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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 reproductiveetzaresult 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 asexaetebial species is often hampered by extensive
+pagépyadd o606yodo o6apC dyo6 oA O6Aaa+b6a OoOpyopAy
ecological niche. Therefore, the working definition of a prokaryotic species is based on arbitrary
standards of rakedness and often lacks a cohesive ecological niche. To address this problem,
a4+06 O60pOp6oOdN YpYyAlGdABpPpYy &a+odpace C+o0+ 060
populations delineated through discontinuities in total gene flow, was propgqsestuldtes
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 genepecific sweeps in bacterial populations, wreateptive 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 populatbomgxtreme bacterial
communities, especially bacteria with limited metabolic redundancy due to thexiirhjggct
of deleterious consequendesg.,pathwaydysregulatiorby recombination of maladaptive
gene)during horizontal gene flowherefore, in this work, I utilised the chemolithoautotrophic
hydrogenroxidisingAquificotabacteria from natural populations as a model system to test the
generalisability of the ecological population theory. Utilising a novehhigighput isolation
method, | isolated doabiting Aquificotabacteria with minimal enrichment from geothermal
springs. Sequencing and comparative analysis &ghidicotagenomes reveal intigpecies
genomic variations driven by varying degrees of horizontal gene flow and a population structure
composed of eoccurring clonal lineages and recombinogenic bacleriaxamine whether
theseAquificotapopulations exhibit ecological and evolutionary patterns akin to eukaryotic
species, | investigated the changes in their population structure across four additional time
points(1 year) Analysis of recent horizontal gene flow and mutatioAguificotgpopulations
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 aifhin the dominant genomic background across tirmplying an



intra-population turnover. Lastly, | alsovestigated the role of both nbomologous and
homologous recombinationnamaintaining ecological populationsiiquificotaby analysing the
presence and function of mobile genetic elements (MGEs{liffterentpopulationsThe lack
of spatial and functional overlap between M&tgshorizontally swept regions confirms that
homologous recombination drives horizontal gene flow in Aquificota populations.

This work demonstrated that ecological population&quificotacan be delineated
through discontinuities in horizontal gene flow driven primarily by homologous recombination.
Thus,ecological populatigheory 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 biédiging species
is relativelysimpler 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 offsprin¢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 relbicteriat A § &(DoditfieA2012; Lan and Reeves, 2000;
Queiroz, 2005b)This has led to arbitrary definitionsludcterial: Ay 6 0 80 A° pa &adc¢p)
C+p0+ poaody O6p ypa aod60060a & <Shackébdntitdnd Boekld p 0 p 6
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 otbacterialcommunities €.g., habitat fragmentation, migration, and dispersal
theories)Oakley et al., 2010)

Despite a clear need for an evolutionarily and ecologically cohesive definaciard
species, numerous challenges exist, amdversaly accepted solution has yet to be identified.
In sexual organismshe most widely used definition demarcates species bassatafuctive
barriers(i.e., the absence of gene fllnedween organisni®ayr, 1999; Queiroz, 2005asimilar
metric should be used to delinebéeterialspecies to ensure consisterRgther than being a
problem,horizontal gene flowould provide the solution. Demarcating bacterial poputation
based on disruption in total gene flow, including horizontal gene transfers, allows bacterial
populations to be split into groups that preferentially share genetic inforni@timtero and
Polz, 2014; Shapiro and Polz, 2015, 20hése geneticaliyolated groups are akinreproductive
isolation resulting inecologically and evolutionarily cohesive species in metazoan eukaryotes.
Thus, ecological and evolutionary theories can be utilisgetger populations.

Here, | 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. | will provide an overview bistorical and current popular methods for
66Uo6aodasyd & Ay oo oo Aeir pwilemsl Avill chenddiBcusy te 1 8 a Cp
alternative theories proposeal resolve this issuand the role of horizontal gene floas a
solution to demarcate an ecologically and evolutiogahsive species in bacteAéerwards,
| will explore the recent advancements in sequencing and computational genomics that allow
the evaluation of alternatives in definmbacterialspeciesLastly, | will discuseow we can



examine the general applicability of these alternative theories in demarcating an ecologically and
evolutionarilycohesive speci&®m natural bacterial communities.

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

s Y oA = ~ = A A oz 7 e

a
gyaoanaocoogy ydaAasld ypyAGdaspyA C+p0+ &
(Mayr, 1999; Queiroz, 2005a; Rieseberg etal., 2008 8 Ca- A opyoo6éya“ youb
Concept (BSC), highlights reproductive isolation as the defining trait of a-Spguligag that
advantageous mutations can spread within a species without affecting other similar coexisting
speciegQueiroz, 2005a; Shapiro and Polz, 20Ibgrefore, gecies in the BSC arkaracteed
based on gene flow atiekbarriersto gene flovthatdemarcatspecieboundariegMayr, 1954;

Rieseberg et al., 2004)he limitation of gene flow to only reproductively isolated groups allows
adaptive genes to be preferentially shared within that group, resulting ¢oupkngof the

genotype and ecological nictiell the members within apeciegMayr, 1999, 1954)inking an
baodoyesAil A 0600plUpdo0odl y o dostd thedBSC endalbiolégialyp a Cy o
meaningful definitiohunlike the preceding definitions equating species only as arbitrary
rankings based on timeoverall similar propertiegQueiroz, 2005b)An ecological and
genotypially coherent speciedowsit to become the fundamental unit in ecology, evolution,

and other fields of biology.

Understanding gene flow is essential in understanding species in t(idag5a954;
Rieseberg et al., 2004n 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 flgMayr, 1999, 1975; Queiroz, 2005k)th
metapopulations connected through gene flow, a genetic change within a member population
00y Aapgll 06006038 pa+-odoa 6wAaddya ypyAuGdasgpyA o
(Queiroz,2005af pC6g06a‘ 0w060adyod6A gy a+6 066yod odapcC
dyo6 AyoowsoA- bapoAasgpyosalC o6o6ao6v | Adapyo o
populations, mininsing the divergence brought by genetic drift or local adaptation of individual
populations by having a common gene (Rarker 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
populationgMayr, 1999, 1975, 1954; Rieseberg et al., 2004; Slatkin Tt@8pyeferential sharing
of genes within only a populatiortreaseslivergencdetweerdistinctpopulations, which can

further disrupt the gene flow and lead to speciation. Therefore, disruption in gene flow between
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closely related populations is indicative of speciation, meaning identification of these disruptions
can aid in delineating species bounddRest 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 contrasiiaa sonvention 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 fissionedjAchtman 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 tidchtman and Wagner, 2008; Fraser et al.,

2007; Hanage et al., 2005; Polz et al., 2013; Wiedenbeck and Cohdpkatgptes can share genes

not only vertically but also horizontaled. homologous recombination and conjugation), even

from distantly related organism®oolittle and Papke, 2006Yhus, identifying ecologically
meaningful species boundaries in microscopic organisms based on gene flow and aligned to the
biological species concept still presents a challenge to microbi¢tgiats 2002; Cohan and

Perry, 2007a; Shapiro et al., 208 metazoan systematics moved on from phenotypic clustering

to classification with a sound species concept, bacterial systematics, unfortouastebt,

Insteadit 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 cheeddasri
improvements in techniques for cluster demarcatirehner et al., 2005; Cohan, 2002)

