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Abstract

Species are the fundamental unit of ecology and evolutionary biology. However, there is
no universal definition of a species that spans all domains of life. Eukaryotic species are
traditionally defined through reproductive isolation, where reproductive barriers result in
adaptive traits being shared only within the isolated population. Therefore, discontinuities in
gene flow in eukaryotes generally result in the formation of an ecologically and genotypically
cohesive unit. In contrast, delineating asexual bacterial species is often hampered by extensive
horizontal gene flow and is further confounded by the difficulty of identifying a bacteria’s
ecological niche. Therefore, the working definition of a prokaryotic species is based on arbitrary
standards of relatedness and often lacks a cohesive ecological niche. To address this problem,
the ecological population theory, which defines bacterial ‘species’ as ecologically distinct
populations delineated through discontinuities in total gene flow, was proposed. It postulates
that, rather than a hindrance, the prevalence of horizontal gene flow, primarily through
homologous recombination, plays a significant role in bacterial speciation. Horizontal gene flow
allows gene-specific sweeps in bacterial populations, where adaptive genes are shared
preferentially between recombining bacteria independent of their genomic background. Thus,
discontinuities in horizontal gene flow can be utilised to demarcate a genotypically and

ecologically cohesive bacterial species.

Previous studies have demonstrated that ecological populations exist in heterotrophic
bacteria. However, examining the generalisability of the ecological population theory requires
understanding the role of horizontal gene flow in delineating populations from extreme bacterial
communities, especially bacteria with limited metabolic redundancy due to their higher impact
of deleterious consequences (e.g., pathway dysregulation by recombination of a maladaptive
gene) during horizontal gene flow. Therefore, in this work, I utilised the chemolithoautotrophic
hydrogen-oxidising Aquificota bacteria from natural populations as a model system to test the
generalisability of the ecological population theory. Utilising a novel high-throughput isolation
method, I isolated co-habiting Aquificota bacteria with minimal enrichment from geothermal
springs. Sequencing and comparative analysis of the Aquificota genomes reveal intra-species
genomic variations driven by varying degrees of horizontal gene flow and a population structure
composed of co-occurring clonal lineages and recombinogenic bacteria. To examine whether
these Aquificota populations exhibit ecological and evolutionary patterns akin to eukaryotic
species, I investigated the changes in their population structure across four additional time
points (1 year). Analysis of recent horizontal gene flow and mutations in Aquificota populations
show that clonal lineages remain clonal across time, with minimal changes in their genomic
background diversity. In contrast, recombining populations experience variation in intra-

population diversity and a shift in the dominant genomic background across time—implying an
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intra-population turnover. Lastly, I also investigated the role of both non-homologous and
homologous recombination in maintaining ecological populations in Aquificota by analysing the
presence and function of mobile genetic elements (MGEs) in its different populations. The lack
of spatial and functional overlap between MGEs and horizontally swept regions confirms that

homologous recombination drives horizontal gene flow in Aquificota populations.

This work demonstrated that ecological populations in Aquificota can be delineated
through discontinuities in horizontal gene flow driven primarily by homologous recombination.
Thus, ecological population theory can be a generalisable model for speciation and evolution in

bacteria.
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CHAPTER 1: INTRODUCTION
1.1. Introduction

Species are the fundamental unit of ecology and evolutionary biology. Defining species
is relatively simpler for sexual organisms, such as plants and animals, since barriers to
reproduction are relatively easily observed, and gene flow almost exclusively occurs from
parents to offspring (Balakrishnan, 2005; Hull, 1977; Mayr, 1999; Queiroz, 2005a; Shapiro et al., 2009;
Staley, 2006). However, applying the same criteria to asexual prokaryotes is problematic due to
the difficulty in consistently observing genotypic and phenotypic traits and extensive horizontal
gene flows between even distantly related bacterial ‘species’ (Doolittle, 2012; Lan and Reeves, 2000;
Queiroz, 2005b). This has led to arbitrary definitions of bacterial ‘species’ or taxonomic units,
which often do not reflect the taxa’s ecological and evolutionary history (Stackebrandt and Goebel,
1994). The lack of an evolutionarily and ecologically coherent definition of prokaryotic species
has also hindered the application of many ecological and evolutionary theories developed for
metazoans on bacterial communities (e.g., habitat fragmentation, migration, and dispersal

theories) (Oakley et al., 2010).

Despite a clear need for an evolutionarily and ecologically cohesive definition of bacterial
species, numerous challenges exist, and a universally accepted solution has yet to be identified.
In sexual organisms, the most widely used definition demarcates species based on reproductive
barriers (i.e., the absence of gene flow) between organisms (Mayr, 1999; Queiroz, 2005a); a similar
metric should be used to delineate bacterial species to ensure consistency. Rather than being a
problem, horizontal gene flow could provide the solution. Demarcating bacterial populations
based on disruption in total gene flow, including horizontal gene transfers, allows bacterial
populations to be split into groups that preferentially share genetic information (Cordero and
Polz, 2014; Shapiro and Polz, 2015, 2014). These genetically isolated groups are akin to reproductive
isolation, resulting in ecologically and evolutionarily cohesive species in metazoan eukaryotes.

Thus, ecological and evolutionary theories can be utilised for these populations.

Here, I will explore further the fundamentals of the most widely used species definition,
the Biological Species Concept, and why aligning asexual prokaryotes with this definition is
problematic. I will provide an overview of historical and current popular methods for
demarcating a ‘species’ in asexual prokaryotes and their problems. I will then discuss the
alternative theories proposed to resolve this issue and the role of horizontal gene flow as a
solution to demarcate an ecologically and evolutionarily cohesive species in bacteria. Afterwards,
I will explore the recent advancements in sequencing and computational genomics that allow

the evaluation of alternatives in defining a bacterial species. Lastly, I will discuss how we can



examine the general applicability of these alternative theories in demarcating an ecologically and

evolutionarily cohesive species from natural bacterial communities.

1.2. The Biological Species Concept: Species as a Biological
Unit

Ernst Mayr established the most widely accepted definition of species as “groups of
interbreeding natural populations which are reproductively isolated from other similar groups”
(Mayr, 1999; Queiroz, 2005a; Rieseberg et al., 2004). Mayr’s concept, named the Biological Species
Concept (BSC), highlights reproductive isolation as the defining trait of a species - implying that
advantageous mutations can spread within a species without affecting other similar coexisting
species (Queiroz, 2005a; Shapiro and Polz, 2015). Therefore, species in the BSC are characterised
based on gene flow and the barriers to gene flow that demarcate species boundaries (Mayr, 1954;
Rieseberg et al., 2004). The limitation of gene flow to only reproductively isolated groups allows
adaptive genes to be preferentially shared within that group, resulting in the coupling of the
genotype and ecological niche of all the members within a species (Mayr, 1999, 1954). Linking an
organism’s ecological niche to its genotypic characteristics roots the BSC on a biologically
meaningful definition—unlike the preceding definitions equating species only as arbitrary
rankings based on their overall similar properties (Queiroz, 2005b). An ecological and
genotypically coherent species allows it to become the fundamental unit in ecology, evolution,

and other fields of biology.

Understanding gene flow is essential in understanding species in the BSC (Mayr, 1954;
Rieseberg et al., 2004). In the BSC, species are metapopulations or metapopulation lineages,
meaning that species are composed of several distinct spatially separated populations linked
through migration and interbreeding (i.e. gene flow) (Mayr, 1999, 1975; Queiroz, 2005b). With
metapopulations connected through gene flow, a genetic change within a member population
can still affect other distant populations due to their connection to the species’ shared gene pool
(Queiroz, 2005a). However, differences in the gene flow strength directly affect each population’s
and species’ evolutionary fate. A strong gene flow can maintain cohesion between two
populations, minimising the divergence brought by genetic drift or local adaptation of individual
populations by having a common gene pool (Barker and Wilson, 2010; Mayr, 2014; Slatkin, 1987).
Meanwhile, a weak or decreased gene flow between populations can lead to the genes or alleles
sweeping to fixation only within an individual population and independent of the other
populations (Mayr, 1999, 1975, 1954; Rieseberg et al., 2004; Slatkin, 1987). The preferential sharing
of genes within only a population increases divergence between distinct populations, which can

further disrupt the gene flow and lead to speciation. Therefore, disruption in gene flow between



closely related populations is indicative of speciation, meaning identification of these disruptions

can aid in delineating species boundaries (Petit and Excoffier, 2009; Sites and Marshall, 2003).

