thermosediminibacter
[Pitluck et al., 2010]. Only Symbiobacterium thermophilus was included in the Yutin and Galperin

[2013] tree and none were included in my tree.
Candidate SpoOF and Spo0OB orthologs were not found in the Symbiobacterium and Thermaer-
obacter genomes, but were found in the closely related species, Sulfobacillus acidophilus DSM
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10332, which has a typical free-living lifestyle [Norris et al., 1996]. The sister taxa Tepidanaer-
obacter and Thermosediminibacter encode orthologs of SpoOB, but not SpoOF, and lack orphan
kinases. Of these species, all but Thermosediminibacter oceani have been observed to produce
spores.

Interpreting the Spo0O pathway architectures in these species is complicated by their symbi-
otic nature. For example, Symbiobacterium thermophilum displays marked growth dependence
on microbial commensalism with Bacillus sp. Strain S [Ueda et al., 2004] similarly, sporulation
increases from 0.1% to 20% when cultured in a dialysis flask with a constant influx of media used
by Bacillus sp. Strain S [Ueda et al., 2004]. This apparent reliance on external factors to promote
sporulation initiation could be mediated as a signal or potentially as access to proteins that facilitate
the phosphorylation of SpoOA. Further work on the growth factors that these syntrophic and symbi-
otic bacteria rely on may reveal the mechanism of initiation of sporulation in these species. Taking
a conservative stance, I do not interpret the absence of genes encoding Spo0 pathway proteins to

be evidence of an alternative Spo0 pathway architecture in symbiotic or syntrophic strains.

3.5. Summary

In this chapter, I have presented evidence for the existence of functional phosphorelays in many
Clostridia and most Bacilli surveyed. This is in contrast to the current prevailing hypothesis for
Spo0 pathway evolution, which predicts that that SpoO pathways with a phosphorelay architecture
only be observed in class Bacilli.

Further, examination of the phylogenetic distribution of the predicted architectures in the Clostridia
and the Bacilli reveals that neither predicted architecture is monophyletic within either taxonomic
class. To ensure that this patchiness is not a byproduct of taxon sampling or phylogeny reconstruc-
tion artifacts, I repeated the computational analysis with two other Firmicutes phylogenies [An-
tunes et al., 2016; Yutin and Galperin, 2013], one of which includes a much larger set of genomes.
Both analyses revealed similar patchiness.

The presence of Clostridial phosphorelays and the patchy distribution of both architectures
calls for the reconsideration of the evolutionary history of the sporulation initiation pathway in the

Firmicutes.
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Chapter 4

Evolutionary History of the Spo0 Path-
way

A proposed evolutionary history of the Spo0 pathway must provide an explanation for the phylo-
genetic distribution of present-day Spo0 architectures and answer the following questions: What
is the architecture of the common ancestral pathway? In which lineage(s) did the phosphorelay

arise? Did the phosphorelay arise more than once? In which lineages did remodeling occur?

The prevailing hypothesis (reviewed in Section 2.3.3.1) is that the ancestral Spo0 pathway was
a conventional two-component pathway with the emergence of the Bacillar phosphorelay following
the separation of the classes Bacilli and Clostridia. This model predicts that phosphorelays will
only be observed in Class Bacilli and direct phosphorylation architecture pathways only in Class

Clostridia, which conflicts with the evidence reported in Chapter 3.

The common ancestral pathway could still have a direct phosphorylation architecture, assuming
that the phosphorelay arose following the divergence of classes Bacilli and Clostridia. However, if
the phosphorelay only arose once, this scenario requires multiple transfers resulting in remodeling
from a direct phosphorylation architecture to result in the present-day distribution. Alternatively,
each clade encoding a phosphorelay could have invented it independently, remodeling from the

ancestral direct phosphorylation architecture to a phosphorelay.

If the common ancestral pathway was a phosphorelay, only a single genesis of the phospho-
relay is required and all phosphorelay architectures could have been vertically inherited. In this
scenario, each direct phosphorylation architecture could have been invented independently, or a
kinase that directly phosphorylates SpoOA could have been transferred between direct phosphory-
lation architecture encoding clades.
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Here, I present evidence based on the comparison of specificity residues and specific interac-
tions, that all phosphorelays are related to the same common ancestral phosphorelay, consistent
with the scenarios in which the phosphorelay only arose once. Analysis of the genomic context
of SpoOF and SpoOB proteins suggests an unlikely series of transfer events would be required to
obtain the proteins necessary to remodel from a direct phosphorylation architecture to a phospho-
relay. These results are corroborated by phylogenetic analysis of both SpoOF and SpoOB that are
consistent with vertical descent. Thus, my results support an ancestral phosphorelay hypothesis

where the direct phosphorylation architecture is the derived state through remodeling.

4.1. Specificity Residue Similarity

In order to assess change and conservation in the genetic determinants of specificity in the course of
Spo0 pathway evolution, we compared the specificity residues in Spo0 pathway proteins between
pathway architectures (phosphorelay versus direct phosphorylation) and, for the phosphorelay, be-
tween taxonomic groups (Bacilli versus Clostridia). Qualitative comparisons of the specificity lo-
gos for the phosphorelays from both classes (Fig 3.4) suggest that specificity residues are relatively
similar to each other. If the phosphorelays from both classes share common ancestry, I hypothesize
that specificity will have been maintained, which may be evident from similarities in specificity
residue logos. The converse (where specificity has not been maintained between the phosphorelay
in the two classes) could suggest multiple independent inventions of the phosphorelay or could be
the result of common ancestry with perturbation of specificity by another pathway.

To provide a more rigorous comparison of these logos, I created a method to quantify the
differences in specificity residues for two sets of orthologous proteins, as follows. The specificity
residues for a set of n orthologous proteins can be represented as an n by [ matrix, where [ is the
number of specificity sites (i.e., [ = 6 for kinases and [ = 7 for response receivers). At each site, I
focus on differences in residue frequencies that distinguish the two sets by considering only those
residues for which I can reject the null hypothesis that the frequencies in set 1 and set 2 represent
the same underlying distribution. Specifically, I consider the frequencies of amino acid a at site j
in the two sets to be significantly different, if I can reject this null hypothesis at the « level.

Given specificity residues from two sets of orthologs, I calculate a score Sy () for site j:

Sl,2(j) = Z ’fl(ahj) - fQ(aﬁj)’a

where the summation is over the 20 amino acids and f,,(a, j) is defined to be the frequency of
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amino acid « at site j in set m € {1,2}, if the frequencies of a in the two sets are significantly
different. If they are not significantly different, f,,(a,j) = 0. An overall score, S o, for the
difference in two sets is obtained by averaging S} »(j) over all [ sites.

I used the program TwoSampleLogo [Vacic et al., 2006] to obtain the values of f,,(a,j) re-
quired to calculate S; 5. This program includes a statistical framework for assessing whether
residue frequencies are significantly different and offers a selection of statistical tests. I used
the t-test with significance threshold o = 0.01. Given two sets of amino acids and a significance
threshold, «, as input, TwoSampleLogo —-F TXT reports the frequencies, filtered by p-value,
of residue a at each site in the two sets. I also used TwoSampleLogo [Vacic et al., 2006] to obtain
visual comparison of two sets of specificity residues.

Using this technique, I compared the logos built on Bacillar and Clostridial phosphorelay SpoO
components (Fig 3.4A and B) using filtering with a p-value of a=0.01 and no p-value filter for
comparison (Table 4.1, Figure 4.1).

For all components, the average difference per site, using p-value filtering where =0.01, sug-
gests very little significant change is observed between these logos. These results suggest that
the specificity residues of orphan kinases of the Bacilli and Clostridia phosphorelays are, in fact,
similar to each other. SpoOB and SpoOF are also similar between Bacillar and Clostridial phos-
phorelays and most differences are conservative (e.g. sites three and six in SpoOF and site two in

Spo0B are hydrophobic residues in both sets, f; and f5).