1.3. The Operational Definitions of a Bacterial Species

Current schemes for identifying bacterial speresliant on a polyphasic approach of
comparing properties between bactetigle strains. Generally, a polyphasic approach in
identifying bacteria utdes both the phenotypic and genetic properties of bacterial strains being
comparedBrenner 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 cateptire taxa (i.e. genus,
species and subspecisyvhich a particular organism belon@saina 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 conditio(Beier et al., 2015Furthermore, the methods in classifying phenotypic
characteristics can often change between usevaniime as the protocols and guidelines set
by the International Journal of Systematics and Evolutionary Microbiology are constantly being
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improved (Stackebrandt et al., 2002; Wayne et al., 1881) often results in discrepancy in
charactesation. Thus, comparison using genetic data was seen as a more stable alternative than
phenotypic and chemotaxonomic classifications as it can classify strahsstets otliscrete

DNA sequence similarity directly, and it @gectly involves theunit of heredity the genes

(Krieg, 1988; RosselMora, 2006)

Analysis of genetic data provides a distédased methodor measuring genetic
relatedness and delineating specey 6 6y 6yooya p @urredt “plienotypid 0 & 6 a 7 «
presentationDNADNA hybridisation (DDH), Mean Sequence Similarity index and conserved
gene sequence analysis are the most widely used among these.D&IAGISA hybridsation
is the gold standard in demarcating genosiicilarity between pairs of candidate bacterial
speciegRaina et al., 2019; Stackebrandt et al., 2002; Wayne et al.,DNBIPNA hybridsation
UOBOAAAOA O006y06aABd ad600a060y0AA AC 6C¢CyOUpoasyd !
paired nucleotides after thermal denaturatishnson, 1985; Rossél6ra et al., 2011Bacterial
genomes that hybriskd over 70% arebserved tdbelong tothe same bacterial species
identified through traditional phenotypic comparig@wshnson, 1980; Raina et al., 2G®) has
been the threshold for delineating bacterial spéefagne et al., 1987However, DNADNA
hybridisation is cumbersome as it must be performed repeatedly for each pair of bacteria being
comparedRosselléViéra et al., 2011; Stackebrandt et al., 2@02plternate distandeased 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 usashad of 94
95% nucleotide sequence and%®Bb6 sequence similarity, respectively. In addition, it was
shown to correlate with observed DDH values (Figur€Jdiriket al., 2018; Konstantinidis and
Tiedje, 2007; Rodrigud® and Konstantinidis, 2014jeanwhile, 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 makeisS rrn, recA, gyrB, rppB
etc)(Raina et al., 2019 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 backgrouma mutati
rate and, thus, are ideal for measuring evolutionary (ibas et al., 2014 Similar to mean
sequence similarity indices, similarity values of some conserved genes, such as 97% similarity
of 16S rRNAyene 16S rm), have been correlated with DDH val(&ackebrandt and Goebel,

1994) Unfortunately, the correlatiometween these techniques and DDH means that they also
have the same shortcomingsCASADNA hybridsation and possess several problems of their
own.
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Figure 11 Relationships between DNANA Hybridization, Average Nucleotide Identity and6S
rRNA gene sequence homology(A) A comparisorof Average Nucleotide Identity with DRNA
Hybridization values of paired organisms shows a linear correlation between the twowiitii€8/6
homology in DDH corresponding to around th®%% ANIsimilarity thresholdvalue.(B) Meanwhile,
the relationship of ANI values witBS rRNAjenesequencsimilarity is less linear. It also shows that
ANI species threshold values can not easily correlate witt68rRNA genddentity, as several
organisms with >99% 168&RNAgene identityfall below the ANI threshold val€) Similarly, al6S
rRNA genesequence homology compariseith DDH shows that most organisms with>70% DDH
similarity have 99%416S rRNAyeneidentity. However, not all organisms with >99%6S rRNAyene
identity pass the DDH cutoff. Figures from KonstantiaiddsTiedje 2005 (A,B), and Stackerbraauuld
Goebel 1994 (C).

One of the main problems in using sequdrased techniques in delineating species
boundaries is the correlation amderpretation of theoften arbitrarythreshold values with
actual naturabiologicaboundariegJohnson, 1985f-or example, th&6S rRNAenesequence
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.severaBacillus, Stenotrophomonas, Edwardsiella, Actinoragd&nterobactespecies)
exhibit16S rRNA gersequence similarity of >99.5¢anda and Abbott, 2007; Stackebrandt and
Goebel, 1994A similar problem was also observed in mean similarity indices (i.e. ANI and AAl).
Despite utiking newer sequencing technologies alaiger pool of genomes to delimit species
boundaries(Carroll et al., 2021; Jain et al., 2018; RodrBuand Konstantinidis, 20]43everal
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 boundatestrralss

taxa (Jain et al., 201&8)ave been attributed to be likely a product of sampling biasrand
overabundance of genome duplicates from the same gprcrag et al., 2021 hese problems

in delimiting species boundaries are rooted in-DNA hybridisation shortcomings: its high
experimental errorRosselléMora, 2006)and arbitrary cutoff in homology delineat{@ahnson,

1985, 1980) Furthermore, even though these methodssetidjenetic properties to classify
bacteria into taxonomic groups, they still rely on taxonomic references that are often delineated
through phenotypic charactsation and other chemotaxonomic proper{@srroll et al., 2021)

These references may contain several polyphyletic bacteria within a single idedtified 6 o 6 A -
or a monophyletic bacteria split into severd y ¢ whizldnders proper delineation.
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Figure 12 Distribution of ANI valuesof completed genomes across taxa boundarigs 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. ldoveaveral genomes within this range (greens) have been
00adoopavsAdo OA O6pAasgyod AYyoowo6A fAo0pyodeyod a&ap a
imprecision or the need faeclassification of those bacteria. Figure taken from RodifRyuez
Konstantinidis, 2014.

Unfortunately, all these methods for delineating bacterial species do not directly reflect
a speciediological 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 technigues thedthe mutation
rate among bacteria greatly overshadows lateral or horizontal gene transféjaites al.,
1999; Miyazaki and Tomariguchi, 20T%jerefore, these techniques assume that divergence
between sequences can only occur due to the gradual accumulation of point matations
can later affect environmentally advantageous genes and speciation. Of course, this assumption
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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 bacterigdanage et al., 2005; Polz et al., 2013; Shapiro et al., T2E&Jore, 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 resolmetgeboundaries at species and lower taxa levels
(Hanage et al., 2005)hus, a new methaaf 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 similanfmdadynamic properties
of species as seen in metazoans, such as the ability to maintain ecological and genetic cohesion
or to diverge into a separate populatiéohan, 2002; Vanlnsberghe et al., 20P0¢ difference
in the modelsunderstanding of the formation of an ecologically and genetically cohesive
bacterial population stem®m the prevalence of differegéne flow works in bacteriag(tical
descents 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)n 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 ec@yaes 2002,