In metazoan species, identification of species boundaries through gene flow disruptions
and their accompanying reproductive barriers has been the norm due to the ease of observing
their reproductive behaviour, biogeography, and dispersal. In contrast, a similar convention of
delineating species through gene flow and reproductive barriers is hard to apply in microscopic
organisms (i.e. protists, bacteria and archaea) and asexual organisms (i.e. parthenogenetic,
binary fissioned) (Achtman and Wagner, 2008; Cohan, 2002; Cohan and Koeppel, 2008; Shapiro et al.,
2016). This difficulty is due to their small size, which makes studying their phenotype, ecological
niche, and dispersal difficult. This problem is also further exacerbated by the unusual
reproductive behaviour that is common among them (Achtman and Wagner, 2008; Fraser et al.,
2007; Hanage et al., 2005; Polz et al., 2013; Wiedenbeck and Cohan, 2011). Prokaryotes can share genes
not only vertically but also horizontally (e.g., homologous recombination and conjugation), even
from distantly related organisms (Doolittle and Papke, 2006). Thus, identifying ecologically
meaningful species boundaries in microscopic organisms based on gene flow and aligned to the
biological species concept still presents a challenge to microbiologists (Cohan, 2002; Cohan and
Perry, 2007a; Shapiro et al., 2016). As metazoan systematics moved on from phenotypic clustering
to classification with a sound species concept, bacterial systematics, unfortunately, has not.
Instead, it remains the same as it was prior to the introduction of the Biological Species Concept
and relies mostly on similarity clustering. Innovations in the field can only be characterised as

improvements in techniques for cluster demarcations (Brenner et al., 2005; Cohan, 2002).

1.3. The Operational Definitions of a Bacterial Species

Current schemes for identifying bacterial species are reliant on a polyphasic approach of
comparing properties between bacterial type strains. Generally, a polyphasic approach in
identifying bacteria utilises both the phenotypic and genetic properties of bacterial strains being
compared (Brenner et al., 2005; Stackebrandt et al., 2002; Vandamme et al., 1996; Wayne et al., 1987).
The phenotypic analysis uses bacterial physiology, morphology, and biochemical characteristics
to provide a piece of general descriptive information that aids in categorising the taxa (i.e. genus,
species and subspecies) to which a particular organism belongs (Raina et al., 2019; Vandamme et
al., 1996). However, many of these phenotypic characteristics are irrelevant in measuring genetic
relatedness between organisms as they often exhibit alternate characteristics depending on the
environmental condition (Beier et al., 2015). Furthermore, the methods in classifying phenotypic
characteristics can often change between users and over time as the protocols and guidelines set

by the International Journal of Systematics and Evolutionary Microbiology are constantly being



improved (Stackebrandt et al., 2002; Wayne et al., 1987) and often results in discrepancy in
characterisation. Thus, comparison using genetic data was seen as a more stable alternative than
phenotypic and chemotaxonomic classifications as it can classify strains into clusters of discrete
DNA sequence similarity directly, and it also directly involves the unit of heredity: the genes

(Krieg, 1988; Rossell6-Mora, 2006).

Analysis of genetic data provides a distance-based method for measuring genetic
relatedness and delineating species independent of the bacteria’s current phenotypic
presentation. DNA-DNA hybridisation (DDH), Mean Sequence Similarity index and conserved
gene sequence analysis are the most widely used among these methods. DNA-DNA hybridisation
is the gold standard in demarcating genomic similarity between pairs of candidate bacterial
species (Raina et al., 2019; Stackebrandt et al., 2002; Wayne et al., 1987). DNA-DNA hybridisation
measures genetic relatedness by exploiting DNA’s intrinsic property of reassociation between
paired nucleotides after thermal denaturation (Johnson, 1985; Rossell6-Méra et al., 2011). Bacterial
genomes that hybridised over 70% are observed to belong to the same bacterial species
identified through traditional phenotypic comparison (Johnson, 1980; Raina et al., 2019) and has
been the threshold for delineating bacterial species (Wayne et al., 1987). However, DNA-DNA
hybridisation is cumbersome as it must be performed repeatedly for each pair of bacteria being
compared (Rossello-Mora et al., 2011; Stackebrandt et al., 2002). An alternate distance-based method
for measuring genetic relatedness is the mean sequence similarity (nucleotide and protein
sequences) score from paired genome sequences. Average Nucleotide Identity (ANI) and Average
Amino Acid Identity (AAI) delineated genomes into the same species using a threshold of 94-
95% nucleotide sequence and 85-90% sequence similarity, respectively. In addition, it was
shown to correlate with observed DDH values (Figure 1.1) (Jain et al., 2018; Konstantinidis and
Tiedje, 2007; Rodriguez-R and Konstantinidis, 2014). Meanwhile, conserved gene sequence analysis
is a cheaper and more widely used method since it uses short nucleotide sequences of ubiquitous
bacterial genes with essential functions as phylogenetic markers (e.g., 16S rrn, recA, gyrB, rpoB,
etc) (Raina et al., 2019). As these genes occupy an essential role in routine bacterial function, they
are often under constant purifying selection to remove any deleterious mutations. These genes
are thought to accumulate nucleotide changes more gradually than the background mutation
rate and, thus, are ideal for measuring evolutionary time (Das et al., 2014). Similar to mean
sequence similarity indices, similarity values of some conserved genes, such as 97% similarity
of 16S rRNA gene (16S rrn), have been correlated with DDH values (Stackebrandt and Goebel,
1994). Unfortunately, the correlation between these techniques and DDH means that they also
have the same shortcomings as DNA-DNA hybridisation and possess several problems of their

own.
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Figure 1.1 Relationships between DNA-DNA Hybridization, Average Nucleotide Identity and 16S
rRNA gene sequence homology. (A) A comparison of Average Nucleotide Identity with DNA-DNA
Hybridization values of paired organisms shows a linear correlation between the two metrics, with 70%
homology in DDH corresponding to around the 94-95% ANI similarity threshold value. (B) Meanwhile,
the relationship of ANI values with 16S rRNA gene sequence similarity is less linear. It also shows that
ANI species threshold values can not easily correlate with the 16S rRNA gene identity, as several
organisms with >99% 16S rRNA gene identity fall below the ANI threshold value. (C) Similarly, a 16S
rRNA gene sequence homology comparison with DDH shows that most organisms with>70% DDH
similarity have 99% 16S rRNA gene identity. However, not all organisms with >99% 16S rRNA gene
identity pass the DDH cutoff. Figures from Konstantinidis and Tiedje 2005 (A,B), and Stackerbrandt and
Goebel 1994 (C).

One of the main problems in using sequence-based techniques in delineating species
boundaries is the correlation and interpretation of the often arbitrary threshold values with
actual natural biological boundaries (Johnson, 1985). For example, the 16S rRNA gene sequence
threshold of <97% similarity indicates a putatively novel species, but the opposite is not
necessarily true (Figure 1.1C). The meaning of similarity scores >97% is not clear as many
distinct bacterial species with distinct biochemical properties and low genomic DNA homology
(e.g., several Bacillus, Stenotrophomonas, Edwardsiella, Actinomyces and Enterobacter species)
exhibit 16S rRNA gene sequence similarity of >99.5% (Janda and Abbott, 2007; Stackebrandt and
Goebel, 1994). A similar problem was also observed in mean similarity indices (i.e. ANI and AAI).
Despite utilising newer sequencing technologies and a larger pool of genomes to delimit species
boundaries (Carroll et al., 2021; Jain et al., 2018; Rodriguez-R and Konstantinidis, 2014), several
genomes have been identified to belong to the same species even with nucleotide similarity of

less than 90% or identified as distinct species even with greater than 98% similarity (Figure



1.2). These ANI threshold values that could be used to delimit species boundaries across bacterial
taxa (Jain et al,, 2018) have been attributed to be likely a product of sampling bias and an
overabundance of genome duplicates from the same species (Murray et al., 2021). These problems
in delimiting species boundaries are rooted in DNA-DNA hybridisation shortcomings: its high
experimental errors (Rossell6-Mora, 2006) and arbitrary cutoff in homology delineation (Johnson,
1985, 1980). Furthermore, even though these methods utilise genetic properties to classify
bacteria into taxonomic groups, they still rely on taxonomic references that are often delineated
through phenotypic characterisation and other chemotaxonomic properties (Carroll et al., 2021).
These references may contain several polyphyletic bacteria within a single identified ‘species’,

or a monophyletic bacteria split into several ‘species’, which hinders proper delineation.
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Figure 1.2 Distribution of ANI values of completed genomes across taxa boundaries. A much larger
comparison of all available genomes with DDH has shown fuzzy boundaries between named species and
their DDH and ANI values. Traditionally, 95% or higher average nucleotide identity score delineates
genomes to belong to the same species. However, several genomes within this range (greens) have been
categorised as distinct species belonging to the same genus and, thus, indicating the technique’s
imprecision or the need for reclassification of those bacteria. Figure taken from Rodriguez-R &
Konstantinidis, 2014.

Unfortunately, all these methods for delineating bacterial species do not directly reflect
a species’ biological meaning as a group of reproductively isolated organisms. As such, sequence
similarity-based techniques do not directly reflect the disruption in gene flow between diverging
bacterial organisms to produce a distinct species. These techniques assume that the mutation
rate among bacteria greatly overshadows lateral or horizontal gene transfer rates (Jain et al.,
1999; Miyazaki and Tomariguchi, 2019). Therefore, these techniques assume that divergence
between sequences can only occur due to the gradual accumulation of point mutations, which

can later affect environmentally advantageous genes and speciation. Of course, this assumption



forsakes the prominent role of homologous recombination as a cohesive force in preventing
divergence in bacterial species and disregards the observed high prevalence of lateral gene flow
between bacteria (Hanage et al., 2005; Polz et al., 2013; Shapiro et al., 2016). Therefore, sequence
similarity techniques can classify bacteria neatly into discrete sequence clusters, known as
operational taxonomic units, but they do not clearly explain or correlate how speciation occurs.
These techniques also often fail to resolve genetic boundaries at species and lower taxa levels
(Hanage et al., 2005). Thus, a new method of delineating species that aligns with the gene flow

and speciation is needed.