Table 4.1: Comparison of Spo0 Phosphorelay Logos

Taxonomy Set p-value Filtering
fi fa a=0.01 No Filtering
Orphan Orphan
Spo0A SpoOA
Bacilli | Clostridia | Kinases |~ | Kinases | ©*

0.18 0.29 0.45 0.69
SpoOF | SpoOB || SpoOF | SpoOB
0.28 0.44 0.46 0.87

Bacilli | Clostridia

4.2. Preservation of interaction between D. acetoxidans
and B. subtilis Phosphorelays

To test the hypothesis that specificity has been preserved between Bacillar and Clostridial phos-
phorelays, as suggested by the comparison of specificity residues, I employed a cross-species com-
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p-value Filtering

Spo0 Component a=0.01 No Filtering
Orphan Kinases w — } ) === =
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Figure 4.1: Visual comparison of Spo0 phosphorelay logos. In each row, taxonomic set f; is
Bacilli and set f5 is Clostridia.

plementation assay. I asked whether phosphorelay proteins in D. acetoxidans could recapitulate
the function of the corresponding proteins in B. subtilis, in vitro. Specifically, I examined phos-
photransfer in the B. subtilis phosphorelay, as described for D. acetoxidans in Section 3.3.2, sys-
tematically replacing each B. subtilis protein with its D. acetoxidans counterpart (Fig 4.2, lanes
1-6). For each step in the pathway, a band corresponding to the replacement D. acetoxidans pro-
tein was observed, demonstrating that each D. acetoxidans protein was capable of accepting a
phosphoryl group from the upstream B. subtilis SpoO pathway component (Fig 4.2, lanes 2, 4, and
6). Moreover, bands were observed for downstream components of the B. subtilis phosphorelay,
where included, indicating that the D. acetoxidans replacement was also capable of transferring a
phosphoryl group to the downstream component in the B. subtilis phosphorelay (Fig 4.2, lanes 1,
3, 5). Additionally, the phosphorylation of D. acetoxidans SpoOA by the B. subtilis phosphorelay
required the presence of both B. subtilis SpoOF and SpoOB proteins (Fig 4.2, lanes 7-9), indicating
that D. acetoxidans SpoOA cannot be directly phosphorylated by B. subtilis KinA.

Taken together, our results demonstrate that, in all cases, the D. acetoxidans proteins were
able to recapitulate the function of their counterparts in B. subtilis. Thus, not only do these two
pathways both independently interact as phosphorelays, in vitro [Burbulys et al., 1991, and this
work], they also encode sufficiently similar phosphotransfer specificity to render them functionally
interchangeable, at least in vitro. Therefore, either these two phosphorelays arose independently
with interchangeable genetic determinants of specificity, which I deem highly unlikely, or these
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Figure 4.2: Phosphotransfer profiling of interchanging SpoO phosphorelay components from D.
acetoxidans (Dt) with B. subtilis (Bs) Spo0 phosphorelay components. Reactions contained SuM
Dtox_1918 or Bsub_KinA and 10uM each of the proteins listed above each lane in the phosphorim-
age. Dtox_1918 and Bsub_KinA were autophosphorylated for 10 minutes. All components were
incubated together for 5 minutes.

pathways are the descendants of a common ancestral pathway.

4.3. Ancestral Phosphorelay Hypothesis

Based on the degree of specificity similarity between Bacillar and Clostridial phosphorelays, as
measured by specificity residues and in vitro interchangeability, I hypothesize that a SpoO phos-
phorelay arose only once in evolutionary history. I further hypothesize that this sole genesis of the
phosphorelay occurred prior to the divergence between Class Bacilli and Class Clostridia. In this
scenario, the present-day direct phosphorylation architectures arose through multiple, independent
episodes of pathway remodeling, resulting in a patchy distribution of pathway architectures. Fur-
ther, given the evidence that I have presented for the single genesis of a phosphorelay (Sections 4.1
and 4.2), this is the most parsimonious evolutionary history of the SpoO pathway compared to the

alternative hypotheses considered above.
Whereas multiple independent inventions of a phosphorelay would also result in a patchy dis-
tribution, the complexity of the pathway, coupled with the dramatic similarities between predicted
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phosphorelay proteins in both classes, render two or more independent inventions of the sporula-
tion initiation phosphorelay unlikely. Based on the similarities observed, it is unlikely that these
two pathways encode similar specificity by chance; rather, specificity in the Spo0O phosphorelay
has been preserved over 2.7 billion years of independent evolution.

Alternatively, if the ancestral Firmicute encoded a direct, two-component pathway and the
phosphorelay arose in one of the two major lineages after their divergence, horizontal transfer
of the phosphorelay to taxa in the other class would be required. However, acquisition of the
phosphorelay through horizontal gene transfer entails an improbable series of events. Regardless
of where the phosphorelay arose, multiple independent acquisitions through transfer would be
required to produce the present-day distribution, because genomes that harbor a phosphorelay are
not monophyletic in either taxonomic class. Moreover, each acquisition of the full phosphorelay
would likely require multiple, independent horizontal transfer events, because the genes encoding
Spo0 components are dispersed throughout the genome (Figure 4.3). SpoOF is the only Spo0
protein that is consistently encoded in a specific genomic region. It is almost always located
near the origin of replication (i.e., between O and 36 degrees or between 270 and 360 degrees).
The remaining Spo0 components are dispersed throughout the genome, although they are rarely
encoded near the origin of replication. Further, because the genomic neighborhoods of SpoOF and
Spo0B are conserved, each transfer event would have to result in the insertion of SpoOF or Spo0OB
into the same neighborhood or the transfer of the entire neighborhood.

Thus, based on the combined evidence, which suggests that there was a single genesis of the
phosphorelay and that transfer is unlikely, I conclude that the phosphorelay was most likely present
in the ancestor of all Firmicutes and all present-day phosphorelays are derived from it by vertical

descent.

4.3.1. Evolution of kinase and Spo0OA proteins

Having established strong evidence of common ancestry and conserved specificity in the Spo(O
phosphorelay, we next considered the evolutionary history of the direct phosphorylation Spo(O
pathway. According to this ancestral phosphorelay hypothesis, present-day direct phosphorylation
pathways are a result of multiple independent transitions away from a phosphorelay architecture,
wherein SpoOF and SpoOB were lost and direct phosphorylation of SpoOA was gained. Our ex-
perimental and computational results suggest that the SpoOA specificity spectrum has remained
relatively constant and that the transition was, therefore, primarily mediated by changes in the
sporulation kinases. In this section, I compare characteristics of kinases and regulators in phos-
phorelay and direct phosphorylation to gain insight into the changes thatmay have resulted in such
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Figure 4.3: Genomic distribution of Spo0 components in (A) B. subtilis and (B) all members of
the Firmicutes representative set. Protein location calculated based on the position of the start
codon divided by total number of bases in the genome. Orphan Histidine kinases, Spo0B, and
SpoOA (shown in teal, orange, and green, respectively) are found throughout the genomes; SpoOF
(blue) is commonly near the origin of replication. Separation by Firmicutes class or predicted
Spo0 architecture (not shown) does not change the observed broad distribution of orphan kinases,
SpoO0B, or Spo0A; nor does it affect the regional localization of SpoOF.

a remodeling.

4.3.1.1. Specificity residues

To obtain insight into the remodeling events that resulted in the present-day distribution of Spo0
architectures, I compared the specificity logos of orphan kinases and SpoOA from phosphorelays
and direct phosphorylation architectures. This comparison revealed that the similarity across ar-
chitectures is greater for SpoOA proteins than for orphan kinases. When Clostridial and Bacillar
phosphorelays are considered separately, SpoOA specificity residues are more similar within the
same taxonomic class, than within the same pathway type (Figs 4.4). The opposite is true for can-
didate sporulation kinases. The specificity residues of candidate phosphorelay kinases from both
the Clostridia and the Bacilli differ markedly from those of kinases predicted to phosphorylate
Spo0A directly. This difference is even more dramatic when experimentally verified sporulation
kinases associated with the two architectures are compared (Fig 3.4E). These results suggest that
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architectural remodeling was driven primarily by changes in kinase, rather than Spo0OA, specificity.