2001) The ecotype model adheres to the dominance of vertical gene flow in bacterial
reproduction(Cohan, 2002; Palys et al., 199Wich implies adaptive genes reach fixation
within the population through genormade sweeps and clonal expansion (Figure 1.3). A
genomewide sweep occurs when adaptive alleles or genes spread throughout the population
along with its genomic background (tral genes)Bendall et al., 2016; Burke, 2012; Cohan,
2001) Afterwards, a selection event purges-adaptive mutantsallowing only mutants with

the advantageous trait to expand and take over the population, thus forming a genotypic and
ecologically cohesive cluster of bac{@a&han, 2001, 2002; Cohan and Perry, 2007a; Koeppel

et al., 2008; Kopac et al., 20145 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 eukary@ebsan, 2019, 2002)
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Figure 1.3 Periodic Selection purifies diversity in ecotypegA) Bacteria that acquired advantageous
mutations (red cross) can survive a periodic selection (red dasfBjweich can then repopulate and
expand within the populatiofC) These populations acquire new genotypes (red plus, minus and hash)
resulting in increased diversity within the population an@@rexpandnhginto a new ecological role to
form a new ecotypéE) Periodic selection, however, can puifyecotyps diversitypreventing further
divergencavithout affecting other ecotypes. Circle line patterns indaaate&yue 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 neadaptive diverging genoméS8ohan, 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-B3Ahe selective advantage brought by
the adaptive mutation causes the adaptive mutant to take over thatpopthrough clonal
expansion (genomgide 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 navtaktions (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 cydentinues in which periodic selection purifies diversity within the
ecotypes and minisgs divergence within them. Periodic selection within the ecotypes occurs
independenly of each other, thus retaining diversity between ecotypes and their distinct
evoltionary history (Figure 1.3B) (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 genotypicotogiaal cohesion



of a bacterial speci¢Gohan, 2001, 2002; Cohan and Koeppel, 2008; Vos and Didelot, 2009a,;
Wiedenbeck and Cohan, 2011)the ecotype model, maintenance of cohesion in bacterial
populations relies mainly on selection as genwmide 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 accumulatech suggests that neutral cluster forioatis

unlikely in bacterigFraser et al., 2007; Shapiro and Polz, 200f%)s, a positive natural
selection for an adaptive trait is required to produce stable genotypic dlUsteas, 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 ecotyi@ohan, 2002; Palys et al., 199% 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 sepatatedultiple 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 habstbelonging 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)herefore, the ecotype model suggests that the currently described
bacterial: Ay 0i® asrdefapopulation composed of multiple ecotype lineages, which can be
observed as intrapecies genomic variatioif€ohan, 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 BSCIn 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 bacter(&hapiro and Polz, 2014)nlike in the ecotype model, in which
the homogesing property of recombination hinders genemwide sweeps, the ecological
population model recogeis that rather than a problem, horizontal gene flow through



homologous recombination is a mechanism that aids in the formation of ecologically cohesive
populationgFraser 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 gerevel sweeps are as likely to occur as gemadesweeps in the formation

of an ecologically cohesive populat(®endall et al., 2016; Doolittle, 2012; Fraser et al.,.2009)

In genelevel sweeps, adaptive genes spread to fixation within the population independent of the
genomic background (Figure 1A)decrease in gene flow between bactemiaresultin the
formation of gene flow boundarigsat limit the sharing of adaptive genes between bacteria
connected by horizontal gene flpavevalo et al., 2019a; Cordero and Polz, 2014; Fraser et al.,
2007; Hanage et al., 2005; Shapiro and Polz, .Ztdibihg 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 ohorizontal gene flow dominates these populat{@wdero and Polz,

2014; Fraser et al., 2009; Shapiro and Polz, 2014)
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Figure 14 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 populati@).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 chrsigght by a genkevel

sweep of an adaptive gene ummtection (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 refjie28bp identical
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sequences and proximity between bacteria to initiate recombif@atewalo et al., 2019a; Polz

et al., 2013; Shapiro and Polz, 208jiropin recombination frequency can blserved as
sequence divergence between bacteria incremsshus, homologous recombination can be
observed more frequenthetween closely related bacteria. Unlike other mechanisms of HGT,
which utilise mobile elements or bacteriophages to incorporatehoimologous DNA,
homologous recombination is thought to be facilitated by the uptéXdAdfArevalo et al.,
2019a, 2019b; Fraser et al., 2009; Shapiro et al., Z8&ZQusceptibility @nvironmentaDNA

to environmental degradation requitég protection of DNA aslose proximity of bacteria for
uptakeof naked DNAnd homologous recombination to ooduagler et al., 2022 herefore,
ecological populations are formed more easily along closely related bacteria occupying similar
microhabitats.

Tablel1Comparison ofbacterial speciation in varying degrees of selection and recombination

Clonal Population
(rls<<1)

Recombinogenic Population
(r/s>>1)

Stage 1 New nichespecifying variants(s) acquired by mutation, homologous

recombination, or HGT

Stage 2 Ecological separation: new varian| Ecological separation: new varian

spreads in new niche by clonal
expansion

spreads in new niche by
recombination

Stage 3

Genetic separation driven by perioc
selection and drift

Genetic separation driven ggnome
wide depression in recombinatior
between new and ancestral niche

Stage 4

Genetic separation maintained by

further periodic selection and drift

events; lineages are permanently
separated

Genetic separation maintained by

genetic barriers to recombination

otherwise lineages may merge ba
together

Stage 5

Lineages remain ecologically and genetically distinct (at both adaptive

neutral loci) until extinction

Note: Adapted frorf8hapiro and Polz (2014). Caglyt 2014 by Cell Press.

However in the ecological population modéhe 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) (Dalbleager et al.,
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2007; Polz et al., 2013; Shapiro and Polz, .201the ecological population model, both clonal
and recombinogenic bacteria can form ecologically distinct popylaiioeis in different
manners. Asexual and highly clonal bacteria form ecologically distinct populations similar to the
ecotype model (Table)lin 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, 20&xanwhile in a recombinogenic or

c AOCAdO" 1id0Aaob a.p dniwhichihgresambidadon Yate 7s sdch Righer than
selection (r/s>>1)theformation 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 cohegi8hapiro and Polz, 2014)

In recombinogenic populations, gewaptive genes are easily shared between
population members independent of the neutral genomic background (Figuréradey) et
al., 2009; Shapiro and Polz, 2015, 20dywever, 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 betvogteer clusters (Figure 1.4B). This
preferential sharing of genes leads to the formation of a distinct ecologically significant cluster
upon selection (Figure 1.4(hapiro et al., 2012; Shapiro and Polz, 2015,.204d rapid
decline in the recombination rate brought by genetic barriers (i.e. sequence divergence, epistasis
or dispersal) counteracts the homogeg property of recombinatio(Fraser et al., 2007;
Shapiro and Polz, 2018nd can be analogous to how reproductive barriers prevent
interbreeding in a eukaryotic specigbe rsistence of such genetic barriers adlone
maintenance of ecological and genotypic clusters as a distinct unit which would otherwise merge
back as a homogenous clugteraser 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 populatiShapiro and Polz, 2018imilar to the ecotype
model,the absence of selection in clonal populati@sults in genetic drift and extinction.
-08yC+o00"° Abl0b6o0asgpy A 8nAOGYOO @y adopiufigyp.
rate of decline in recombination for an ecological population to form. The formation of an
ecologically distinct clusterrdugh neutral processes in the ecological population model is
unlikely(Fraser et al., 2007; Shapiro and Polz, 2Bd&)evereven with selection, divergence
is not guaranteed if nascent populations are not accompanied or fdijdvaditat partitioning
(Figure 1.4BjChase et al., 2019; Shapiro et al., 2016; Shapiro and Polz| 264 4f habitat
partitioning would allow the homogeimg 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 duminologous 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 hosadiganof diversity within
an ecological population, while its absence leads to the formation of distinct genotypic clusters
in both clonal and recombinogenic ecological populdfoaser 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 populatspesi@s.