1.4. Proposed Models for Biological Species Concept in
Bacteria

Delineating bacterial species based on a biologically meaningful definition necessitates
identifying ecologically and genetically cohesive clusters of organisms. These ecologically and
genetically cohesive populations of bacteria should bear similar fundamental dynamic properties
of species as seen in metazoans, such as the ability to maintain ecological and genetic cohesion
or to diverge into a separate population (Cohan, 2002; VanInsberghe et al., 2020). The difference
in the models’ understanding of the formation of an ecologically and genetically cohesive
bacterial population stems from the prevalence of different gene flow works in bacteria (vertical

descent vs homologous recombination).
1.4.1. Ecotype and Periodic Selection

The ecotype model is one of the first models to align bacterial speciation with a biological
meaning (Konstantinidis et al., 2006). In this model, an ecotype is described as a set of
ecologically homogenous bacteria brought by an adaptive mutant outcompeting all other
mutants that occupy the same ecological role but not mutants from other ecotypes (Cohan, 2002,
2001). The ecotype model adheres to the dominance of vertical gene flow in bacterial
reproduction (Cohan, 2002; Palys et al., 1997), which implies adaptive genes reach fixation
within the population through genome-wide sweeps and clonal expansion (Figure 1.3). A
genome-wide sweep occurs when adaptive alleles or genes spread throughout the population
along with its genomic background (neutral genes) (Bendall et al., 2016; Burke, 2012; Cohan,
2001). Afterwards, a selection event purges non-adaptive mutants, allowing only mutants with
the advantageous trait to expand and take over the population, thus forming a genotypic and
ecologically cohesive cluster of bacteria (Cohan, 2001, 2002; Cohan and Perry, 2007a; Koeppel

et al., 2008; Kopac et al., 2014). As a genetically and ecologically cohesive unit, the ecotype model



proposes that ecotypes exhibit similar fundamental properties of species (i.e. cohesion and

divergence) observed in sexual eukaryotes (Cohan, 2019, 2002).
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Figure 1.3 Periodic Selection purifies diversity in ecotypes. (A) Bacteria that acquired advantageous
mutations (red cross) can survive a periodic selection (red dash line), (B) which can then repopulate and
expand within the population. (C) These populations acquire new genotypes (red plus, minus and hash),
resulting in increased diversity within the population and/or (D) expanding into a new ecological role to
form a new ecotype. (E) Periodic selection, however, can purify an ecotype’s diversity, preventing further
divergence without affecting other ecotypes. Circle line patterns indicate a unique genomic background.
Different colour of circles indicates different ecotypes. Figure adapted from Cohan 2001, 2002, 2019.

The ecotype model proposes that intermittent bouts of natural selection (periodic
selection) maintain genetic and ecological cohesion in clonally bacterial populations by
periodically removing non-adaptive diverging genomes (Cohan, 2002, 2001; Koeppel et al.,
2008). Periodic selection resets the diversity of acquired mutations within the population as only
adaptive mutants remain in the population (Figure 1.3A-B). The selective advantage brought by
the adaptive mutation causes the adaptive mutant to take over the population through clonal
expansion (genome-wide sweep), thus becoming a genetically and ecologically homogenous
group (Figure 1.3B). In between periodic selection, the incipient population of adaptive mutants
may expand, occupy new habitats and acquire novel mutations (Figure 1.3C). This expansion
may allow the population to acquire new adaptive mutations, which allows it to occupy a new
ecological role and diverge into a new ecologically distinct population, a new ecotype (Figure
1.3D). Afterwards, the cycle continues in which periodic selection purifies diversity within the
ecotypes and minimises divergence within them. Periodic selection within the ecotypes occurs
independently of each other, thus retaining diversity between ecotypes and their distinct
evolutionary history (Figure 1.3D-E) (Cohan, 2019, 2016, 2002; Koeppel et al., 2008; Kopac et
al,, 2014).

Unlike eukaryotes that can maintain species cohesion through the frequent exchange of
genetic material, the assumed rarity of horizontal gene flow in bacteria meant that horizontal

gene flow and recombination does not aid in maintaining the genotypic and ecological cohesion



of a bacterial species (Cohan, 2001, 2002; Cohan and Koeppel, 2008; Vos and Didelot, 2009a;
Wiedenbeck and Cohan, 2011). In the ecotype model, maintenance of cohesion in bacterial
populations relies mainly on selection as genome-wide sweeps can only occur if the rate of
mutation and effect of selection is greater than the rate of horizontal gene flow and
recombination (r/s << 1) (Cohan, 2002). A constant high rate of recombination in the absence
of selection is problematic as it leads to the formation of a single homogenous genotypic cluster,
thus preventing genetic divergence and the formation of an ecologically distinct population.
However, when mutation rates become more frequent than recombination but without
selection, clonal clusters can form through random mutation but rapidly drift to extinction as
deleterious mutations also quickly accumulate, which suggests that neutral cluster formation is
unlikely in bacteria (Fraser et al., 2007; Shapiro and Polz, 2015). Thus, a positive natural
selection for an adaptive trait is required to produce stable genotypic clusters (Cohan, 2019,
2016; Cohan and Koeppel, 2008; Fraser et al., 2007; Shapiro and Polz, 2015; Wiedenbeck and

Cohan, 2011).

The periodic purge of divergence means that given enough time, ecotypes would be
identifiable as discrete sequence clusters in which sequence divergence between ecotypes is
more prominent than within each ecotype (Cohan, 2002; Palys et al., 1997). As each ecotype
propagates clonally, phylogenetic studies of each ecotype would show that each discrete
sequence cluster represents a single ecotype lineage that is monophyletic and derived from a
single ancestor. Inversely, an ecotype cannot be separated into multiple sequence clusters as
adaptive mutants should be able to drive other sequence clusters of the same ecotype to
extinction during every periodic selection. However, a caveat is that two or more sequence
clusters in different geographical habitats belonging to a single ecotype can occur as there is no
opportunity for them to interact and outcompete the others during each periodic selection
(Cohan, 2019, 2002). Therefore, the ecotype model suggests that the currently described
bacterial ‘species’ is a metapopulation composed of multiple ecotype lineages, which can be

observed as intra-species genomic variations (Cohan, 2016; Majewski and Cohan, 1999).

1.4.2. Ecological Populations and Horizontal Gene Flow

The ecological population model is another model that tries to align bacterial speciation
with the BSC. In this model, there is a greater emphasis on the effect of horizontal gene flow
(homologous recombination in particular) in the formation of an ecologically and genetically
distinct population of bacteria (Shapiro and Polz, 2014). Unlike in the ecotype model, in which
the homogenising property of recombination hinders genome-wide sweeps, the ecological

population model recognises that rather than a problem, horizontal gene flow through



homologous recombination is a mechanism that aids in the formation of ecologically cohesive
populations (Fraser et al., 2009, 2007; Hanage et al., 2005; Polz et al., 2013; Shapiro and Polz,
2015). The prevalence of horizontal gene flow and, specifically, homologous recombination
suggests that gene-level sweeps are as likely to occur as genome-wide sweeps in the formation
of an ecologically cohesive population (Bendall et al., 2016; Doolittle, 2012; Fraser et al., 2009).
In gene-level sweeps, adaptive genes spread to fixation within the population independent of the
genomic background (Figure 1.4). A decrease in gene flow between bacteria can result in the
formation of gene flow boundaries that limit the sharing of adaptive genes between bacteria
connected by horizontal gene flow (Arevalo et al., 2019a; Cordero and Polz, 2014; Fraser et al.,
2007; Hanage et al., 2005; Shapiro and Polz, 2015). Taking into account the total gene flow in
bacteria, the ecological population model postulates that ecologically cohesive populations of
bacteria should be delineated exclusively by gene flow boundaries between bacteria, regardless
of whether vertical or horizontal gene flow dominates these populations (Cordero and Polz,

2014; Fraser et al., 2009; Shapiro and Polz, 2014).

Single “Species” Single “Species”
/’_ {,r "-; \ \ | (’ = R -\
ﬁr _ = | !'!" b4
E .E I * E= 4
o =
o ™ .
g3 ' T
o & 9 I : x x
- = = T N
E {_J I LT 8
E—-r ‘_g p— - - - - - - — - —————— - — — — - — — - - - - — - -~
T 2 Pl T | Sl
o oL - * N . 5 .
. ﬂ? ll' -:' — ™ L) 1.: I =i +'l'
‘l‘.l:‘-“\ g g 1Il.|' I 't..n
=
== - o m =2 L] I - -
L) - = I u 5,
o = i -
. i § (7 ' (%t
& _ | -

T or ¥ : Adaptive genes or o
=P : Homologous recombination event

Figure 1.4 Formation of ecological population brought by homologous recombination and
selection. (A) In the absence of selection, homologous recombination maintains the ecological and
genotypic cohesion of a population. (B) Decline or sudden loss of recombination between organisms (grey
dash line) results in preferential sharing of adaptive genes within the cluster rather than between
clusters. (C) This results in the formation of an ecologically cohesive cluster brought by a gene-level
sweep of an adaptive gene upon selection (red dash line). Solid arrow lines indicate homologous
recombination; Each distinct circular pattern indicates a distinct genomic background; Red minus, cross
and daggers indicate adaptive alleles.