Table 4.2: Comparison of Spo0 phosphorelay and direct phosphorylation logos

p-value Filtering

a=0.01 No Filtering
Sets Orphan | ¢ 004 || OPhan | go00a
fi fa Kinases Kinases

Bacilli Phosphorelay | Direct Phosphorylation 0.50 0.40 0.80 0.80
Clostridia Phosphorelay | Direct Phosphorylation 0.48 0.00 0.73 0.44

Sets p-value Filtering
Spo0 fi _ o
Component £, a=0.01 No Filtering

Orphan Bacilli Phosphorelay
Kinases | Direct Phosphorylation

ﬁ
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Figure 4.4: Comparison of Spo0O Phosphorelay and Direct Phosphorylation Logos

4.3.1.2. Catalytic Domains differ by predicted architecture

The differences between the two sets of orphan kinases associated with the two pathway archi-
tectures extend beyond specificity residues: the histidine kinase catalytic domains found in the
two sets also differ. Kinase catalytic domains have been categorized into 23 subfamilies based
on HMM models of multiple sequence alignments [Alexander and Zhulin, 2007]. While many
of these catalytic domain subtypes are present in kinases of the Firmicutes, only two, HK_CA:2
and HK_CA:3, are commonly observed in orphan kinases. In genomes with a predicted direct
phosphorylation SpoO pathway, 51 out of 53 orphan kinases (96%) possess a HK_CA:2 type cat-

alytic domain. In genomes with a predicted SpoO phosphorelay, 130 out of 155 orphan kinases
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(86%) possess a HK_CA:3 type catalytic domain. The same dichotomy is observed for experi-
mentally verified kinases: direct phosphorylation architecture Spo0O kinases in C. acetobutylicum,
R. thermocellum, and C. difficile encode an HK_CA:2 type catalytic domain [Mearls and Lynd,
2014; Steiner et al., 2011; Underwood et al., 2009] and the phosphorelay sporulation kinases in B.
subtilis, D. acetoxidans, and other experimentally verified Spo0O pathways harbor a HK_CA:3 type
catalytic domain (see Table A9 for a complete list). There is one exception in the experimentally
verified set; Ca_C3319 of C. acetobutylicum encodes an HK_CA:3 domain, despite being involved

in a direct phosphorylation architecture.

4.3.1.3. Gene trees

To better understand the evolutionary history of the individual gene families represented in the
Spo0 pathway, I constructed gene trees for each one.

SpoOF and Spo0A: Here, I present a phylogenetic analysis of the Spo0 component REC do-
main sequences from both the SpoOF (69 sequences) and the SpoOA (121 sequences) proteins.

These sequences obtained from the SpoO components predicted in the Antunes et al. [2016]
data set, as this provides the the most comprehensive taxon sampling of the three phylogenetic data
sets considered in this thesis. In addition, six LytTR REC domain sequences from the genomes of
B. subtilis, C. acetobutylicum, and D. acetoxidans were included as outgroups, in order to root the
phylogeny. The LytTR output domain-associated REC domains were selected, because LytTR has
been observed in other bacterial phyla, suggesting that it pre-dates the advent of the SpoOF and
Spo0OA REC domains and, hence, is a suitable outgroup.

The resulting 196 sequences were aligned using MAFFT [Katoh et al., 2005] and GUIDANCE
[Sela et al., 2015], with alignment quality filtering set at 92%. The phylogeny was constructed
using RAXML [Stamatakis, 2014] with the CATPROTGAMMA model [Stamatakis, 2006] and
bootstrapped 100 times.

The resulting phylogeny (Figs 4.5-4.7) presents a clear partition of SpoOF (blue branches) and
SpoOA (green branches) REC domains into separate clades. The backbone of this tree is not very
well-supported, as measured by bootstrap analysis except at the root of the SpoOA subtree. This
is likely due to the short length of these sequences (the alignment comprises 121 columns) and
high level of sequence conservation among REC domains, both of which reduce the phylogenetic
information available to resolve these subclades. However, the support for the separation of the
SpoOA clade from the SpoOF clade is quite strong (71).

The overall topology of the tree is consistent with a single genesis of the phosphorelay archi-
tecture. Not only do SpoOF and SpoOA form separate clades, but the topology of the SpoOF and
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Figure 4.5: Phylogenetic relationships between SpoOF (blue) and SpoOA (green) REC domains in
Firmicutes genomes. SpoOF and SpoOA sequences form separate clades. Within each subfamily,
major species groups are clearly separated. Bacillar OF/A sequences shown in light blue/light

green; Thermoanaerobacterales OF/0A sequences shown in turquoise/lime; OF/0OA sequences in all
other Firmicutes shown in dark blue/green; outgroup sequences shown in black.

Spo0A subtrees is roughly in accordance with that of the Antunes species phylogeny. Further, this
topology is consistent with an ancient duplication of the REC domain, at the base of, or possibly
prior to, the emergence of the Firmicutes phylum, followed by vertical inheritance of both SpoO
response regulators.

The position of one clade near the base of the SpoOF subtree deviates from the Antunes tree. In
this clade, a group of closely related, early branching Bacillales species (Oceanobacillus iheyensis,
Halobacillus halophilus, and Amphibacillus xylanus), which should be located deep in the tree, are
clustered with the early branching extremophile, Natranaerobius thermophilus (Natranaerobiales,
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Figure 4.6: .

Detailed view of the SpoOF clade in the gene tree shown in Fig 4.5. Bacillar: light blue;
Thermoanaerobacterales sequences: turquoise; all other Firmicutes: dark blue; outgroup: black.
Spo0A sequences: green triangle.

See Section 3.4.1.1). This clade is relatively well supported (57). Since the three Bacillales species
are all halotolerant, alkalitolerant, or both [Chee and Takami, 2011; Jahns, 1996; Roessler and
Miiller, 2002], this grouping may be a phylogeny reconstruction artifact.
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A number of sequences, including the SpoOA REC sequences of FP2_08180 , RBR_16700, and
Ethha_ 0717 and the SpoOF sequences, Adeg_0054 and HM1_1074, have very long branches and
appear to be changing much more rapidly than their neighbors. Interestingly, most of these are
reported to be asporogenous, so this may be evidence of degeneration or pseudogenization of these
sequences.

Orphan kinases: The number of orphan kinases in the Antunes et al. [2016] data set greatly
exceeds the number of SpoOA/F sequences, since most genomes have at most one copy of SpoOF
and Spo0A, but several orphan kinases. Phylogenetic noise tends to increase with the number of
input sequences. Further, only the interaction and catalytic sequences can be used for molecular
phylogenetics, due to the variation in N-terminal sensor domains. Instead of constructing a tree
for the full set of kinases, I used a reduced data set consisting of the orphan kinases from four
Clostridium species and three Bacillus species, resulting in 33 sequences in total.

A multiple alignment was constructed of the C-terminal amino acid sequences of the kinases,
comprising the HisKA and HK_CA domain, using MAFFT [Katoh et al., 2005] with default param-
eters. Columns possessing gaps in greater than 50% of sequences were trimmed manually. From
this alignment, a maximum likelihood phylogeny reconstructed using PhyML [Guindon et al.,
2010].

The resulting tree (Fig. 4.8) has two well supported clades, consisting, with one exception,
of the Clostridial and Bacillar kinases, respectively. One C. acetobutylicum kinase (CA_C3319)
clusters with the Bacillus group. In contrast to the REC domain phylogeny, the branching order
among the Bacillus kinases is not consistent with evolution by vertical descent from the Firmicutes
common ancestor, but rather with a pattern of repeated duplication, followed by specialization,

especially in Bacillus cereus and Bacillus anthracis.
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Figure 4.7: Detailed view of the SpoOA clade in the gene tree shown in Fig 4.5. Bacillar: light
green; Thermoanaerobacterales sequences: lime ;all other Firmicutes: dark green; outgroup: black.
Spo0A sequences: blue triangle.
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Figure 4.8: Gene tree showing phylogenetic relationships between orphan kinases in C. an-
thracis (B.anth), B. cereus (B.cere), B. subtilis (B.subt), C. acetobutylicum (C.acet), C. botulinum
(C.botu), C. perfringens (C.perf), and C. tetani (C.teta). All Clostridium kinases shown, except
CA _C3319, harbor a HK_CA:2 catalytic domain. All Bacillar kinases shown and CA_C3319, har-
bor a HK_CA:3 catalytic domain.
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4.3.2. Cross-species experiments

To further investigate the contributions of flexibility and constraint to SpoO pathway evolution, I
sought to characterize the heterologous interactions between Spo0Q proteins in a Bacillar phospho-
relay (B. subtilis), a Clostridial phosphorelay (D. acetoxidans), and a Clostridial direct phospho-
rylation pathway (C. acetobutylicum). Each kinase was autophosphorylated and then incubated
with each receiver protein (two SpoOF and three SpoOA proteins) in separate reactions. Here, I
refer to reactions between components from the same species as autologous and reactions between
components across species as heterologous. To test SpoOB interaction connectivity to each Spo0OA,
SpoOB was incubated with each SpoOA protein in the presence of its autologous kinase and SpoOF.
The resulting interactions were characterized as strong or weak (Fig 4.9, summarized in Table 4.3).