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 metazmaessi-urthermore, 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 teltell transfer of genetic material been
bacteria through pili or adhesifhomas and Nielsen, 2003} is often facilitated by
transferring small mobile genetic elements such as plasmids and tranggesetdaygi 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., 2018Yleanwhile, transduction, the process of transferring genetic
material through viral intermediaries, is observed to occur at a much lesser frequency in
transferring ARG¢Volkova et al., 2014; von Wintersdorff et al., 208¥®n though phages
harbour specific families of ARGs in the environr(@amteiBaygi and Smith, 2021)nlike
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., 2009However, 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., 2016Yhe third canonical mode of HGT is natural
transformation, which occurs through direct uptake and integration of environmental DNA
(Thomas and Nielsen, 2008)though natural transformation is limited by the requirement of
natural competence of bacterial cells (i.e. preser@enoECsecretirandrecgenes)Mell and
Redfield, 2014and the persistence of extracellular DNA in the environ(i¢émmas and
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Nielsen, 2005; von Wintersdorff et al., 20b@Yural transformation could acquire ARGs at a
similar rate to conjugatiofZaretBaygi 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 recombifNdviok 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 nonrhomologous recombination), thereby acquiring novel functions or throtgjbgmus
addition(Schaller et al., 2021; Soucy et al., 20%8plogous addition results in the acquisition
of copies of genes from duplication evé@tendzenski et al., 2006; Soucy et al., 208)ke
the acquisition of novel genes or gene copies in these additive gene transfers, replacement gene
transfer or xenologous recombination is observed to be more fréGhenet 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 bacterfHua et al., 1997; Novick and Doolittle, 2019; Olendzenski et al., 2006;
Shapiro and Polz,20%5) | 6 6sagpyodaaC: &a+6 060U pbd ypadd
cost may facilitate faster integration of replaced g&tmsck and Doolittle, 2019)

In ecological population theory, the formatioraaflogically and genotypically coherent
populations through gerevel sweep is attributed to frequent horizontal gene flow, whether
homologous or nehomologous recombinatig@ordero and Polz, 2014; Shapiro et al., 2016;
Takeuchi et al., 201%Jowever, 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 populati(@hase et al., 2019; Hulter and Wackernagel, 2008; Mell
and Redfield, 2014lReplacement 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 acquiriageseor g
functions(Novick and Doolittle, 201®leanwhile, homologyndependent 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
adaptatbn to new ecological niches by the bacterial popul@tiei and Redfield, 2014)
Therefore, novel niches are acquired through geographical expansion and acquisition of novel
functions through notmomologous gene transfer in a single or few bachertithesegenea get
fixed throughout the populatigorimarily through homologous recombination or genamce
expansion, resulting in a novel ecological population.
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1.5.  Ecologically Significant Units in Natural Environments

4+6 00pacCyo upo6od- A aodlgdyod py a+o6 Cogob
mutation greatly outperform recombination allows it to be one of the most widely used models
to describe ecologically significant units in bactBeadall et al., 2016; Cordero and Polz, 2014)
4+0 Opulpy ypaepy pd +pasgécpyadd o606yo6 dapC A
theideaofgenom@g 66 ACOOVy A" Oploydya apao sy AdO0&0A
Bacillus SynechococcasdChlorobiunshow the formation of ecologically distinct populations
under positive selection and genewide sweeps, suggesting agreement with the ecotype
model (Becraft et al., 2015; Bendall et al., 2016; Kopac et al., RD1H¢ Bacillusand
Synechococcstudies, 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 environmstnitalittbns and
response to environmealtperturbations(Becraft et al., 2015; Kopac et al., 20Méanwhile,
Bendal (2816)time-series study aEhlorobiunmshowed the first direct evidenceaafatural
bacterial populatiorundergoing genomeide selective sweeps. Throughout the eight
study, a significant loss of neutral SNPs and the increase in the abunddewaesefect genes
indicate that the population is undergoing purifying selection, thus preventing ecological
divergencéBendall et al., 2016; Cohan, 2016)

However, observations frammong the other 28atural bacterial populatiorxhibited
different gene flow patterns in which genewide sweeps do not strictly follow the predictions
of the ecotype model. In the same BéndaB16)study ofChlorobiumthe other populations
undergoing genora&ide 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,ctiele undera soft sweep favours several
persistent genotypes that could have acquired advantageous genes independently or through
intra-population recombinatiofMesser and Petrov, 2013pft sweeps are more likely to occur
when there is a long time between selection evevriieh allows for a greater chanae
acquiring advantageous genes. Lack of a complete purge-pbjmtitation genomic diversity
in Salinibacter rubeand Haloquadratum walsylbpopulations 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 ecotypg ¢hedoe found in
Synechococcus and Chlorobium populatidhs.Synechococcusd Chlorobiumecological
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populationswere previously observed to go under genotde sweep¢Becraft et al., 2015;
Bendall et al., 2016ut also exhibit high intr@opulation diversity brought by large genome
regions sweeping independently through some populgeriall et al., 2016; Rosen et al.,
2015) At least irSynechococcusxtensive 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 regi@itiler and Carvey, 2019he @currence of both
genomewide sweepand genespecific sweeps in similar bacterial tanggests thiarger role

of recombinatiomn maintaining ecologically distinct populations.

Q¢

An accompanimeritp a+6 o6opacCyo upéoa’ a<+o6 .! 60y
that recombination events are still compatible with genwide sweeps and periodic selection
in the formation of ecologically distinct populatig8shan, 2016; Wiedenbeck and Cohan,
2011) This model suggests that rarely, adaptive mutat@msonfer 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 homotag 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, glpbebdic selection targeting this adaptive
mutation results ina loss of divergence both between and within ecologically distinct
populations or ecotypes (Figure 1.8han, 2016)Thus, rare recombination events can still
maintain cohesion and prevent further divergence between different eq@yppes, 2016;
Majewski and Cohan, 1999; Melendrez et al., .20b& results in the formation of a
metapopulation of ecologically heterogenous ecotypes, which can be observedEiesra
genomic heterogeneiffCohan, 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 pdidaaon2011;
Melendrez et al., 2016; Wiedenbeck and Cohany2011% 6 gagpydsaaC* gy &a=+0o
, p0od0-. (Hpvélévieeps dredsyggested to occur due to rapid diversification, like those in
generalist heterotrophic populations occupying new energy sources. In contrast;\eleome
sweeps are more likelto be found in ecologically homogenous clusters such as-energy
constrained photoautotrophic populatig@e®han, 2019, 2016)

16



Single “Species”

Ecotype 1

Ecotype 2

—> : Horizontal Gene Transfer (HGT) X : Advantageous Trait-conferring gene

Figure 15 Rare recombination events between ecotypes preserve inspecies genomic variation.

(A) Advantageous mutations often appear in a single ecotype and sweep through its own distinct
population before being recombined into another ec@®pehich allows it to survive a similar periodic
selection.(C) The bacteria that acquired the adaptive mutation can then expand within its own
population. The heptagaolourindicates 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.