Horizontal gene flow in the ecological population model is thought to be primarily driven
by homologous recombination, which allows genetic exchange between closely related bacteria

and forms ecological populations. It requires homology of flanking regions of ~20bp identical

10



sequences and proximity between bacteria to initiate recombination (Arevalo et al., 2019a; Polz
et al., 2013; Shapiro and Polz, 2014). A drop in recombination frequency can be observed as
sequence divergence between bacteria increases, and thus, homologous recombination can be
observed more frequently between closely related bacteria. Unlike other mechanisms of HGT,
which utilise mobile elements or bacteriophages to incorporate non-homologous DNA,
homologous recombination is thought to be facilitated by the uptake of DNA (Arevalo et al.,
20193, 2019b; Fraser et al., 2009; Shapiro et al., 2012). The susceptibility of environmental DNA
to environmental degradation requires the protection of DNA or close proximity of bacteria for
uptake of naked DNA and homologous recombination to occur (Nagler et al., 2022). Therefore,
ecological populations are formed more easily along closely related bacteria occupying similar

microhabitats.

Table 1.1 Comparison of bacterial speciation in varying degrees of selection and recombination

Clonal Population Recombinogenic Population
(r/s<<1) (r/s >>1)
Stage 1 New niche-specifying variants(s) acquired by mutation, homologous
recombination, or HGT
Stage 2 Ecological separation: new variant Ecological separation: new variant
spreads in new niche by clonal spreads in new niche by
expansion recombination
Stage 3 Genetic separation driven by periodic | Genetic separation driven by genome-
selection and drift wide depression in recombination
between new and ancestral niches
Stage 4 Genetic separation maintained by Genetic separation maintained by
further periodic selection and drift genetic barriers to recombination;
events; lineages are permanently otherwise lineages may merge back
separated together
Stage 5 Lineages remain ecologically and genetically distinct (at both adaptive and
neutral loci) until extinction

Note: Adapted from Shapiro and Polz (2014). Copyright 2014 by Cell Press.

However, in the ecological population model, the formation of ecologically and
genotypically cohesive populations of bacteria does not solely rely on recombination but depends

on the interplay between the effect of recombination and selection (r/s) (Table 1.1) (Fraser et al.,

11



2007; Polz et al., 2013; Shapiro and Polz, 2015). In the ecological population model, both clonal
and recombinogenic bacteria can form ecologically distinct populations, albeit in different
manners. Asexual and highly clonal bacteria form ecologically distinct populations similar to the
ecotype model (Table 1.1), in which selection plays a greater role than recombination (r/s<<1),
resulting in the formation of distinct genotypic clusters through the emergence of random
mutations (Fraser et al., 2007; Shapiro and Polz, 2015). Meanwhile, in a recombinogenic or
‘sexual’ bacterial population (Table 1.1), in which the recombination rate is much higher than
selection (r/s>>1), the formation of an ecologically distinct population is a much more complex
process in which barriers to recombination plays a major role in both genetic divergence and

maintenance of genetic cohesion (Shapiro and Polz, 2014).

In recombinogenic populations, gene-adaptive genes are easily shared between
population members independent of the neutral genomic background (Figure 1.4A) (Fraser et
al., 2009; Shapiro and Polz, 2015, 2014). However, when recombination declines or is hindered
between bacteria, distinct genotypic clusters of bacteria are formed in which adaptive genes are
preferentially shared within a specific cluster than between other clusters (Figure 1.4B). This
preferential sharing of genes leads to the formation of a distinct ecologically significant cluster
upon selection (Figure 1.4C) (Shapiro et al., 2012; Shapiro and Polz, 2015, 2014). The rapid
decline in the recombination rate brought by genetic barriers (i.e. sequence divergence, epistasis
or dispersal) counteracts the homogenising property of recombination (Fraser et al., 2007;
Shapiro and Polz, 2015) and can be analogous to how reproductive barriers prevent
interbreeding in a eukaryotic species. The persistence of such genetic barriers allows the
maintenance of ecological and genotypic clusters as a distinct unit which would otherwise merge
back as a homogenous cluster (Fraser et al., 2007; Polz et al., 2013; Shapiro and Polz, 2015,

2014).

Even with a higher effect of recombination, selection still plays a significant role in the
formation of a stable ecological population (Shapiro and Polz, 2015). Similar to the ecotype
model, the absence of selection in clonal populations results in genetic drift and extinction.
Meanwhile, selection’s absence in recombinogenic populations necessitates an absurdly high
rate of decline in recombination for an ecological population to form. The formation of an
ecologically distinct cluster through neutral processes in the ecological population model is
unlikely (Fraser et al., 2007; Shapiro and Polz, 2015). However, even with selection, divergence
is not guaranteed if nascent populations are not accompanied or followed by habitat partitioning
(Figure 1.4B) (Chase et al., 2019; Shapiro et al., 2016; Shapiro and Polz, 2014). Lack of habitat
partitioning would allow the homogenising properties of horizontal gene flow to occur between
the nascent ecological populations, thereby preventing the formation of an ecologically distinct

population (Shapiro and Polz, 2014; Wiedenbeck and Cohan, 2011).
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Taken together, horizontal gene flow and homologous recombination in the ecological
population model play the leading role in diverging and maintaining cohesion in the bacterial
population. The presence of horizontal gene flow allows the homogenisation of diversity within
an ecological population, while its absence leads to the formation of distinct genotypic clusters
in both clonal and recombinogenic ecological populations (Fraser et al., 2009; Shapiro and Polz,
2015). Therefore, we could compare horizontal gene flow as akin to reproduction in sexual
eukaryotes and gene flow boundaries forming ecological populations as analogous to
reproductive barriers leading to the formation of reproductively isolated populations or species.
This analogy also implies that ecological population is the fundamental unit of ecology and
evolution in bacteria, similar to how species are treated in BSC and should exhibit similar
ecological and evolutionary behaviours observed in metazoan species. Furthermore, the intra-
species genomic variations observed in natural bacterial communities are the diversity brought

by the varied neutral mutation in the genomic background.

1.4.2.1. Mode of horizontal gene flow and maintenance of ecological population
boundaries

Recombination or horizontal gene flow is often facilitated by three modes of dispersal
and acquisition of extrageneous genetic material: conjugation, transduction, and
transformation. Conjugation is the direct cell-to-cell transfer of genetic material between
bacteria through pili or adhesins (Thomas and Nielsen, 2005). It is often facilitated by
transferring small mobile genetic elements such as plasmids and transposons (Zarei-Baygi and
Smith, 2021). Conjugation is often thought to be the primary driver of the dispersal of antibiotic
resistance genes (ARGs) and, thus, of significant environmental and epidemiological importance
(von Wintersdorff et al., 2016). Meanwhile, transduction, the process of transferring genetic
material through viral intermediaries, is observed to occur at a much lesser frequency in
transferring ARGs (Volkova et al., 2014; von Wintersdorff et al., 2016), even though phages
harbour specific families of ARGs in the environment (Zarei-Baygi and Smith, 2021). Unlike
conjugation, which is a directed transfer, the transfer of bacterial DNA through transduction is
assumed to be a secondary effect of erroneous bacteriophage replication or gene replication
(Norman et al., 2009). However, One advantage of transduction is that bacteriophages have a
wide range of microbial hosts and thus can spread genetic material across taxonomically distant
bacteria (von Wintersdorff et al., 2016). The third canonical mode of HGT is natural
transformation, which occurs through direct uptake and integration of environmental DNA
(Thomas and Nielsen, 2005). Although natural transformation is limited by the requirement of
natural competence of bacterial cells (i.e. presence of ComEC, secretin and rec genes) (Mell and

Redfield, 2014) and the persistence of extracellular DNA in the environment (Thomas and
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Nielsen, 2005; von Wintersdorff et al., 2016), natural transformation could acquire ARGs at a

similar rate to conjugation (Zarei-Baygi and Smith, 2021).

Other than these three modes of transfer, we can also categorise horizontal gene flow
and recombination through the results of the integration of genes/alleles into the genome:
additive gene transfer, paralogous addition, and xenologous recombination (Novick and
Doolittle, 2019). Gene acquisition can be done through the acquisition of novel gene families that
were not previously present in the genome (additive gene transfer or more known by misnomer
as non-homologous recombination), thereby acquiring novel functions or through paralogous
addition (Schaller et al., 2021; Soucy et al., 2013). Paralogous addition results in the acquisition
of copies of genes from duplication events (Olendzenski et al., 2006; Soucy et al., 2013). Unlike
the acquisition of novel genes or gene copies in these additive gene transfers, replacement gene
transfer or xenologous recombination is observed to be more frequent (Choi et al., 2012; Khayi
et al., 2015). The frequent xenologous recombination could be due to the need for only at least
20bp flanking sequences to initiate recombination, which could occur more frequently between
closely related bacteria (Hua et al., 1997; Novick and Doolittle, 2019; Olendzenski et al., 2006;
Shapiro and Polz, 2015). Additionally, the lack of novel function that can impact the host’s fitness

cost may facilitate faster integration of replaced genes (Novick and Doolittle, 2019).