The strong interactions observed for all proteins were consistent with their native interaction
pattern. Strong phosphorylation of heterologous, as well as autologous, SpoOF proteins was ob-
served for phosphorelay kinases (Fig 4.9C, Lanes 4, 5, 9, and 10), but not for direct phosphory-
lation kinases (Fig 4.9F). Similarly, we observed strong phosphorylation of heterologous, as well
as autologous SpoOA proteins by Spo0B (Fig 4.9A and 6B) and by direct phosphorylation kinases
(CA_C0903, Fig 4.9D and CA_C3319, Fig 4.9E), but not by kinases associated with phosphore-
lays (Bs_KinA: Fig 4.9C, Lanes 1-3; Dtox_1918: Fig 4.9C, Lanes 6-8). These strong heterologous
interactions provide evidence that the interaction specificities of SpoOA and SpoOF have remained
generally conserved.

Some proteins were also capable of weak heterologous interactions. The phosphorelay kinase,
Dtox_1918, although unable to phosphorylate the SpoOA encoded in the same genome (Fig 4.9C,
Lane 7), exhibited weak phosphotransfer to both heterologous SpoOAs (Fig 4.9C, Lanes 6 and 8).
These interactions suggest that there may have been minor shifts in the specificity of SpoOA. In
addition, CA_C3319, which directly phosphorylates SpoOA in its native environment, is capable
of weak phosphotransfer to both SpoOFs (Fig 4.9F, Lane 3, 4). The interactions of CA_C3319
demonstrate that there is some degeneracy in the specificity residues that permit phosphotransfer.
In the case of each of these two kinases, heterologous combinations break the constraint of the na-
tive interaction pattern. I hypothesize that the existence of such interactions presents a mechanism

that allows repeated remodeling in the course of evolution of the Spo0 pathway.
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Bs_SpoOF | Dt_SpoOF | Bs_SpoOA | Dt_SpoOA | Ca_Spo0OA
Bs_KinA + + - - -
Bs_Spo0OB | Not tested | Not tested + + +
Dtox_1918 + + Weak - Weak
Dt_SpoOB | Not tested | Not tested + + +
Ca_C0903 - - + + +
Ca_C3319 Weak Weak + + +

Table 4.3: (See also Fig 4.9) involving phosphotransfer from sporulation kinases and phospho-
transferases to SpoOF and SpoOA from each architecture. Legend: “+” - interaction,“Weak” weak
interaction, “-” no interaction observed. Phosphotransfer was categorized as weak if bands were
faint compared to other reactions with the same kinase or SpoOB.
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Figure 4.9: Phosphotransfer profiling of SpoOF and SpoOA with phosphorelay and direct phos-
phorylation architecture components. Reactions contained SuM sporulation kinase and 10uM of
each of the proteins listed above each lane in the phosphorimage. Sporulation kinases autophos-
phorylated for 10 minutes. All components incubated together for 5 minutes. Kinases include A
D. acetoxidans SpoOB B B. subtilis SpoOB C B. subtilis KinA and D. acetoxidans Dtox_1918 D C.

acetobutylicum Ca_C0903 E C. acetobutylicum Ca_C3319 F Ca_C0903 and Ca_C3319 to SpoOF
proteins.
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Discussion

The status of the Spo0 pathway in Class Clostridia has intrigued scientists since the first whole
genome sequences of Clostridium species became available. Unlike their Bacillar counterparts,
there were no apparent homologs to SpoOF and SpoOB, suggesting that the Spo0 pathway had a
different architecture. This was later confirmed in a handful of species [Mearls and Lynd, 2014;
Steiner et al., 2011; Underwood et al., 2009], in which multiple sensor kinases were found to be
specific for SpoOA. Considering that this pathway is simpler and the Clostridium have an anaer-
obic lifestyle more similar to the ancestral Firmicute compared to the species of Class Bacilli,
a prevailing hypothesis emerged for the evolution of the SpoO pathway. Specifically, this pre-
vailing hypothesis suggests that the common ancestral pathway of both the Bacillar phosphorelay
and the Clostridial direct phosphorylation architecture also had a direct phosphorylation or two-
component like architecture [Durre, 2011, 2014; Talukdar et al., 2015]. Under this hypothesis,
it was proposed that the phosphorelay developed within the Bacillar lineage and all phosphore-
lays are descended from that ancestral Bacillar phosphoerlay [Durre, 2011; Paredes et al., 2005;
Stephenson and Lewis, 2005]. Further, it was suggested that the Bacillar phosphorelay was poten-
tially the result of elaboration of the direct phosphorylation architecture [Stephenson and Lewis,
2005] and that this architecture emerged to permit more nuanced control of sporulation during
adaptation to oxygenic environments [Durre, 2014; Paredes et al., 2005; Talukdar et al., 2015].
The prevailing hypothesis, therefore, suggested a partitioned Spo0 architecture distribution where
all Clostridial spore-formers encoded a Spo0O pathway with a direct phosphorylation architecture

and all Bacillar spore-formers encoded a Spo0O pathway with a phosphorelay architecture.

My results challenge this hypothesis. I have identified and presented evidence for the function-
ality of homologs of phosphorelay Spo0 components in both Classes Bacilli and Clostridia. The
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presence of these homologs is indicative of a phosphorelay architecture, thus suggesting that there
are Clostridial phosphorelays. This goes against the partitioned architecture distribution predicted
by the prevailing hypothesis. Instead, my results suggest a novel hypothesis for the evolution of
the Spo0 pathways in the Firmicutes phylum. Specifically, the common ancestral Spo0 pathway
had a phosphorelay architecture and the direct phosphorylation architectures are the result of mul-
tiple, independent transitions. The experiments that I have performed also provide insight into
the potential mechanisms that resulted in these remodeling events. The scenarios I discuss are
also indicative of the forces that govern the evolution of pathways with complex architecture that

maintain signal fidelity through molecular recognition.

5.1. Repeated, independent remodeling of the Spo0 Path-
way

The ancestral phosphorelay hypothesis suggests an alternative evolutionary history of the Spo(
pathway compared to the prevailing theory. Specifically, based on the distribution of Spo0 ar-
chitectures, this novel hypothesis suggests that there have been multiple, independent remodeling
events where a sporulation kinase has become specific for SpoOA and the other phosphorelay pro-
teins were lost. These changes could be mediated through changes in either the sporulation kinases
or SpoOA specificity. Here, I analyze the comparison of interaction specificity, which suggest that
direct phosphorylation sporulation kinases, which are specific for SpoOA, have altered specificity
compared to their phosphorelay counterparts which are specific for SpoOF. Next, I discuss several
mechanisms that would result in such a remodeling event mediated by change in sporulation kinase

specificity.

5.1.1. Remodeling events were mediated by changes in Spo0 Kinase
specificity

According to the ancestral phosphorelay hypothesis, present-day direct phosphorylation pathways
are a result of multiple, independent transitions wherein SpoOF and SpoOB were lost and direct
phosphorylation of SpoOA was gained. My results support a scenario wherein these transitions
arose through changes in or replacement of the kinases. Similarities in the genetic determinants
of Spo0A specificity reflect shared taxonomic relationships, not shared pathway architecture, con-
sistent with conservation of SpoOA specificity spectra throughout the phylum. Kinase specificity
residues, in contrast, are most similar within the same architecture, consistent with the hypothesis
84



5.1. REPEATED, INDEPENDENT REMODELING OF THE SPOO PATHWAY

that changes to sensor kinase, and not SpoOA, specificity are responsible for the change in pathway
architecture. This is further demonstrated in the comparison of specificity logos (Fig 4.4).

This observation is strengthened by the results of heterologous phosphotransfer assays (Figs 4.2
and 4.9), summarized in Fig 5.1. If SpoOA specificity is largely unchanged, then phosphodonors
that phosphorylate SpoOA in their native environment should also phosphorylate SpoOA proteins
from heterologous environments. This is what I observe. When paired with heterologous Spo(O
proteins, phosphorelay kinases have a strong preference for SpoOF. In contrast, direct phosphory-
lation kinases display a strong affinity for SpoOA from both architectures and not for heterologous
SpoOF. Spo0OB proteins are also able to phosphorylate SpoOA from both architectures. The strong
interactions I observe between both autologous and heterologous pairs are consistent with major
differences in the specificity of the phosphorelay and direct phosphorylation architecture kinases
tested. They also suggest that little change in SpoOA specificity has occurred. However, weak
heterologous interactions involving the D. acetoxidans kinase, Dtox_1918, indicate minor and lin-
eage specific differences in the specificity of the D. acetoxidans SpoOA compared to the other two

proteins tested.