4+6 .1 60ya 'oapadaacCe loa ,poosaacC. upooa
between ecotypes allows a much simpler explanation than the recurrent recombination events
proposed byhe ecological populatiomodeland agrees with the supposed rarity of bacterial
recombinatior{Cohan, 2019, 2016; Melendrez et al., 26i8yever, such a model provides an
additional layer of complexity in which inf@spulation recombination would be frequent to
allow horizontal gene flow but rare enough at hpopulation levels to allow genomwele
sweeps to form ecologically distipopulationgdBendall et al., 2016; Cohan, 20TI8)js model
and the overarching ecotype model insist that genvae 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 horizgated flow and geHevel sweeps in natural
populations, it would be better to describe bacterial speciation as a spectrum ofwgdeome
and gendevel sweeps depending on their rate of horizontatimmeA highly clonal bacterial
population would be are inclined to undergo genomgde sweeps, while getevel sweeps
occur more likely in recombinogenic populati(Bendall et al., 2016; Fraser et al., 2009;
Shapiro and Polz, 2015)

Recent studiesn homoplasies irsequenced genomes belonging to the same species in
the NCBI database have shalmost half of named species undeguatinuougecombination
across differenstraing while a quarter of named species exhibit sHegontinuities in gene
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flow betweertheirmembergBobay and Ochman, 201These obserdeariations ingene flow

in named species supptre facthat bacterial speciation is on a spectriherefore, 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 populbkierthe
ecological population model. As previously discussed, the ecological population rsexlal utili
method in which species are delineated solely based on discontinuities in tltahgeatical

and horizontal gene flow) without the need to identify the ecological niche or habitat of the
populations beforehan@revalo et al., 2019b, 2019a; Shapiro et al., 2009; Shapiro and Polz,
2014) With genetic isolatioras itsprimary criterion, the ecological population model can
delineate both recombinogenic and clonal populations without prior knowledge of their
recombirgenicity or the lack there(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 t@biting bacteria allows for the demarcation of ecological populations
(Arevalo et al., 2019a; Shapiro and Polz, 20hé)hack 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 r@obinogenic population, the analysis of the change of gene flow
between population members needs to be more seadtias there could be just a decrease in
horizontal gene flow and not its total absence (Figure Bkie/Green). Demarcating
ecologially distinct clusters among recombinogenic bacteria necessitates the identification of
the intensity of recent horizontal gene fidgwevalo et al., 2019a; Shapiro et al., 2012)

wm : Horizontal Gene Flow

Figure 16 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 usingcthralvined regions or genes would result

in a genotypically coherent topolo@yrcles denote bacteria with distinct genomic backgrounds, with
numbers denoting the number of bacteria sharing that distinct genomic background; Colours indicate
distinct ecologal 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, Vanlnsberghe 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 methodgi.e. nucleotide composition, oligonucleotide frequencies,
structural featuresand phylogenetic studies that identify genes or loci that significantly differ
from surrounding regions or genomic backgrounds in terms of their seqeemposition and
evolutionary historyBecq et al., 2010; Ravenhall et al., 20U&) these methods, horizontal
gene transfers can be identified between distant bacteria, with up to around 25% genome
similarity (Ravenhall et al., 201%)nlike HGT between distantly related bacteria, homologous
recombination occurs between closely related bacteria that often occupy similar habitats to allow
efficient uptake of transferred DNRraser 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 patterngMeziti et al., 2019; Shapiro et al., 201@ntification of recent
homologous recombination, however, could be difficult using shared sequence signatures as it
may not be possible to disentangle it from historical recombir{atiemalo et al., 2019a)his
is unfortunate asralysis of recent recombiian is needed taccuratelyelineate ecologically
cohesive populations under selective pressure. Therafmethod 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 géAoevalo et al., 2019b)
Differentiatng recent gene flow from the overall gene flow allows for the precise demarcation
of ecological populatiores historical gene flow can blur population bound#esalo et al.,
2019a; Shapiro et al., 2012Zhe PopCOGenT method se8i a pairwise comparison of entire
genomes to identify all recombining regions irrespective of whethmpailation members
share them. This method takes into account that preferentially shared genetic materials of the
whole population as populatiaiifferentiating genes have been observed in both the core and
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flexible genomeg¢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 identigginomic regios 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 trafBtling et al., 2004; Minkin and
Medvedev, 2020)As SNPs randomly interrupt a stretch of DNA, long LCBs between two
genomes would be less observeatbimrecombiningorganisns (Vaninsberghe et al., 20200
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 rémion3blPs. 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 bautetizerefore predictedo have a
higher fraction of long LCBsa genome alignmettian non-recombiningoacteriumgenomes
(Figure 1.7BndFigure 1.8(Arevalo et al., 2019a; Vaninsberghe et al., 2020)
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Figure 17 Locally Collinear Blocks between recombining and naecombining 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 siiB)dtherefore, genomes of recombining strains

(B) should exhibia higher frequency of longer homologous regit@s 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 cetegwther compared
organisms are from recombinogenic or clonal populatfresyalo 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 populagampg/ibrio cyclitrophicusSulfolobus
islandicus, and recombinogenicSalmonella enterigadiffers from norrecombinogenic
populations, which follows the null model for a highly clonal bacteria (FiguréArs8/A)o et

al., 2019a)The increase in length bias for mecombinogenic bacteria as compared to the null
model could be based on either low levels of previously undetected recombination in the model
organisms used or ahigher number of genomic regions with decreased divergencetidee to
effect of purifying selectipwhich scales with both genome and population(8izvalo et al.,
2019a; Bobay and Ochman, 2018)differentiate between undetected recombination or effect
of purifying selection, the PopCOGenT methodastifi genome siagljusted model to set the
lower bound for detection of recombination based on the trend of moe&aoonbinogenic
populations (Figure 1.8BArevalo et al., 2019b)
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Figure 18 Length Bias distribution in known recombinogenic and nomecombinogenic populations.

(A) Known norrecombinogenic populations (dash line)Baichnera aphidicola, Francisella tularensis,
Corynebacterium pseudotuberculasid Salmonella entericdnow similar distribution of length bias as the

null model of mutational accumulation, while recombinogenic populatiSaghodnella entericulfolobus
islandicusand Vibrio cyclitrophicushows considerable deviation from the null model (solid (BeNon
recombinogenic populatis(circles) also follow a linear trend in which the length biadeotical 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 repsent an interquartile range of length bias. The solid grey line represents fite best
linear regression of length bias against genome size ferecombinogenic strains, while the dotted grey

line is the upper bound of the 90% prediction interval oflittear 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 1.9ertiicgly id
genomesgenomes with less than 0.0355% divergestoeeas determined using known non
recombining model genomese collapsed into a single node as clonal complexes. Meanwhile,
edges of clonal complexes with other genomes are estimatednesthmeasured length bias
between each member of the clonal complex and the other genomes (Figrevhi®)et al.,
2019a) These clusters of gefiew 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(Ar@yalo et al., 2019a; Vaninsberghe et al.,
2020)

Prochlorococcus populations
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@ CN2-C2

B CN2-C3

[CJCN2-C4
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Figure 19 Horizontal gene flow network of Prochlorococcus bacteriBacterial genomes (nodes) that are
connected to each other through gene flow (edges/lines) form a cluster that is categorised as an ecological
population (same calg. These clusters afcological population aligned similarly with the ribosomal
reference tree (left panel) with deviations in some populations such-&1OMaich is observed to be spread

out in the ribosomal tree. Black and grey coloured edge lines denote gene flovandithietween
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 adl@entification of DNA regions transferred both
in core and flexible genom@gevalo et al., 2019d3ecent horizontal gene transfer in the core
genome alone is presumed to have slower evolutionary turnover as it occurs mainly through
homologous recombinatiaiiNovick 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 lossaaldition (Arevalo et al.,, 2019a; Cordero and Polz, 2014)
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However, recent studies have shown that core genome couldahagber degree of
homologous recombination to maintain population cohgesgibite flexible genorseare more

likely to experience gene gain/loss for a rapid adaptation to environmentéNouviek and
Doolittle, 2019; Preska Steinberg et al., 2008 identification of gerdevel sweeps in the
flexible genome is derthrough a simple presence/absebased 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 giewel sweeps in core genomes, windows of 168 SN
were used to scan the whole genome alignments of a population cluster for {papotation
nucleotide diversity regions. These regions were used to construct phylogeneticsgasst

for genes or regions that would create monophyletic clades that match the distribution of
genomes in all population clustétsevalo et al., 2019&8hus, deles that are found only within

a monophyletic population but not in others are consiqerpdlationdifferentiating alleles.