In ecological population theory, the formation of ecologically and genotypically coherent
populations through gene-level sweep is attributed to frequent horizontal gene flow, whether
homologous or non-homologous recombination (Cordero and Polz, 2014; Shapiro et al., 2016;
Takeuchi et al., 2015). However, it is primarily assumed, based on a few studies, that homologous
recombination through xenologous exchange of alleles drives the maintenance of ecologically
and genotypically coherent populations (Chase et al., 2019; Hiilter and Wackernagel, 2008; Mell
and Redfield, 2014). Replacement gene transfers often rely on flanking sequences, which are
inefficient in introducing novel genes but could be efficient in maintaining populations as they
can occur more frequently and do not have the fitness cost attached to acquiring new genes or
functions (Novick and Doolittle, 2019). Meanwhile, homology-independent gene acquisition (i.e.
additive gene transfer), often facilitated through mobile genetic elements and viral sequences,
could acquire novel genes faster and thus are more likely to facilitate the novel function and
adaptation to new ecological niches by the bacterial population (Mell and Redfield, 2014).
Therefore, novel niches are acquired through geographical expansion and acquisition of novel
functions through non-homologous gene transfer in a single or few bacteria, but these genes get
fixed throughout the population primarily through homologous recombination or genome-wide

expansion, resulting in a novel ecological population.
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1.5. Ecologically Significant Units in Natural Environments

The ecotype model’s reliance on the widely accepted assumption that selection and
mutation greatly outperform recombination allows it to be one of the most widely used models
to describe ecologically significant units in bacteria (Bendall et al., 2016; Cordero and Polz, 2014).
The common notion of horizontal gene flow’s rarity in a bacterial population helps perpetuate
the idea of genome-wide sweeps’ dominant role in bacterial speciation and evolution. Studies in
Bacillus, Synechococcus and Chlorobium show the formation of ecologically distinct populations
under positive selection and genome-wide sweeps, suggesting agreement with the ecotype
model (Becraft et al., 2015; Bendall et al., 2016; Kopac et al., 2014). In the Bacillus and
Synechococcus studies, phylogenetic analysis of genes undergoing positive selection (genes with
elevated SNPs over time) allows the grouping of isolates into distinct genotypic clusters. Its
ecological coherence is subsequently verified by similarity in environmental distributions and
response to environmental perturbations (Becraft et al., 2015; Kopac et al., 2014). Meanwhile,
Bendall’s (2016) time-series study of Chlorobium showed the first direct evidence of a natural
bacterial population undergoing genome-wide selective sweeps. Throughout the eight-year
study, a significant loss of neutral SNPs and the increase in the abundance of a few select genes
indicate that the population is undergoing purifying selection, thus preventing ecological

divergence (Bendall et al., 2016; Cohan, 2016).

However, observations from among the other 29 natural bacterial populations exhibited
different gene flow patterns in which genome-wide sweeps do not strictly follow the predictions
of the ecotype model. In the same Bendall’s (2016) study of Chlorobium, the other populations
undergoing genome-wide selective sweeps are not completely clonal even after eight years,
indicating incompleteness of the sweep or a possible soft sweep. In contrast to a hard sweep
which completely purges genomic diversity, selection under a soft sweep favours several
persistent genotypes that could have acquired advantageous genes independently or through
intra-population recombination (Messer and Petrov, 2013). Soft sweeps are more likely to occur
when there is a long time between selection events, which allows for a greater chance of
acquiring advantageous genes. Lack of a complete purge of intra-population genomic diversity
in Salinibacter ruber and Haloquadratum walsybi populations that occupy an ecologically
distinct niche was also observed, suggesting soft sweeps of ecologically distinct populations

(Viver et al., 2021).

Aside from soft sweeps, formation of ecologically and genotypically distinct populations
that deviates from ecotype model have been observed to be frequently linked with high intra-
population horizontal gene flow. Example of the deviations in ecotype theory can be found in

Synechococcus and Chlorobium populations. The Synechococcus and Chlorobium ecological

15



populations were previously observed to go under genome-wide sweeps (Becraft et al., 2015;
Bendall et al., 2016) but also exhibit high intra-population diversity brought by large genome
regions sweeping independently through some populations (Bendall et al., 2016; Rosen et al.,
2015). At least in Synechococcus, extensive recombination allows selective sweeps of specific loci
and genes, resulting in the formation of an ecologically adapted population and thus retaining
the diversity of its unlinked genomic regions (Miller and Carvey, 2019). The occurrence of both
genome-wide sweeps and gene-specific sweeps in similar bacterial taxa suggests the larger role

of recombination in maintaining ecologically distinct populations.

An accompaniment to the ecotype model, the “Adapt Globally, Act Local” model suggests
that recombination events are still compatible with genome-wide sweeps and periodic selection
in the formation of ecologically distinct populations (Cohan, 2016; Wiedenbeck and Cohan,
2011). This model suggests that rarely, adaptive mutations can confer selective advantage across
multiple ecotypes. This happens when a generally adaptive mutation (adaptive for many
ecotypes) arises randomly within a single ecotype (Figure 1.5A). This mutation initially swept
within its initial ecotype before homologous recombination allows the transfer of small loci or
genes with the adaptive mutation into other ecotypes (Figure 1.5B), thus transferring selective
advantage to other ecotypes. Afterwards, global periodic selection targeting this adaptive
mutation results in a loss of divergence both between and within ecologically distinct
populations or ecotypes (Figure 1.5C) (Cohan, 2016). Thus, rare recombination events can still
maintain cohesion and prevent further divergence between different ecotypes (Cohan, 2016;
Majewski and Cohan, 1999; Melendrez et al., 2016). This results in the formation of a
metapopulation of ecologically heterogenous ecotypes, which can be observed as intra-species
genomic heterogeneity (Cohan, 2016). Although recombination in this model plays a role in
maintaining distinct ecological populations, the model insists that recombination is still rare and
that the effect of periodic selection drives the ecological cohesion of the population (Cohan, 2011;
Melendrez et al., 2016; Wiedenbeck and Cohan, 2011). Additionally, in the “Adapt Globally, Act
Local” model, gene-level sweeps are suggested to occur due to rapid diversification, like those in
generalist heterotrophic populations occupying new energy sources. In contrast, genome-wide
sweeps are more likely to be found in ecologically homogenous clusters such as energy-

constrained photoautotrophic populations (Cohan, 2019, 2016).
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Single “Species”
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—> : Horizontal Gene Transfer (HGT) X : Advantageous Trait-conferring gene

Figure 1.5 Rare recombination events between ecotypes preserve intra-species genomic variation.
(A) Advantageous mutations often appear in a single ecotype and sweep through its own distinct
population before being recombined into another ecotype, (B) which allows it to survive a similar periodic
selection. (C) The bacteria that acquired the adaptive mutation can then expand within its own
population. The heptagon colour indicates ecotypes; the heptagon outline indicates a distinct genomic
background; the red dashes line indicates a selection event; the red cross indicates an adaptive mutation.
Figures adapted from Cohan 2016.

The “Adapt Globally, Act Locally” model suggests that a single recombination event
between ecotypes allows a much simpler explanation than the recurrent recombination events
proposed by the ecological population model and agrees with the supposed rarity of bacterial
recombination (Cohan, 2019, 2016; Melendrez et al., 2016). However, such a model provides an
additional layer of complexity in which inter-population recombination would be frequent to
allow horizontal gene flow but rare enough at intra-population levels to allow genome-wide
sweeps to form ecologically distinct populations (Bendall et al., 2016; Cohan, 2016). This model
and the overarching ecotype model insist that genome-wide sweeps and vertical descent are the
primary drivers of ecological divergence and speciation in bacteria. Nevertheless, is it the only
one? Given the increasing observation of horizontal gene flow and gene-level sweeps in natural
populations, it would be better to describe bacterial speciation as a spectrum of genome-wide
and gene-level sweeps depending on their rate of horizontal gene-flow. A highly clonal bacterial
population would be more inclined to undergo genome-wide sweeps, while gene-level sweeps
occur more likely in recombinogenic populations (Bendall et al., 2016; Fraser et al., 2000;

Shapiro and Polz, 2015).