5.1.2. Possible mechanisms of histidine kinase-based signaling ar-
chitecture remodeling

My results suggest that each transition to a direct phosphorylation architecture was mediated by
specificity changes in the set of sporulation kinases. Here, I highlight several scenarios (Fig 5.2)
in which changes in sporulation kinase specificity could result in acquisition of direct phosphory-
lation of SpoOA. One possibility is that substitutions in an autologous sporulation kinase resulted
in a loss of specificity for SpoOF and gain of specificity for SpoOA (Fig 5.2A). Given the require-
ment that SpoOF and SpoOA specificity spectra must overlap, only a few substitutions may be
required. Alternatively, an autologous hybrid histidine kinase could encode a HisKA domain with
pre-existing specificity for SpoOA (Fig 5.2B), as the REC domain of a hybrid kinase insulates it
from interaction with non-cognate receivers [Capra et al., 2012a]. Loss of the REC domain would
result in direct phosphorylation of SpoOA.

Acquisition, via horizontal transfer, of a novel kinase already possessing specificity for SpoOA
would result in immediate remodeling to a direct phosphorylation architecture (Fig 5.2C and D).
This scenario requires that a kinase encoded in a different species be able to phosphorylate the
local Spo0OA. This could occur if the donor were a non-sporulating species, in which the interaction
spectra associated with SpoOA in spore-formers were occupied by the receiver from an unrelated

pathway (Fig 5.2C). This could also occur if the donor were a spore-former, but due to minor shifts
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Figure 5.1: Specificity spectra schematic summarizing autologous and heterologous interactions
between proteins from three Spo0 pathways were tested: B. subtilis phosphorelay, D. acetoxidans
phosphorelay, and C. acetobutylicum direct phosphorylation architecture (Figs 4.2 and 4.9). In
this qualitative representation, each phosphodonor corresponds to one point on the x-axis; x-axis
is shared between cells. Each line corresponds to the point in specificity space a phosphodonor
occupies. The interactions observed, therefore, provide partial information about the location of
receiver specificity spectra for SpoOF (blue spectra) and SpoOA (green spectra) in each genome.
Both SpoOB exhibited strong interactions with all receivers tested, confirming that autologous
SpoOF and Spo0OA spectra overlap. The heterologous interactions of Spo0OB and these receivers
further suggests that this overlap is in the same area of specificity spectra in each genome and
that C. acetobutylicum SpoOA also shares part of its specificity spectrum with this overlap. The
interactions of Bs_KinA and Ca_C0903 suggest that the SpoOF and SpoOA spectra do not overlap
completely. As Bs_kinA interacts with all SpoOF and no SpoOA proteins, there must exist a region
of each SpoOF spectrum that does not overlap with that of SpoOA, and vice versa for the interac-
tions observed with Ca_C0903. Ca_C3319 interacts strongly with all SpoOA and weakly with all
SpoOF. Dtox_1918 interacts strongly with each SpoOF and weakly with heterologous SpoOA pro-
teins, suggesting that the D. acetoxidans SpoOA specificity spectrum has shifted compared to that
of B. subtilis and C. acetobutylicum. These weak interactions are not targeted by selection as they
are heterologous, though they provide insight into the relative locations of the SpoOF and SpoOA
specificity spectra.
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Figure 5.2: Specificity spectra for scenarios leading to remodeling of the Celll phosphorelay
to a direct phosphorylation architecture. (A) Sporulation kinase K1 accrues specificity residue
substitutions resulting in a change of specificity from SpoOF to SpoOA. Subsequently, SpoOF and
SpoOB are lost. (B) A hybrid histidine kinase (HHK-REC) is insulated from interaction with
Spo0OA by spatial tethering. Subsequently, the REC domain of the hybrid histidine kinase is lost
and interaction with Spo0OA is gained; K1, SpoOF, and SpoOB are also lost. (C) Sensor kinase
K2 has specificity for the SpoOA of Celll. Acquisition of K2 by horizontal gene transfer results
in a direct phosphorylation architecture. Subsequently, K1, SpoOF, and SpoOB are lost. (D) The
specificity spectra for the SpoO phosphorelay of Cell2 is shifted compared to that of Celll such
that sporulation kinase K2 has specificity for Celll SpoOA. Acquisition of K2 by horizontal gene
transfer results in a direct phosphorylation architecture. Subsequently, K1, SpoOF, and SpoOB are
lost.

in the specificity spectra, the transferred kinase was insulated from SpoOA in its own cell, but
within the SpoOA specificity spectrum of the recipient (Fig 5.2D). The weak interactions observed
between D. acetoxidans Dtox_1918 and heterologous SpoOA proteins suggest that such shifts in
the specificity spectra of SpoOF and SpoOA do occur.

Following the first remodeling event that resulted in a kinase that phosphorylates SpoOA di-
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rectly, it is possible that subsequent remodeling events occurred through the acquisition of that
kinase by horizontal transfer. The consistency with which I observe HK_CA:2 catalytic domains
in direct phosphorylation architectures suggests that transfer may be a method of propagation of
the direct phosphorylation architectures. However, varied specificity residue signatures and the dif-
ferences between clades suggests that the kinases that mediated each transition are not all related.
The relationship of these kinases remains an intriguing question.

The C. acetobutylicum sporulation kinase, CA_C3319, which exhibited weak affinity for het-
erologous SpoOF proteins (Fig 4.9), may be an example of this last scenario (Fig 5.2D). CA_C3319
harbors a HK_CA:3 type catalytic domain, which is commonly observed in phosphorelay, but not
two-component, sporulation kinases. Further, it possesses unusual specificity residues (SVGLQL)
that do not match the typical signatures of either architecture. These distinct characteristics suggest
that CA_C3319 could be a recently acquired phosphorelay kinase that was specific for SpoOF in
the donor cell. Upon acquisition, it may have interacted weakly with Spo0OA initially, as there is no

SpoOF present in C. acetobutylicum, and subsequently evolved a stronger preference for SpoOA.

5.2. Propensity for remodeling

Our results suggest an evolutionary history wherein remodeling of an ancient phosphorelay re-
sulted in a simpler, two-component signal transduction pathway. This is consistent with recent
theories of reductive genome evolution, which posit that present-day species with streamlined
genomes evolve from gene-rich ancestors via a process of specialization [Csuros and Miklos,
2009; Wolf and Koonin, 2013]. The observation of repeated, independent episodes of pathway
remodeling may indicate that the Spo0O pathway has a particular susceptibility for this type of reor-
ganization.

The propensity for pathway remodeling may result from juxtaposition of the particular inter-
action requirements of the SpoO phosphorelay and the ecological role of the phenotype that it
controls. The specificity of the spectra of SpoOF and SpoOA must intersect to some extent, since
both interact with SpoOB. Given their proximity in interaction space, the mutational trajectories
required to lose interaction with SpoOF and gain direct interaction with SpoOA may be short. Fur-
ther, since sporulation is only essential in survival conditions, selection acting on these mutational
trajectories may be relatively permissive. Thus, pathway remodeling via substitutions that change
interaction specificity may arise easily.

A second mechanism of pathway remodeling, by acquisition of a foreign kinase with specificity
for Spo0OA, may be a byproduct of adaptation to changing environments, since acquisition of novel
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sensor kinases is a source of novel signal recognition capabilities. The diversity of environmental
conditions that induce sporulation in various taxa [Auchtung and Grossman, 2008], as well as the
diversity of lineage specific sporulation kinase repertoires [Stephenson and Lewis, 2005] (see also
Tables A2 and A9, Fig 4.8), are both consistent with a process of ongoing, lineage-specific turnover
of sporulation kinases. Pathway remodeling via acquisition of novel kinases could also be linked to
the loss and recovery of the spore formation phenotype. Sporulation is a metabolically expensive
process and is lost frequently in stable conditions [Maughan et al., 2009]. Loss of SpoOF or SpoOB
is one scenario that would result in loss of sporulation. If environmental conditions subsequently
became less favorable, acquisition of a kinase with specificity to SpoOA would restore sporulation,
albeit with a direct phosphorylation architecture. Indeed, several Clostridium sensu strictu species,
which likely encode a direct phosphorylation pathway, nevertheless possess SpoOB (see Section
3.4) as might be expected in this scenario. Further, we observe that clades harboring direct phos-
phorylation architectures tend to encode a mix of spore-formers and non-spore-formers, which is

consistent with the hypothesis that SpoO pathway remodeling is linked to loss of sporulation.