The genes from regions that swept both the core and flexible components of the genome
can now be used for a reverse ecology an@ysigalo et al., 2019a, 2019a; Vaninsberghe et al.,
2020). Populatiordifferentiating 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 diregtyticbgreptide
and protein structure of the genes and thus affesit function but they can also be subtle,
suchas changes in codon bias or transcription factor activation. A thorough study of the SNPs
effect €.g.,proteinligand 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 populatifiarentiating markers for ecological and environmental
studieg(Arevalo et al., 2019b, 2019a)

1.5.2. Mode lling ecological populations

Exploring the biological properties that afieoblogical populationformation is best
done by studying whole genomes frormabiting closelyelated bacterial populatiotisashtan
et al., 2014)These bacterial populations are ideal for exambanterialspeciation driven by
discontinuities in gene flow as cohabitatemd the close genetic relatedness affects efficient
homologous recombinatigArevalo et al., 2019a; Shapiro et al., 2012; Shapiro and Polz, 2015;
Vaninsberghe et al., 2020; Wiedenbeck and Cohan, Pabidats with discretespatial
variations in their environmental conditioosdrastic variations across timee also ideal for
examiningbacterialspeciationas varying degrees of environmental shifts are correlated with
selective pressure that leads to bacterial specig€@ssen and Rainey, 2004; Rainey and
Travisano, 1998; Weltzer and Miller, 2013pwever, such isolates are currently lacking
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primarily due to difficulties in obtaining intspecific heterogeneity representative of the
environment.

1.5.2.1. Acquiring non -enriched genomes

Isolating cehabiting closely related bacterial genomes for studying ecological
populatiors is significantly moreomplexthan traditional isolation of type strains or species.
The genomes and bacteria isolated should be axenic to sminontamination, which could
add falsgpositive SNPs and hinder the identification of locally collinear blocks. At the same time,
isolated genomes must capture and reflect the-smtegies diversity of the-babiting natural
bacterial communities. Traditional enrichmeeathniques used to isolate type strains and
species cambscure thstudyof intra-population diversity anelcological populatiois bacteria
asanenrichment step can inadvertently select traits and genes favouring one or two genotypes,
which canpotentially mask intrapecies diversitfBoynton and Greig, 2014; Steensels et al.,
2019; VaMoreira et al., 2011)

Other nonculturing methods (metagenarasembled genomes and singtll
amplified genomes) that reflect the environmeefiacterial diversity can also have other
potential downsides. Metagen®assembledgenomes (MAGSs) can provide higher throughput
and a more accurate picture of community diversity than traditional culturing techniques
(Alneberg et al., 2018)lowever, MAGs assembled using stead sequences can often form
chimeric genomes, which can mask the SNPs and thespettaes genomic diversity of the
genomegSangwan et al., 2016Jinglecell amplified genomes (SAGs) can better reflect the
intra-species genomic diversity of the natural bacterial populations balscanave its own
disadvantage@\neberg et al., 2018 AGs allow higthroughput isolation of genomes but are
expensive to perform and require higimality genomic DNA to yield a gapdglity genome
(Stepanauskas, 2012jowever, it can also result in highly discontiguous genomes, hindering
the efficient identification of LCBs and ecological populéliooel 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 hypoteegiby 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 diltnetieéngrowth media.
The serial dilution is done to ensure that the last well with growth comes from only a single cell
and maintains an axenic bacterifidenson et al., 2020; Yang et al., 2086) 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 @iffegenomes, 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).

1.5.2.2. The Taup3z Volcanic Zone

Understanding biological systems and their processes is often done by examining the
extremes or edgeases that highlight deviations from the norm, thus providing insights on how
the normal processes or systems wWBdrezGracia et al., 201L(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 andhhioe(Oliverio et
al., 2018; Power et al., 2018; Sharp et al., Z0id different level of environmental variability
in geothermal springs acts as a selective pressure that shapes the structure and dynamics of its
bacterialcommunities, which is ideal in testing models of population divergence and cohesion
(Kassen and Rainey, 2004; Rainey and Travisano, 1998; Sharp et alJriikidderrestrial
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., 2018The 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) astly, horizontal gene flow has been documented to occur
frequently inbacteriacommunities for geothermal sprin@@ichsman et al., 2017; Klatt et al.,
2011; Ward et al., 2018)

4+0 40AYT 6p0OdYBO :pyod ~46:”" @A d o6o0papc
Island of New Zealand and rich in geothermal features ideal for studying bacterial speciation.
The subduction in the Pacifstralian plate tectonic boundary causésnse magmatism
resulting in deep groundwater convectiand the formation of the geophysically and
geochemically heterogeneous geothermal features in th@PoWer et al., 2018peveral of
these geothermal features experience temporal variabggyltingin changes in bacterial
composition(Scott, 1994; Ward et al., 2Q1F)rthermore,a wide range ofnvironmental
variability can be observed across the geographically dispersed f@dweset al., 2018)
Temporal variatiogin various environmental parameters are idealnderstanding bacterial
communities' diversification and speciatiiashtan et al., 2014)herefore, the TVZ
geothermal sites would also allow observation of the ecological populeEspmnse 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, memberdaiificotapresent themselves as a
suitable model for the observations of genel and genomeide sweeps and the study of the
formation of ecological populations. The phyAguifiotaand members of ordéquificales
and Hydrogenothermalesominate a largaumberof the geothermal springs in TVZ, with an
average of 31% relative abundance across the springs s@pmpled et al., 2018pDut of the
19 described genera Aduificota six are found to bprevalentey a+6 40AyY T 6p 00
HydrogenobactelhermocrinisSulfurinydrogenibiummand among them are three of the most
abundant genera in the TVZ, nama&lgnenivibrip Hydrogenobaculupand Aquifex Most
Aquifiota species are obligate chemolithoautotrophs that solely utilise oxidation of hydrogen
gas (H2) and sulphur species as electron donors for energy prodGetpia and Lali, 2013;

Huber and Eder, 2006; Hugler et al., 2007; Reysenbach withil&)coupleshowng potential

limited heterotrophic capabilitieg.Q.,Thermocrinis rubeandHydrogenobacter subterrangus
(Huber and Eder, 2006; Takai et al., 20@Quificotathrives primarily inthermophilic or
hyperthermophiliconditions from40°C and up to 95°C for sosgecie$Gupta, 2014; Huber

and Eder, 2006; Reysenbach, 20Additionally,the genome size ots membersis very
compact andanges from around X2 million basegKawasumi et al., 1984; Waber and
Hartmann, 2019)Their relatively high abundanaadhighly limited growth parameters would

allow precisely targeted isolation without enrichment, which was previously discussed as needed
to generate higlguality genomes for PopCOGenT analpsevalo et al., 2019a, 2019b)