Recent studies on homoplasies in sequenced genomes belonging to the same species in
the NCBI database have shown almost half of named species undergo continuous recombination

across different strains, while a quarter of named species exhibit sharp discontinuities in gene
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flow between their members (Bobay and Ochman, 2017). These observed variations in gene flow
in named species support the fact that bacterial speciation is on a spectrum. Therefore, it is more
apt to describe bacterial speciation in terms of models and methods that explicitly consider and
mathematically describe the role of horizontal gene flow in bacterial populations, like the
ecological population model. As previously discussed, the ecological population model utilises a
method in which species are delineated solely based on discontinuities in total gene flow (vertical
and horizontal gene flow) without the need to identify the ecological niche or habitat of the
populations beforehand (Arevalo et al., 2019b, 2019a; Shapiro et al., 2009; Shapiro and Polz,
2014). With genetic isolation as its primary criterion, the ecological population model can
delineate both recombinogenic and clonal populations without prior knowledge of their

recombinogenicity or the lack thereof (Fraser et al., 2009; Shapiro and Polz, 2014).
1.5.1. Detecting gene flow and Delineating gene flow boundaries

Since variation in the rate of horizontal gene flow between bacteria results in the
formation of a distinct genotypic cluster, identification of discontinuities (i.e. breaks or decline)
in gene flow between co-habiting bacteria allows for the demarcation of ecological populations
(Arevalo et al., 2019a; Shapiro and Polz, 2014). The lack of any horizontal gene flow between
members of a population is indicative of the formation of highly clonal ecological populations,
with each ecological population possessing a highly identical genomic background (Figure 1.6 -
Red). However, for a recombinogenic population, the analysis of the change of gene flow
between population members needs to be more scrutinised as there could be just a decrease in
horizontal gene flow and not its total absence (Figure 1.6 - Blue/Green). Demarcating
ecologically distinct clusters among recombinogenic bacteria necessitates the identification of

the intensity of recent horizontal gene flow (Arevalo et al., 2019a; Shapiro et al., 2012).

wm : Horizontal Gene Flow

Figure 1.6 Visualisation of the role of horizontal gene flow and the formation of ecological
populations. Strong horizontal gene flow between organisms allows the preferential sharing of adaptive
alleles within an ecological population compared to other such clusters (Blue and Green). Meanwhile, a
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highly clonal ecological population would result in genomes being observed as almost completely
identical and lacking horizontal gene flow occurring between organisms and other clusters (red).
Phylogenetic tree reconstruction of these organisms using the recombined regions or genes would result
in a genotypically coherent topology. Circles denote bacteria with distinct genomic backgrounds, with
numbers denoting the number of bacteria sharing that distinct genomic background; Colours indicate
distinct ecological populations; the Black line indicates recent horizontal gene flow, and thickness
indicates its prevalence; the Grey line indicates historical horizontal gene flow. Figure adapted from
Arevalo 2019, Chase 2019, VanInsberghe 2020.

Identifying horizontal gene transfer, particularly those driven by homologous
recombination, between closely related bacteria is more complicated than identifying genes
transferred from distantly related organisms. Horizontal gene flow is traditionally identified
through parametric methods (i.e. nucleotide composition, oligonucleotide frequencies,
structural features) and phylogenetic studies that identify genes or loci that significantly differ
from surrounding regions or genomic backgrounds in terms of their sequence composition and
evolutionary history (Becq et al., 2010; Ravenhall et al., 2015). With these methods, horizontal
gene transfers can be identified between distant bacteria, with up to around 25% genome
similarity (Ravenhall et al., 2015). Unlike HGT between distantly related bacteria, homologous
recombination occurs between closely related bacteria that often occupy similar habitats to allow
efficient uptake of transferred DNA (Fraser et al., 2009; Shapiro et al., 2012; Shapiro and Polz,
2014). Closely related bacteria that undergo homologous recombination could have genome
similarity of >99% and would have similar or identical genomic signatures (i.e. GC content,
oligonucleotide patterns) (Meziti et al., 2019; Shapiro et al., 2012). Identification of recent
homologous recombination, however, could be difficult using shared sequence signatures as it
may not be possible to disentangle it from historical recombination (Arevalo et al., 2019a). This
is unfortunate as analysis of recent recombination is needed to accurately delineate ecologically
cohesive populations under selective pressure. Therefore, a method of identifying potentially
recombining regions of DNA is through investigation of the distribution of random point

mutation throughout the genome.
1.5.1.1 The PopCOGenT Method

PopCOGenT (Populations as Clusters of Gene Transfer) is an ecological population
prediction method that can measure and differentiate recent horizontal gene flow among closely
related organisms without prior knowledge of the core or flexible genome (Arevalo et al., 2019b).
Differentiating recent gene flow from the overall gene flow allows for the precise demarcation
of ecological populations, as historical gene flow can blur population boundaries(Arevalo et al.,
2019a; Shapiro et al., 2012). The PopCOGenT method utilises a pairwise comparison of entire
genomes to identify all recombining regions irrespective of whether all population members
share them. This method takes into account that preferentially shared genetic materials of the

whole population as population-differentiating genes have been observed in both the core and
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flexible genomes (Arevalo et al., 2019a; Shapiro et al., 2012; VanInsberghe et al., 2020).
Measurement of recent horizontal gene flow is done by identifying and measuring the
distribution of identical shared regions, termed locally collinear blocks (LCBs), throughout the

paired genomes.

An LCB is a long stretch of identical genomic regions that do not recently experience
rearrangements and are absent of any SNPs which arise randomly throughout the genome due
to mutation and vertical descent or recent horizontal transfer (Darling et al., 2004; Minkin and
Medvedev, 2020). As SNPs randomly interrupt a stretch of DNA, long LCBs between two
genomes would be less observed in non-recombining organisms (VanInsberghe et al., 2020). In
contrast, recently recombined homologous DNA should have long LCBs between compared
genomes (Figure 1.7A). Long LCBs imply recent recombination of that region as mutations or
rearrangements have not had time to alter the DNA sequences of the region to form SNPs. As
more time passes without recombination, the stretch of identical DNA can be observed to become
shorter in size due to the appearance of SNPs brought through random mutation or genomic
rearrangements. Genomes of highly recombinogenic bacteria are, therefore, predicted to have a
higher fraction of long LCBs in a genome alignment than non-recombining bacterium genomes

(Figure 1.7B and Figure 1.8) (Arevalo et al., 2019a; VanInsberghe et al., 2020).
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Figure 1.7 Locally Collinear Blocks between recombining and non-recombining genomes. (A) Non-
recombining genomes should exhibit fewer and shorter LCBs due to random mutations punctuating any
homologous region. In recombining genomes, constant and recent homologous recombination allows the
maintenance of homology between regions being shared. (B) Therefore, genomes of recombining strains
(B) should exhibit a higher frequency of longer homologous regions than non-recombining strains.
Figure taken from Arevalo 2019

The fraction and length of all LCBs (length bias) in the genome allow the estimation of
the amount of homologous recombination between bacteria and categorise whether compared

organisms are from recombinogenic or clonal populations (Arevalo et al., 2019a; VanInsberghe
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et al., 2020). Comparing genomes from different species with varying degrees of recombination
shows that the length bias of recombinogenic populations (e.g., Vibrio cyclitrophicus, Sulfolobus
islandicus, and recombinogenic Salmonella enterica) differs from non-recombinogenic
populations, which follows the null model for a highly clonal bacteria (Figure 1.8A) (Arevalo et
al., 2019a). The increase in length bias for non-recombinogenic bacteria as compared to the null
model could be based on either low levels of previously undetected recombination in the model
organisms used or by a higher number of genomic regions with decreased divergence due to the
effect of purifying selection, which scales with both genome and population size (Arevalo et al.,
2019a; Bobay and Ochman, 2018). To differentiate between undetected recombination or effect
of purifying selection, the PopCOGenT method utilises a genome size-adjusted model to set the
lower bound for detection of recombination based on the trend of model non-recombinogenic

populations (Figure 1.8B) (Arevalo et al., 2019b).

- 100 £
‘3\2 Non-recombinogenic 10 @® Non-recombinogenic
= 80 Recombinogenic B Recombinogenic
g » Null expectation 3
= o 10
o) .
9 %)
3 9 3 A
o 2
2 = 10
o 40 )
c c
S g , T :
1 = ml
S 20 . «® .
= o 7@
w 0 10
0 10 20 30 40 0 1 2 3 A 5 6
Normalized identical Genome size, G (Mbp)
region size (divergence * length)
W Buchnera aphidicola B Sal/monella enterica (recombinogenic)
B Francisella tularensis B Sulfolobus islandicus
I Corynebacterium pseudotuberculosis Vibrio cyclitrophicus

I Sa/monella enterica (non-recombinogenic)