5.2.0.1. Signal transduction via molecular recognition versus spatial tethering

What we have learned about the Spo0O phosphorelay provides some general design principles for
histidine-aspartate pathways, in which a single protein must interact with multiple partners and
specificity is enforced by molecular recognition. It also provides a perspective on the properties
that distinguish the Spo0 phosphorelay from other phosphorelays. Sporulation is initiated by multi-
input pathways in which each step in the cascade is encoded in a separate protein, requiring that
interaction specificity be controlled entirely by molecular recognition. In most of the phosphore-
lays that have been studied, two or more of the four interaction domains are encoded in the same
protein, such that interaction specificity is controlled by spatial tethering [Capra et al., 2012a].
Signal transduction based on hybrid kinases may be more robust, but less easily reconfigured or
expanded. The differences between spatial tethering and molecular recognition in a phosphorelay

could represent different trade-offs between flexibility and constraint

5.3. Future Work

5.3.1. On the origins of the phosphorelay

In the context of the ancestral direct phosphorylation hypothesis, it was proposed that the acqui-
sition of a phosphorelay architecture in the emerging Bacilli during the Great Oxidation Event
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(GOE) was an “adaptation to an aerobic lifestyle required enhanced sensing and regulating capa-
bilities, which probably resulted in development of the phosphorelay” [Durre, 2014]. The ancestral
phosphorelay hypothesis predicts an earlier origin for the Spo0O phosphorelay, suggesting that it did
not originate as an adaptation to the rise of oxygen during the GOE. More nuanced regulation of
sporulation may, indeed, have been a fitness benefit of the original SpoO phosphorelay, but the
selective pressures in that early environment remain unclear. It is also possible that more nuanced
regulation offered by the additional control points in the phosphorelay architecture may be ben-
eficial in fluctuating oxygen levels in present-day environments, such as biofilms [Paredes et al.,
2005].

Further, the scope of the taxon sampling in this study only permits the hypothesis that the phos-
phorelay was present in the ancestor of all Firmicutes. Where did this pathway actually develop?
Further examination of the presence of conserved neighborhoods of SpoOF and SpoOB may con-
tain evidence for the development of these intermediate phosphorelay components even in their
absence. Even in the absence of ORFs resembling ancestral SpoOF and SpoOB in non-firmicutes,
there may be evidence of loss of such proteins in the non-coding regions of these conserved neigh-
borhoods. However, this also poses the question, is there a fitness advantage that selects for SpoOF
and SpoOB to remain in the conserved neighborhoods we identified?

Additional computational study may also reveal the history of SpoOB. The similarities between
the interaction domains of citrate and malate sensing histidine kinases and SpoOB is intriguing. A
comprehensive phylogenetic analysis involving such kinases from non-firmicutes may reveal a
detailed evolutionary history of SpoOB developed. However, the degenerated nature of SpoOB
compared to those kinases may have eroded the phylogenetic information required to develop such
a hypothesis.

Finally, I note that it has been suggested as part of the prevailing views of the evolutionary
history of the Spo0 pathway that the phosphorelay is the result of the duplication of a TCS pair,
followed by modification of domain content and inclusion into the phosphorelay. Based on the
similarities of SpoOF and SpoOA REC domains, this hypothesis further suggests that the duplicated
TCS pair may have involved SpoOA. If this is true, SpoOF homologs should form a monophyletic
subtree within the SpoOA REC domain tree. However, the SpoOF and Spo0OA REC domains form

two separate, well-supported clades, refuting this hypothesis.

5.3.2. Spo0 Interaction Specificity

A rational rewiring approach, similar to that reported by Podgornaia and Laub [2015], could be
used to characterize the global specificity spectra of Spo0 pathways. This experiment would pro-
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vide strong evidence of which specificity residue signatures facilitate phosphorelay or direct phos-
phorylation of SpoOA and allow for greater accuracy in architecture prediction. The information
obtained from such a study would be valuable to a refinement of the hypotheses presented and
tested here.

Another intriguing aspect not considered in this study, is the possible involvement of hybrid
histidine kinases and hybrid response regulators in SpoO pathways. I did not consider hybrid
histidine kinases as potential sporulation kinases in this study as none had been implicated in any
Spo0 pathway in prior work. However, the identification of a hybrid response regulator as an
essential protein for sporulation in Ruminiclostridium thermocellum suggests that there may be
other hybrid histidine-aspartate phosphotransfer proteins involved in sporulation.

Finally, some evolutionary studies reveal transition states between two phenotypes [Tsong
et al., 2003]. I envision that, if such a transition state exists for this pathway, it would likely
take the form of a species that encodes SpoOF and SpoOB but is either additionally or only able to
signal the initiation by phosphorylation through direct phosphotransfer of SpoOA. Outliers in the
comparison of specificity residues of candidate sporulation kinases suggest some candidate organ-
isms that may be in the process of remodeling from a phosphorelay to a direct phosphorylation
architecture, including Gottschalkia acidurici, Alkaliphilus metalliredigens, and species from the

Paenibacillaceae family.
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Appendix

Supplementary tables

Table A1: Set of 84 Firmicutes genomes used in the bioinformatic analysis of the Spo0 pathway
including species tree construction and survey of Spo0 components as described in Chapter 3.

Species Name Sporulates | Note

Acetivibrio cellulolyticus CD2 No Patel et al. [1980]
Acetonema longum DSM 6540 Yes Tocheva et al. [2011]
Acholeplasma laidlawii PG-8A No Vishniakov et al. [2015]
Acidaminococcus fermentans DSM 20731 No Chang et al. [2010]
Alicyclobacillus acidocaldarius subsp. aci- Yes Palop et al. [2000]
docaldarius DSM 446

Alkaliphilus metalliredigens QYMF Yes Ye et al. [2004]
Ammonifex degensii KC4 No Huber et al. [1996]
Anoxybacillus flavithermus WK1 Yes Pikuta et al. [2000]
Bacillus anthracis str. Ames Yes

Bacillus clausii KSM-K16 Yes

Bacillus halodurans C-125 Yes

Bacillus megaterium DSM 319 Yes Eppinger et al. [2011]
Bacillus  psychrosaccharolyticus ~ ATCC Yes Seo et al. [2004]
23296

Bacillus subtilis subsp. subtilis str. 168 Yes Nakamura et al. [1999]
Blautia hansenii DSM 20583 No Liu et al. [2008]
Brevibacillus brevis NBRC 100599 Yes Shida et al. [1996]
Butyrivibrio proteoclasticus B316 No Moon et al. [2008]
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Table A1: (continued)

Species Name Sporulates | Note

Caldicellulosiruptor saccharolyticus DSM No Willquist et al. [2010]
8903

Candidatus Arthromitus sp. SFB-mouse-Yit Yes Thompson et al. [2012]
Candidatus Desulforudis audaxviator Yes Chivian et al. [2008]
MP104C

Carboxydothermus hydrogenoformans Yes Wu et al. [2005]

Z-2901

Centipeda periodontii DSM 2778 No Lai et al. [1983]
Clostridium acetobutylicum ATCC 824 Yes Steiner et al. [2011]
Clostridium botulinum A str. Hall Yes Lindstrom and Korkeala [2006]
Clostridium lentocellum DSM 5427 Yes Miller et al. [2011]
Clostridium perfringens ATCC 13124 Yes Paredes-Sabja et al. [2008]
Clostridium tetani E88 Yes Bruggemann et al. [2003]
Desulfosporosinus orientis DSM 765 Yes Robertson et al. [2000]
Desulfotomaculum acetoxidans DSM 771 Yes Widdel and Pfennig [1977]
Desulfotomaculum reducens MI-1 Yes Junier et al. [2009]
Desulfotomaculum ruminis DSM 2154 Yes Spring et al. [2012]
Dorea formicigenerans ATCC 27755 No Taras et al. [2002]
Enterococcus faecalis V583 No Naser et al. [2005]
Erysipelatoclostridium ramosum DSM 1402 Yes Yutin and Galperin [2013]
Erysipelatoclostridium  spiroforme DSM Yes Yutin and Galperin [2013]
1552

Erysipelothrix rhusiopathiae str. Fujisawa No Soriano et al. [1998]
Ethanoligenens harbinense YUAN-3 No Xing et al. [2006]
Eubacterium eligens ATCC 27750 No

Eubacterium rectale ATCC 33656 No

Exiguobacterium sibiricum 255-15 No Tena et al. [2014]
Filifactor alocis ATCC 35896 No Jalava and Eerola [1999]
Finegoldia magna ATCC 29328 No Murdoch and Shah [1999]
Geobacillus kaustophilus HTA426 Yes Nazina et al. [2001]
Gottschalkia acidurici 9a Yes Hartwich et al. [2012]
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Table A1: (continued)