Members othe phylumAquificotaare also edgeases by themselves in terms of their
evolutionary history and ecology. Phylogenetic studkesudfcotehave shown that its position
is highly variable within the universal tree of (Bzown, 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 n@@ermotogaln contrast, conserved sequence indels and GC
content ofdnaK rpoCand other genes indicate the phylum to be late branching and closely
grouped to Epsiloproteobacteriand Bacteroidete@Boussau et al., 2008yhese phylogenetic
discrepancies have been attributedhmancienthorizontal gene transfer of many essential
genessuch as thern operon, ribosomal proteinE~TuandEFRG genes which are needed for
adaptation in thermophilic environmeriGupta, 2014Recent studies also shawigh degree
of linkagedisequilibriumand prevalence of mobijenetic elemenitsthe genomes ttiegenus
Hydrogenobacter sfrom natural bacterial communitigBowers et al., 2022However,
horizontal gene transfer in highly specialised organisms suégudsota should have a
significant fitness benefit to counteract the considerable risk gfsd@Tas recombination of
maladaptive or disadvantageous genes and afiadlesrimental to very compact genome and
energy production mechanisfgis-Brosou, 2005; Jain et al., 1999; Novick and Doolittle, 2019)
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1.5.3. Generalisability of Ecological population t heory

Previous studies on delineating bacterial populations through horizontal gene flow or
genespecific sweeps have been primarily done on heterotrophic bé&tevialo et al., 2019a;
den Bakker et al., 2008; Szabo et al., 2013; Wang et al., 202#)se with metabolic
redundancie$Whitaker et al., 20059nd minimal energy stre¢kashtan et al., 2014; Ward et
al., 2018) The ecotype theory asserts that horizontal gene flow anggeriéc sweeps are
more likely to occur in ecologically heterogeneous populations (i.e., heterotrophs) brought by
their ability to switch metabolic strategies or ecological nighaisan, 2016)Meanwhile,
ecologically homogeneous populations with very narrow living conditions (i.e. specialised
chemolithoautotrophs) are less likely to undergo gene flow and reach fixation within the
population solely through genomede sweepg$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 entrendeetures are less likely to undergo
modification(Aris-Brosou, 2005; Jain et al., 1999pdifying highly connected features can
lower fitness costs brought about by maladaptive mutations or disadvantageous recombination
(Novick and Doolittle, 2019)

4+06 o6opacCyoe a-opaC A O0AAdaaspyA Aagdld aod
adhering to ecological population theory are in nature. Two methodologies can be employed to
address this question. One method is to perform an extensive examinatarisiBobay and
/] o+udy A AaA6C ~“aswe” py O60ypudA sy . #") 006
across varied environments, ecological niches and diverse taxa. However, this method can be
laborious and highly expensive. Alternatively, challetiggngssertion of genorrede sweep
restrictions in ecologically homogeneous populations would suggest thapeefie sweeps
can occur in broader categories than previously thought. The logic is thasipeefie sweeps
occur in unlikely populationsuch as chemolithoautotrophs, then horizontal gene flow and
00plGp6oOd0 ypyAUGdEaAspy a+6paC A OSAAdadgpy pi
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 reviéwropose that even with edgase organisms
like Aquificota ecological populatiosan formin natural communitieghroughhorizontal gene
flow. Therefore, tis research aims to examinbether! A A g & ecdldyigabpoplilations from
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natural bacterial communities can be delineated through horizontal gene flow and investigate
whetherthese populations exhibit ecological and evolutionary pattexharecoherent with
the BSC.

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

This chapter aims to answewhether intra-species genomic variations in
chemolithoautotrophidAquificota bacteria innatural communitiesare connectedthrough
horizontal gene flomUsinga highthroughput dilutionto-extinction methodwvith minimal
enrichmentl isolatel closelyrelatedco-habiting populations @&quificotdrom TVZ geothermal
poolsto test the null hypothesis thatjuificotgpopulationsio notundergo horizontal gene flow
(or genelevel sweepsilue totheir metabolicinflexibility. Nonenriched axenic isaies of
Aquificotabacteriawere sequencednd used for comparative genomic analysis to investigate
intra-species genomic variations in natukglificotapopulationsThe pesence of horizontal
gene flowthrough homologous recombinati@md analysis othe population structure of
Aquificotebacteriaveredetermined 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 daaptivanechanismsitilised byAquificotebacteria in
responsdo ecological shift§hrough ayearlong longitudinal study, | texd the hypothesis
postulated bythe ecotype theory in which metabolically constrained organisms such as
Aquificotabacteria respontb ecological shiftsolelythrough genomevide sweepgCohan,
2016; Majewski and Cohan, 199%) test thisnull hypothesis, Isolatedand sequencech
habiting Aquificota bacteria from TVZ geothermal pools experiencing shifts in their
environmental conditionand determind changes in their intrpopulation diversity and
population structure using comparative genomic analysis AN. and PopCOGenT).
Furthermore, utilisedmetaggnomicanalysido examinghe changes in thelativeabundance
andintra-populationdiversityof Aquificotgpopulations imatural bacterial communities.

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

Chapter 4ims tounderstand the rolef nonhomologous recombinatiamthe bacterial
speciation oAquificotabacteria motivated bythe previously observed abundance of mobile
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genetic elements iAquificotabacteria(Bowers et al., 2022With the assumptiorthat
homologous recombinatias the primary mechanism in the formation of ecologically and
genotypically distinct pofations delineated byorizontal gene flowWArevalo et al., 2019b;
Shapiro et al., 2012Yhis chapteraims to test the hypothesis thatnon-homologous
recombinatiormechanismslsoplay a significant role in horizontal genevildriven bacterial
speciationin Aquificotabacteria Thus,| compare the abundance of mobile genetic elements
between recombining and clonal populationAafificotato determine correlati@between
MGE abundance and a recombining population struétdditionally | identifiedhorizontally
swept geneassumed to be driven by homologous recombination and cahntipairespatial
and functional overlapith mobile genetic elemenamd bacterial host defence systems (i.e.
CRISPFas) thategulate agairisnobile genetic elements.
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CHAPTER 2: Gene flow boundaries delineate natural
bacterial populations of Aquificota

2.1. Abstract

Defining and delineating a biologically meaningful definition of a bacterial species is
impeded by our poor understanding of gene flow and the mechanisms that form an ecologically
cohesive population in natural bacterial communities. Competing modeiteafibapeciation
proposed differing mechanisms (i.e. gspecific and genonwide sweep) for forming
ecologically cohesive populations based on the prevalence of horizontal gene flow.
Unfortunately, the prevalence and role of these mechanisms in matcteial communities
are still not fully understood. Examining the general applicability of these mechanisms in natural
bacterial communities requires an understanding of the role of horizontal gene flow in the
formation of ecologically cohesive popatei especiallyn unlikely situations such as in
chemolithoautotrophdHorizontal gene flow and gespecific sweeps are suggesteoketimost
unlikely to occur in ecologically homogeneous populations such as chemolithoautofrokhs as
of metabolic flexibilitganimpart a high risk of deleterious consequences during horizontal gene
flow. Therefore, metabolically limited bacteria are often assumed to have minimal horizontal
gene flow and form ecologically cohegiopulations through genonvade sweeps. In this
study, | use thermophilic chemolithoautotrophic hydramedising Aquificotabacteria as a
model to test this hypothesis. Using a novel-thighughput isolation technique with minimal
enrichment, | isolated dwabiting closely relateduificotébacteria. | sequenced their genomes
to examine the role of horizontal gene flow in forming isp@cies genomic variations.
Phylogenomic analysis reveals three digtioptilations of the undescribed gebBA11096p.