Figure 1.8 Length Bias distribution in known recombinogenic and non-recombinogenic populations.
(A) Known non-recombinogenic populations (dash line) of Buchnera aphidicola, Francisella tularensis,
Corynebacterium pseudotuberculosis and Salmonella enterica show similar distribution of length bias as the
null model of mutational accumulation, while recombinogenic populations of Salmonella enterica, Sulfolobus
islandicus and Vibrio cyclitrophicus shows considerable deviation from the null model (solid line). (B) Non-
recombinogenic populations (circles) also follow a linear trend in which the length bias of identical genome
region distributions increases proportionally with genome size. Meanwhile, the recombinogenic populations
also deviate from this trend, as indicated by the median length bias measured for each indicated population
(square). Error bars represent an interquartile range of length bias. The solid grey line represents the best-fit
linear regression of length bias against genome size for non-recombinogenic strains, while the dotted grey
line is the upper bound of the 0% prediction interval of the linear regression. Figure taken from Arevalo
2019.
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The measured length bias between paired genomes is used to construct population
clusters, which are networks of gene transfer events with genomes acting as nodes and the
weight of measured length bias as edges between paired genomes (Figure 1.9). Highly identical
genomes, genomes with less than 0.0355% divergence score as determined using known non-
recombining model genomes, are collapsed into a single node as clonal complexes. Meanwhile,
edges of clonal complexes with other genomes are estimated as the mean measured length bias
between each member of the clonal complex and the other genomes (Figure 1.9) (Arevalo et al.,
2019a). These clusters of gene-flow network were found to be highly congruent with previously
established genetic and ecological units as indicated by the similarity with the clusters formed
and taxonomic trees of the populations (Figure 1.9) (Arevalo et al., 2019a; VanInsberghe et al.,

2020).
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Figure 1.9 Horizontal gene flow network of Prochlorococcus bacteria. Bacterial genomes (nodes) that are
connected to each other through gene flow (edges/lines) form a cluster that is categorised as an ecological
population (same colour). These clusters of ecological population aligned similarly with the ribosomal
reference tree (left panel) with deviations in some populations such as CN2-C1, which is observed to be spread
out in the ribosomal tree. Black and grey coloured edge lines denote gene flow within and between
populations, with their thickness corresponding to the amount of gene flow occurring between nodes. The
node size indicates the number of genomes included within clonal complexes with <0.0355% divergence.
Figure from Arevalo 2019.

Unlike methods that rely on global sequence alignments that can only detect and
measure gene transfer in core genomes, PopCOGenT can estimate and detect gene transfers
independent of global alignments, which allows identification of DNA regions transferred both
in core and flexible genomes (Arevalo et al., 2019a). Recent horizontal gene transfer in the core
genome alone is presumed to have slower evolutionary turnover as it occurs mainly through
homologous recombination (Novick and Doolittle, 2019). Meanwhile, gene transfers in the
flexible genomes are thought to occur more rapidly through mobile genetic elements or other
transfer mechanisms but are harder to identify in global alignments, as they can be completely

rearranged or involve gene loss or addition (Arevalo et al., 2019a; Cordero and Polz, 2014).
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However, recent studies have shown that core genome could have a higher degree of
homologous recombination to maintain population cohesion, while flexible genomes are more
likely to experience gene gain/loss for a rapid adaptation to environmental cues (Novick and
Doolittle, 2019; Preska Steinberg et al., 2022). The identification of gene-level sweeps in the
flexible genome is done through a simple presence/absence-based method. Flexible genes found
within a population cluster but not present in other clusters are considered candidates for gene-
level sweeps in the population. For gene-level sweeps in core genomes, windows of 100 SNPs
were used to scan the whole genome alignments of a population cluster for low intra-population
nucleotide diversity regions. These regions were used to construct phylogenetic trees to search
for genes or regions that would create monophyletic clades that match the distribution of
genomes in all population clusters (Arevalo et al., 2019a). Thus, alleles that are found only within

a monophyletic population but not in others are considered population-differentiating alleles.

The genes from regions that swept both the core and flexible components of the genome
can now be used for a reverse ecology analysis (Arevalo et al., 2019a, 2019a; VanInsberghe et al.,
2020). Population-differentiating SNPs, SNPs found in swept regions of a population but not in
other distinct populations, can be used to study the changes in gene structure and function that
allow the bacterial population to diverge ecologically. The SNPs may directly change the peptide
and protein structure of the genes and thus affect their function, but they can also be subtle,
such as changes in codon bias or transcription factor activation. A thorough study of the SNPs’
effect (e.g., protein-ligand binding, RNA structure, etc.) could also provide a glimpse of the
changing environment of the bacteria and its effect on its molecular functions. Otherwise, these
SNPs can also be helpful as population-differentiating markers for ecological and environmental

studies (Arevalo et al., 2019b, 2019a).
1.5.2. Modelling ecological populations

Exploring the biological properties that affect ecological populations’ formation is best
done by studying whole genomes from co-habiting closely related bacterial populations (Kashtan
et al., 2014). These bacterial populations are ideal for examining bacterial speciation driven by
discontinuities in gene flow as cohabitation, and the close genetic relatedness affects efficient
homologous recombination (Arevalo et al., 2019a; Shapiro et al., 2012; Shapiro and Polz, 2015;
VanInsberghe et al., 2020; Wiedenbeck and Cohan, 2011). Habitats with discrete spatial
variations in their environmental conditions or drastic variations across time are also ideal for
examining bacterial speciation, as varying degrees of environmental shifts are correlated with
selective pressure that leads to bacterial speciation (Kassen and Rainey, 2004; Rainey and

Travisano, 1998; Weltzer and Miller, 2013). However, such isolates are currently lacking
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primarily due to difficulties in obtaining intra-specific heterogeneity representative of the

environment.
1.52.1. Acquiring non-enriched genomes

Isolating co-habiting closely related bacterial genomes for studying ecological
populations is significantly more complex than traditional isolation of type strains or species.
The genomes and bacteria isolated should be axenic to minimise contamination, which could
add false-positive SNPs and hinder the identification of locally collinear blocks. At the same time,
isolated genomes must capture and reflect the intra-species diversity of the co-habiting natural
bacterial communities. Traditional enrichment techniques used to isolate type strains and
species can obscure the study of intra-population diversity and ecological populations in bacteria
as an enrichment step can inadvertently select traits and genes favouring one or two genotypes,
which can potentially mask intra-species diversity (Boynton and Greig, 2014; Steensels et al.,

2019; Vaz-Moreira et al., 2011).

Other non-culturing methods (metagenome-assembled genomes and single-cell
amplified genomes) that reflect the environment’s bacterial diversity can also have other
potential downsides. Metagenome-assembled genomes (MAGs) can provide higher throughput
and a more accurate picture of community diversity than traditional culturing techniques
(Alneberg et al., 2018). However, MAGs assembled using short-read sequences can often form
chimeric genomes, which can mask the SNPs and the intra-species genomic diversity of the
genomes (Sangwan et al., 2016). Single-cell amplified genomes (SAGs) can better reflect the
intra-species genomic diversity of the natural bacterial populations but can also have its own
disadvantages (Alneberg et al., 2018). SAGs allow high-throughput isolation of genomes but are
expensive to perform and require high-quality genomic DNA to yield a good-quality genome
(Stepanauskas, 2012). However, it can also result in highly discontiguous genomes, hindering
the efficient identification of LCBs and ecological populations (Troell et al., 2016). A downside of
SAGs, and even MAGs, is that live bacterial isolates cannot be isolated and cannot be used to

verify the ecological properties hypothesised by the reverse ecology approach.

A method of isolating axenic bacteria without enrichment is through a direct serial
dilution to extinction approach. The initial enrichment step in the traditional culturing method
is disregarded, with environmental samples directly and serially diluted into the growth media.
The serial dilution is done to ensure that the last well with growth comes from only a single cell
and maintains an axenic bacterium (Henson et al., 2020; Yang et al., 2016). For this method to
reflect the bacterial population diversity, high amounts of bacteria need to be isolated, and their
genomes are sequenced. The axenicity of isolated bacteria can be confirmed through analysis of

the sequenced genome. Significantly different genomes, such as those belonging to a different
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genus, can be identified and separated using binning methods that search for discrepancies in

genomic signatures (i.e. tetranucleotide composition or GC content).

1.522. The Taupo Volcanic Zone

Understanding biological systems and their processes is often done by examining the
extremes or edge-cases that highlight deviations from the norm, thus providing insights on how
the normal processes or systems work (Pérez-Gracia et al., 2010). Extreme biomes, such as those
in geothermal springs, represent one apt edge case for understanding bacterial speciation.
Geothermal springs often have extreme ranges of geochemical and geophysical conditions (i.e.,
pH, salinity, temperature) that vary between geothermal features and through time (Oliverio et
al., 2018; Power et al., 2018; Sharp et al., 2014). The different level of environmental variability
in geothermal springs acts as a selective pressure that shapes the structure and dynamics of its
bacterial communities, which is ideal in testing models of population divergence and cohesion
(Kassen and Rainey, 2004; Rainey and Travisano, 1998; Sharp et al., 2014). Unlike terrestrial
environments, geothermal springs are often discrete habitats with distinct but similar
geochemical profiles suitable for identifying changes in community structures and diversity
trends (Power et al., 2018). The physical separation of each geothermal spring also allows for
the effect of geographic dispersal to be distinguished from other ecological factors affecting
speciation (Whitaker et al., 2005). Lastly, horizontal gene flow has been documented to occur
frequently in bacterial communities for geothermal springs (Fuchsman et al., 2017; Klatt et al.,

2011; Ward et al., 2018).