Species Name Sporulates | Note

Heliobacterium modesticaldum Icel Yes Kimble-Long and Madigan [2001]
Kyrpidia tusciae DSM 2912 Yes Klenk et al. [2011]
Lachnoclostridium phytofermentans 1SDg Yes Warnick et al. [2002]
Lachnoclostridium symbiosum WAL-14163 Yes Allen et al. [2003]
Lactobacillus casei ATCC 334 No

Leptotrichia buccalis C-1013-b No Ivanova et al. [2009]
Listeria monocytogenes EGD-e No Tan et al. [2011]
Lysinibacillus fusiformis ZC1 Yes Ahmed et al. [2007]
Lysinibacillus sphaericus C3-41 Yes Ahmed et al. [2007]
Macrococcus caseolyticus JCSC5402 No Kloos et al. [1998]
Mageeibacillus indolicus UPII9-5 No Austin et al. [2015]
Mahella australiensis 50-1 BON Yes Salinas et al. [2004]
Megasphaera elsdenii DSM 20460 No Marounek et al. [1989]
Moorella thermoacetica ATCC 39073 Yes Byrer et al. [2000]
Oceanobacillus iheyensis HTE831 Yes Lu et al. [2001]
Paenibacillus polymyxa E681 Yes Park et al. [2012]
Pelosinus fermentans DSM 17108 Yes Shelobolina et al. [2007]
Pelotomaculum thermopropionicum SI Yes Imachi et al. [2002]
Peptoclostridium difficile 630 Yes Paredes-Sabja et al. [2014]
Peptoclostridium sticklandii DSM 519 No Stadtman and McClung [1957]
Peptostreptococcus anaerobius VP 4330 No Higaki et al. [2000]
Phascolarctobacterium succinatutens YIT No Watanabe et al. [2012]
12067

Planococcus antarcticus DSM 14505 No Reddy et al. [2002]
Roseburia hominis A2-183 No Stanton and Savage [1983]
Ruminiclostridium cellulolyticum H10 Yes Petitdemange et al. [1984]
Ruminiclostridium leptum DSM 753 Yes Moore et al. [1976]
Ruminiclostridium  thermocellum  ATCC Yes Freier et al. [1988]

27405

Ruminococcus albus 7 No Ntaikou et al. [2008]
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Table A1: (continued)

Species Name Sporulates | Note

Selenomonas ruminantium subsp. lactilytica No Stackebrandt et al. [1985]
TAM6421

Solibacillus silvestris StLB046 Yes Krishnamurthi et al. [2009]
Staphylococcus aureus subsp. aureus NCTC No

8325

Streptococcus pneumoniae TIGR4 No

Syntrophomonas wolfei subsp. wolfei str. No Sieber et al. [2010]
Goettingen

Syntrophothermus lipocalidus DSM 12680 No Sekiguchi et al. [2000]
Thermincola potens JR No Sokolova et al. [2004]
Thermoanaerobacter italicus Ab9 Yes Kozianowski et al. [1997]
Thermoanaerobacter pseudethanolicus Yes Onyenwoke et al. [2007]
ATCC 33223

Thermoanaerobacterium thermosaccha- Yes O-Thong et al. [2008]
rolyticum DSM 571

Thermoanaerobacterium xylanolyticum 1LX- Yes Lee et al. [1993]

11

Thermosinus carboxydivorans Norl No Sokolova et al. [2004]
Veillonella parvula DSM 2008 No Gronow et al. [2010]
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Table A2: Multiple studies have been undertaken to elucidate the sporulation kinases in a total of
eight different genomes. Kinases that have been demonstrated by in vitro phosphotransfer, have an
effect on sporulation when deleted, or can rescue sporulation in a sporulation deficient background
are included. All phosphorelay sporulation kinases were identified in Class Bacilli. All direct
phosphorylation architecture kinases have been identified in Class Clostridia. The kinases that
encode PAS domains are indicated.

) Kinase Spec. o

Species PAS | Citation
Locus Res.

Bacillus anthracis BA_1356 TSGFQL Brunsing et al. [2005]
Bacillus anthracis BA_2291 TSGFKL Brunsing et al. [2005]
Bacillus anthracis BA_4223 TVGFQL Brunsing et al. [2005]
Bacillus anthracis BA_5029 ASGFQL Brunsing et al. [2005]
Bacillus subtilis BSU13530 TAGFQL | v | Jiang et al. [2000]
Bacillus subtilis BSU13660 TGGFQL Jiang et al. [2000]
Bacillus subtilis BSU13990 TAGFQL | v | Peregoetal. [1989]
Bacillus subtilis BSU14490 TSGFQI | v | LeDeaux etal. [1995]
Bacillus subtilis BSU31450 TVGFQL Trach and Hoch [1993]
Paenibacillus polymyxa PPE_01377 | TAGFQL Park et al. [2012]
Paenibacillus polymyxa PPE 01038 | QVGFQL | v | Parketal. [2012]
Geobacillus stearothermophilus GT94_02755 | TAGFQL Bick et al. [2009]
Desulfotomaculum acetoxidans Dtox_1918 TSGFQL | v | This work
Clostridia acetobutylicum CA_C0323 NVSAQV Steiner et al. [2011]
Clostridia acetobutylicum CA_C0903 NISAQL | v | Steineretal. [2011]
Clostridia acetobutylicum CA_C3319 SVGLQL Steiner et al. [2011]
Clostridioides difficile CD1579 NLSSQV | v | Underwood et al. [2009]
Clostridioides difficile CD2492 NVSSQL | v | Underwood et al. [2009]
Ruminiclostridium thermocellum | Clo1313.0286 | ASGLQL Mearls and Lynd [2014]
Ruminiclostridium thermocellum | Clo1313_1942 | NISTQI | v | Mearls and Lynd [2014]
Ruminiclostridium thermocellum | Clo1313_2735 | SVGAQL Mearls and Lynd [2014]
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Table A3: Experimentally verified SpoOFs in eight genomes.

. SpoOF Spec. o
Species Locus Res, Citation
Bacillus subtilis BSU37130 | QGILEVD | Burbulys et al. [1991]

Table A4: Experimentally verified SpoOBs in eight genomes.

. Spo0OB Spec. o
Species Locus Res. Citation
Bacillus subtilis BSU27930 | QLGNSL | Burbulys et al. [1991]
Bacillus anthracis GBAA_4673 | QLGNSL | Mattoo et al. [2008]

Table AS: Experimentally verified SpoOAs in eight genomes.

SpoOA Spec.

Species Citation
Locus Res.
Bacillus subtilis BSU24220 NELLEYD | Burbulys et al. [1991]; Hoch et al. [1985]
Clostridium aceto- CA_C2071 NEFIDYD | Steiner et al. [2011]
butylicum
Clostridium CBO1872 NEFIDYD | Worner et al. [2006]
botulinum

Ruminiclostridium | Clo1313_1409 | NEFIEYD | Mearls and Lynd [2014]
thermocellum

Paenibacillus PPE_02831 NEFLEYD | Park et al. [2012]
polymyxa

Clostridioides dif- | CD630_12140 | NDFVEYD | Underwood et al. [2009]
ficile
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Constructs

Expression and protein purification were performed as described in Laub et al. [2007] and Skerker
et al. [2008]. The destination vectors used add an N-terminal tagging protein (either Thioredoxin or
Maltose Binding Protein) and a six histidine tag for increased folding fidelity and Ni-NTA column
purification, respectively. Another destination vector only adds the six histidine tags. These were
generously provided by Michael Laub.

The reference sequences for proteins used in this thesis are listed in table A11. Dtox_1918 was
truncated N-terminally truncated (residues 301-535) for solubility. Dtox 2041 (residues 1-129)
was truncated in the initial construct as the C-terminal output domain does not effect interaction.
Ca_C0903 (residues 244-683) was truncated in accordance with the constructs used by Steiner
et al. [2011].

The D. acetoxidans and C. acetobutylicum proteins were encoded by synthetic DNA sequence
with codon usage and GC content optimized for expression in an E. coli system. Codon usage
recoding was performed using the Graphical Codon Usage Analyzer [Fuhrmann et al., 2004]. GC%
was designed in consultation with GeneWiz Inc. Synthetic sequences obtained from GeneWiz Inc.
and Thermofisher respectively.

B. subtilis proteins were expressed from plasmids generously provided in expression constructs
by Michael Laub.
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Sequences

D. acetoxidans

Dtox_1918-synth

ATGGAGGAGCTGTACAAGGCCATCACCGAAATCGACATCCTGAGCCCTCCGAAAGACTAT
GTIGCGCAATCTGTTACGCGTGATCTGTGACGAGCTGGGTTACAGCTACGGCAGCGTGATC
GATGTGGATAGCCAGGGCAAGGGCTTCATTTTTGCAAGCTACAACTTACCTAACAACTAC
CCGCAGACAATCAATCAGGTGAACGTGCCGGTGCTGAGCAGTCCGAGCGGTGAGGCCATC
AAGAAATGCAAGATCGTTATCGTGCAGAACCCGTTAAGCGAGGAACGTCTGGTGCCGTGG
CATGAGATCATCCGCACCAACAATATCCAGACCATCACCTGGGTTCCGCTGTTAAGCAAG
GGCCGCGCATTAGGCACCTACATCCTGTACGACACCAAGGTGCGTGACATTAGCGAGGAG
AAGCAGCAGCTGCTGAAGCAAATTGGCGTTATGATCAGTATTGCAATTAGCAGTAACCAG
TACCTGGACCAGTTAAACCAGAAGACCGGCGAGCTGATCGAAGAGGTTCACAAACGCAAG
CGTGCCCAGTTAGCACTGAGCGAAAGTGAGCGCTTCAGCAGCGGTGTTTTCGAGAGCATC
CGCGACAACCTGTGCGTITATTGATAACCAGTACAACATCCTGAAAGTGAACCCGGTICTG
AACCGCCTGTATGATACCAAGCAGCTGATCGGCGAGAAGTGTTACTACGCCTTTCACGAC
CTGGAGCAGATCTGCAAAAACTGTCCGGGCAAACGCGTGCTGGAGACAGGTAAGAGCGCA
AGTGGCATTATCACCCTGAAGAACAGCAAAGGTGAGATCAAGGGCTGGTTCGAGGTTCAT
AGCCACCCGTTCATCGACATGAACACCGGCGAGATCAAAGGTGTGATCAAGTACGGCCGC
GACATTACCGACAAGGTTAAGATGGAACAGGAGATCGCCCGCCTGGATCGCCTGAATCTG
GTGGGCGAGATGGCCGCCAGTATTAGCCACGAGGTTCGCAACCCTATGACCACAGTGCGC
GGCTTCCTGCAGCTGTTACAGAAAAAGGAAGACTGCAAAAAGTACAACGATTACTTCAAC
CTGATGATCGAAGAGCTGGACCGCGCAAACAGCATCATCACCGAGTTCCTGAGCCTGGCC
AAAGACCGCCCGCTGGACCTGATCATGAATAATATCAACAGTGTGGTGGAGATCCTGCAA
CCGCTGATCATCGCCCACGCCGTGCTGTACGATACCACCGTGAAGATTGAGCTGAGCGAG
ATCCCGAATCTGTACCTGGACGAAAAGGAGATCCGCCAGCTGATCCTGAACCTGGTTCGT
AATGGTCTGGAGGCCATGAGCCCTGGTAAAACCCTGACCATCAGCACATACATCGAGAAC
GACACAGTGATCTTAGCCGTTGGCGACCAGGGTGAGGGTATCAAAAGCGAGATCATGGCC
ATGATCGGCACCCCGTTCTTICACAACCAAGGAACAGGGTACAGGCCTGGGCCTGGCCGTT
TGCTACCGTATTGCCGCACGTCACAACGCCCGCATCAACATCAAGACAGACAGCACCGGC
ACAACCTTCGAGGTGCGCTTTAAAGCAAGCAGCCTGGACAACAAGTAA

Dtox_1918 N-terminally Truncated
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CGCGACATTACCGACAAGGTTAAGATGGAACAGGAGATCGCCCGCCTGGATCGCCTGAAT
CTGGTGGGCGAGATGGCCGCCAGTATTAGCCACGAGGTTCGCAACCCTATGACCACAGTG
CGCGGCTTCCTGCAGCTGTTACAGAAAAAGGAAGACTGCAAAAAGTACAACGATTACTTC
AACCTGATGATCGAAGAGCTGGACCGCGCAAACAGCATCATCACCGAGTTCCTGAGCCTG
GCCAAAGACCGCCCGCTGGACCTGATCATGAATAATATCAACAGTGTGGTGGAGATCCTG
CAACCGCTGATCATCGCCCACGCCGTGCTGTACGATACCACCGTGAAGATTGAGCTGAGC
GAGATCCCGAATCTGTACCTGGACGAAAAGGAGATCCGCCAGCTGATCCTGAACCTGGTT
CGTAATGGTCTGGAGGCCATGAGCCCTGGTAAAACCCTGACCATCAGCACATACATCGAG
AACGACACAGTGATCTTAGCCGTTGGCGACCAGGGTGAGGGTATCAAAAGCGAGATCATG
GCCATGATCGGCACCCCGTITCTTCACAACCAAGGAACAGGGTACAGGCCTGGGCCTGGLC
GITTGCTACCGTATTGCCGCACGTCACAACGCCCGCATCAACATCAAGACAGACAGCACC
GGCACAACCTTCGAGGTGCGCTTTAAAGCAAGCAGCCTGGACAACAAGTAA

Dtox_SpoOA-synth

ATGATCATGATGCGCAAGGCCATCAAGCTGCTGATTGCAGACGACAACCGCGAGTTCTGC
GAGCTGATGAAGGACTTICTITCAGTAAGCAGGACGACCTGGAGATCTGCGGCATCGCCTAC
AACGGCCTGGAGGCCATCGACATCATCAAGGAGCACAAGCCTGACATCGCCATCCTIGGAC
ATCATCATGCCGCACCTGGACGGCATCGGTGTGCTGGAGAAGCTGGCCAGCGGCATCGTG
AGCAAACGCCCGAAGGTGATCATGCTGACCGCCTTCGGCCAGGAGAGTGTGACACAGCGT
GCCGTGGAACTGGGCGCCGACTACTACGTTCTGAAGCCGTITCGACTTCAGCGTGCTGGCA
ACCCGTGTGCGTCAGCTGAGCGACGGCATCACCGTTAACCAGTAA

Dtox_SpoOB-synth

ATGCAAATCAAGGACCTGCTGAAAGTGATCCAGGCCCAGCGTCACGACTTCCTGAACCAC
CTGCAGGTGATCAGCGGCCTGGTGCAGCTGGGCAAGATCGATCGCGTGAACGAGTACATC
GGCGAGGTGTGCATGAATATGGGCCTGATGAGCCTGGTGAACCGCATCAAAATCCCGGAG
ATCAGCGCCGCCCTGATGATCGGCCACAACCTGGCCTTTGAACAGCAGGTGCAGGTGGAG
TACCGCCTGGAGGACGAGCTGGGTGACACCGTGCTGCCTGCCGAGATGCTGGCCGACATG
CTGATCCATATGCAGAAGATCATCTTCGACCTGGCAGCAGCCGCAGCCGAAGTGAGCACC
GTGACCCTGATCATGGAGCGCCTGAAGAACAACTACATTTGCCGCCTGCAACTGAAGATC
CCGGATGAGATCCCTGCCGCCACCGAGCAGATCTTCGAGGAGCTGCAGCAGATCGCCAAG
GTTAACATGGGTCTGGACAACGGCCGCCTGGAGATCACCAACCTGAACGATACCCTGGAA
CTGGCCCTGATCTTTCGCAAAGTGGACATCAATAAGATGAATGGCTAA

Dtox_SpoOF-synth
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ATGGGCGACTGCGATCTGCTGATCGTGGACGATCAGCCGGGCATCCGCCGTCTGCTGTAC
GAGGTGCTGAGCGAGGACGGCTATCGTGTGGAGGCAGTGGCCGGTGGTCGTGAAGCCATC
GACAAGGCCGTGCTGTTACGCCCGCGCCTGATCCTGCTGGACATGAAGATGCCGGGCATG
AACGGCCTGGAGACCCTGATCGAGCTGAACAAGGTGTACAAGGACGCCACCGCCGTIGATC
CTGATGACCGCCTACGGCGAGCTGGAGATCGTGATGCAGGCCCAGAAGCTGGGCGTGAAC
CACTACATCAACAAGCCGTTCGACCTGGAGGACATCCGCGCCCTGATCAAGAGCCTGATC
CCGGACGGCGCAGAGATTGATCGCAGCCGCGACATCGTIGTAA
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