The Taupo Volcanic Zone (TVZ) is a geologically active region in the heart of the North
Island of New Zealand and rich in geothermal features ideal for studying bacterial speciation.
The subduction in the Pacific-Australian plate tectonic boundary causes intense magmatism,
resulting in deep groundwater convection and the formation of the geophysically and
geochemically heterogeneous geothermal features in the TVZ (Power et al., 2018). Several of
these geothermal features experience temporal variability, resulting in changes in bacterial
composition (Scott, 1994; Ward et al., 2017). Furthermore, a wide range of environmental
variability can be observed across the geographically dispersed features (Power et al., 2018).
Temporal variations in various environmental parameters are ideal for understanding bacterial
communities' diversification and speciation (Kashtan et al.,, 2014). Therefore, the TVZ
geothermal sites would also allow observation of the ecological populations’ response to
environmental variability and thus be used to determine if they are coherent with metazoans’

ecological and evolutionary patterns as described in BSC.
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1.5.2.3. Phylum Aquificota

Among the bacteria found in TVZ, members of Aquificota present themselves as a
suitable model for the observations of gene-level and genome-wide sweeps and the study of the
formation of ecological populations. The phylum Aquificota and members of order Aquificales
and Hydrogenothermales dominate a large number of the geothermal springs in TVZ, with an
average of 31% relative abundance across the springs sampled (Power et al., 2018). Out of the
19 described genera of Aquificota, six are found to be prevalent in the Taupd Volcanic Zone:
Hydrogenobacter, Thermocrinis, Sulfurihydrogenibium, and among them are three of the most
abundant genera in the TVZ, namely, Venenivibrio, Hydrogenobaculum, and Aquifex. Most
Aquificota species are obligate chemolithoautotrophs that solely utilise oxidation of hydrogen
gas (H2) and sulphur species as electron donors for energy production (Gupta and Lali, 2013;
Huber and Eder, 2006; Hiigler et al., 2007; Reysenbach, 2015) with a couple showing potential
limited heterotrophic capabilities (e.g., Thermocrinis ruber and Hydrogenobacter subterraneus)
(Huber and Eder, 2006; Takai et al., 2001). Aquificota thrives primarily in thermophilic or
hyperthermophilic conditions, from 40°C and up to 95°C for some species (Gupta, 2014; Huber
and Eder, 2006; Reysenbach, 2015). Additionally, the genome size of its members is very
compact and ranges from around 1.4-2 million bases (Kawasumi et al., 1984; Waber and
Hartmann, 2019). Their relatively high abundance and highly limited growth parameters would
allow precisely targeted isolation without enrichment, which was previously discussed as needed

to generate high-quality genomes for PopCOGenT analysis (Arevalo et al., 2019a, 2019b).

Members of the phylum Aquificota are also edge-cases by themselves in terms of their
evolutionary history and ecology. Phylogenetic studies of Aquificota have shown that its position
is highly variable within the universal tree of life (Brown, 2004; Gupta, 2014; Oshima et al.,
2012). Tree reconstruction using rRNA and protein synthesis genes has put the phyla among the
earliest branches of bacteria near Thermotoga. In contrast, conserved sequence indels and GC
content of dnak, rpoC and other genes indicate the phylum to be late branching and closely
grouped to Epsiloproteobacteria and Bacteroidetes (Boussau et al., 2008). These phylogenetic
discrepancies have been attributed to the ancient horizontal gene transfer of many essential
genes, such as the rrn operon, ribosomal proteins, EF-Tu and EF-G genes which are needed for
adaptation in thermophilic environments (Gupta, 2014). Recent studies also show a high degree
of linkage-disequilibrium and prevalence of mobile genetic elements in the genomes of the genus
Hydrogenobacter sp. from natural bacterial communities (Bowers et al.,, 2022). However,
horizontal gene transfer in highly specialised organisms such as Aquficota should have a
significant fitness benefit to counteract the considerable risk of HGT, such as recombination of
maladaptive or disadvantageous genes and alleles is detrimental to very compact genome and

energy production mechanisms (Aris-Brosou, 2005; Jain et al., 1999; Novick and Doolittle, 2019).
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1.5.3. Generalisability of Ecological population theory

Previous studies on delineating bacterial populations through horizontal gene flow or
gene-specific sweeps have been primarily done on heterotrophic bacteria (Arevalo et al., 2019a;
den Bakker et al., 2008; Szabo et al.,, 2013; Wang et al., 2022) or those with metabolic
redundancies (Whitaker et al., 2005) and minimal energy stress (Kashtan et al., 2014; Ward et
al., 2018). The ecotype theory asserts that horizontal gene flow and gene-specific sweeps are
more likely to occur in ecologically heterogeneous populations (i.e., heterotrophs) brought by
their ability to switch metabolic strategies or ecological niches (Cohan, 2016). Meanwhile,
ecologically homogeneous populations with very narrow living conditions (i.e. specialised
chemolithoautotrophs) are less likely to undergo gene flow and reach fixation within the
population solely through genome-wide sweeps (Cohan, 2016). It can be argued that lack of
metabolic redundancies meant multiple processes rely on a few or single genes (i.e. energy
production pathway), thus making these genes highly entrenched and connected. The
complexity hypothesis posits that these entrenched features are less likely to undergo
modification (Aris-Brosou, 2005; Jain et al., 1999). Modifying highly connected features can
lower fitness costs brought about by maladaptive mutations or disadvantageous recombination

(Novick and Doolittle, 2019).

The ecotype theory’s assertions still raise the question of how prevalent populations
adhering to ecological population theory are in nature. Two methodologies can be employed to
address this question. One method is to perform an extensive examination similar to Bobay and
Ochman’s study (2017) on genomes in NCBI databases but on natural bacterial populations
across varied environments, ecological niches and diverse taxa. However, this method can be
laborious and highly expensive. Alternatively, challenging the assertion of genome-wide sweep
restrictions in ecologically homogeneous populations would suggest that gene-specific sweeps
can occur in broader categories than previously thought. The logic is that if gene-specific sweeps
occur in unlikely populations such as chemolithoautotrophs, then horizontal gene flow and
ecological population theory’s assertion of delineating species through discontinuities in
horizontal gene flow applies not only to ecologically heterogeneous populations but also to other

taxa, possibly across other natural bacterial populations.

1.6. Research Questions

Considering the above literature review, I propose that even with edge-case organisms
like Aquificota, ecological populations can form in natural communities through horizontal gene

flow. Therefore, this research aims to examine whether Aquificota’s ecological populations from
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natural bacterial communities can be delineated through horizontal gene flow and investigate
whether these populations exhibit ecological and evolutionary patterns that are coherent with
the BSC.

1.6.1. Chapter 2: Gene flow boundaries delineate natural bacterial
populations of Aquificaceae

This chapter aims to answer whether intra-species genomic variations in
chemolithoautotrophic Aquificota bacteria in natural communities are connected through
horizontal gene flow. Using a high-throughput dilution-to-extinction method with minimal
enrichment, I isolated closely related co-habiting populations of Aquificota from TVZ geothermal
pools to test the null hypothesis that Aquificota populations do not undergo horizontal gene flow
(or gene-level sweeps) due to their metabolic inflexibility. Non-enriched axenic isolates of
Agquificota bacteria were sequenced and used for comparative genomic analysis to investigate
intra-species genomic variations in natural Aquificota populations. The presence of horizontal
gene flow through homologous recombination and analysis of the population structure of

Aquificota bacteria were determined using the PopCOGenT pipeline.

1.6.2. Chapter 3: Adaptive mechanisms of metabolically limited bacteria in
response to ecological perturbations

This chapter aims to examine the adaptive mechanisms utilised by Aquificota bacteria in
response to ecological shifts. Through a year-long longitudinal study, I tested the hypothesis
postulated by the ecotype theory in which metabolically constrained organisms such as
Aquificota bacteria respond to ecological shifts solely through genome-wide sweeps (Cohan,
2016; Majewski and Cohan, 1999). To test this null hypothesis, I isolated and sequenced co-
habiting Aquificota bacteria from TVZ geothermal pools experiencing shifts in their
environmental conditions and determined changes in their intra-population diversity and
population structure using comparative genomic analysis (i.e., ANI and PopCOGenT).
Furthermore, I utilised metagenomic analysis to examine the changes in the relative abundance

and intra-population diversity of Aquificota populations in natural bacterial communities.

1.6.3. Chapter 4: Homologous recombination drives horizontal gene flow in
Aquificota populations

Chapter 4 aims to understand the role of non-homologous recombination in the bacterial

speciation of Aquificota bacteria, motivated by the previously observed abundance of mobile
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genetic elements in Aquificota bacteria (Bowers et al., 2022). With the assumption that
homologous recombination is the primary mechanism in the formation of ecologically and
genotypically distinct populations delineated by horizontal gene flow (Arevalo et al., 2019b;
Shapiro et al.,, 2012), this chapter aims to test the hypothesis that non-homologous
recombination mechanisms also play a significant role in horizontal gene flow-driven bacterial
speciation in Aquificota bacteria. Thus, I compared the abundance of mobile genetic elements
between recombining and clonal populations of Aquificota to determine correlations between
MGE abundance and a recombining population structure. Additionally, I identified horizontally
swept genes assumed to be driven by homologous recombination and compared their spatial
and functional overlap with mobile genetic elements and bacterial host defence systems (i.e.,

CRISPR-Cas) that regulate against mobile genetic elements.
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