Analysis of population heterogeneity and recent horizontal gene flow showed the populations
have a high variation of intrapopulation heterogeneity driven by varying degrees of horizontal
gene flow. Population structure analysis also showed Abalficota populations were
comprised of both clonal and recombining bacteria. The presence of both clonal lineages and
horizontallylinked clusters of bacteria within a closely related taxa indicates that interplay
between genspecific and genonwide sweeps simultaneously drives the formation of
ecologically cohesive populations in natural bacterial communities. Additionally- the co
occurrence of both mechanisms in Aquificota suggests the generalisability-sgegdite
sweeps as a mechanism of giem across bacteria.

39



2.2. Introduction

The Biological Species Concept (BSC) is the most widely accepted concept of speciation
for sexual metazoafBarker and Wilson, 2010; Queiroz, 200B8afortunately, there is no such
universal definition for bacterial spec{gtanage et al., 2005; Queiroz, 2005bhe major
hurdle is our lack of understanding of the role of different gene flow mechanisms in the
formation and delineation of ecologicatiesivédacterial population@ayr, 1999; Petit and
Excoffier, 2009; Queiroz, 2005%)ithout a clear understanding of the formatioeaafiogically
cohesiveopulations, longstablished ecological theories cannot be easily applied in microbial
ecosystemShoemaker et al., 2011%) sexual metazoans, the formation of ecologarilysive
populations is linked to reproductiiiajewski, 20019ince adaptive genes are vertically passed
from interbreeding parents to their offspri(@@ohan, 2002; Eldredge, 1986; Mayr, 1982; Nosil,
2012) As such, divergence often accompanies ecological differentiation in sexual metazoans;
thus, phenotypic and genomic similarities can be used to delineate ecologiezglye
populations(de Queiroz and Donoghue, 1988; Zuckerkandl and Pauling, He@é®ver,
identifying ecologicallyohesivgoopulations in bacteria is more complex since they can acquire
adaptive genes through both vertical and horizontal genéGlatvan, 2002, p. 200; Cohan and
Perry, 2007b; Koeppel et al., 2008; Shapiro et al.,.ZDA@Ent studies on the genome sequence
diversity of natural bacterial communities show that bacteria form into seelisocte
populations an ecologicallgohesivand genotypically distinct population akin to a eukaryotic
speciegJain et al., 2018; Konstantinidis et al., 2022; Rodriguetzal., 2021Yhe process of
their formation is still often debat¢@ohan, 2016, 2002; Hanage et al., 2005; Vaninsberghe et
al., 2020) Even with the increasing observations of sequgisceste populations, the role of
horizontal gene flow in their formation in natural bacterial communities is still in question.

Sequencéiscrete populations have been observed to form through both the interaction
of mutation and selectiaofBecraft et al., 2015; Cohan and Perry, 2007b; Smith et al., 2006;
Wiedenbeck and Cohan, 20dijliscontinuitiesn horizontal gene floChase et al., 2019;
Fraser et al., 2007; Friedman et al., 2013; Hanage et al., 2005; Shapiro and Polhe2015)
prevailing ecotype theory suggests that horizontal gene flow is rare in natural bacterial
communitieg(Cohan, 2016; Majewski and Cohan, 1998%ler this theory, the formation of
sequenceliscretepopulations occurs through gencmiele sweeps in which periodic selection
allows an adaptive mutant to survive and clonally expand within the popdlaioming a
genetically and ecologically cohesive cluster or ecotype. In rare instances, recoeNmsgion
allow an adaptive mutation to be shared across multiple ecotypes. Thus, multiple ecotypes
survive similar selection events and lead to what can be obsemed@spulationgenomic
diversity(Becratft et al., 2015; Bendall et al., 2016; Cohan, 2019,l20@2yer, several studies
have shown that horizontal gene flow can maintain genotypic and ecological cohesion in
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bacterial populations through gesgecific sweep&adilleQuiroz et al., 2012; Fraser et al.,
2009; Hanage et al., 2005; Shapiro et al., 2012; Shapiro and Polzi2dilléyels of horizontal

gene flow, particularly homologous recombination, allowgieeafic sweeps in which adaptive
genes are preferentially shared with bacteria linked through horizontal gene transfer (HGT). A
variation in gene flow (i.e., genevilbarriers) can limit the spread of adaptive genes and lead

to the formation afequencealiscretepopulationgArevalo et al., 2019a; Cordero and Polz, 2014;
Fraser et al.,, 2007; Hanage et al., 2005; Shapiro and Polz, tdr&fore, the competing
ecological population theory suggests that ecologically distinct and selseete
populations should only be delineated based on discontinuities in gene flow, termed ecological
populations (either vertical or horizontéordero and Polz, 2014; Dykhuizen and Green, 1991,
Fraser et al., 2009; Shapiro and Polz, 20Rérent studies have shown evidence for- gene
specific and genorweide sweeps occurring in many bacterial communiiesvalo et al.,
2019a; Bendall et al., 2016; Chase et al., 2019; Olm et al.,TP@kOprevalence across all
bacterial taxa and nature is still in question.

Unfortunately, a survey for the dominance of ggpeeific or genomeide sweeps in
diverse natural bacterial communities would be an enormous challenge. In situ studies of ecology
and evolution require larggcale sampling, spatially and temporally, tooawt for the
complexity of the natural environmg(ftorde et al., 2008; Jessup et al., 2004)s is further
complicated by the previous difficulties in obserwimgroscopic bacteria's phenotypic
characteristics and ecological nicffshtman and Wagner, 2008; Palys et al., 1997; Shapiro et
al.,, 2009) As such, model systems are used to create a simplified but generalisable
understanding of biological systems and procddsesup et al., 20040 studying natural
environments, biological edge cases are ideal model systems as they operate in extreme
parameters that test the limits of living systems and provide insights into uncommonly observed
evolutionary or ecological proces¢RérezGracia et al., 2010 herefore elucidatingthe
mechanisms of ecological differentiation requires an edge case model that would be able to
demonstrate the importance of horizontal gene flow in microbial speciatioh, as
chemolithoaudtrophic bacteria. Ecotype theosyggests that in ecologically homogeneous
populations such as chemolithoautotrophs horizontal gene flow and gene level sweeps are
inflexibility, is arguedo hamper horizontal gene flow as it could leadetmmbination of
disadvantageous or maladaptive genegim entrenched genes such as the energy production
pathway(Aris-Brosou, 2005; Jain et al., 1998)addition to metabolidimitations a modeto
test ecological population theormgust also thrive in discrete habitats with multiple
environmental factors undergoing a high degree of variability since these habitats favour
microbial differentiation and the formation of ecologically distinct populdi@ssen and
Rainey, 2004; Rainey and Travisano, 1998; Weltzer and Miller, 2013)
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Earliest observations on the role of horizontal gene flow in population formatien w
seen irthe facultatively chemoheterotropbidphuroxidizing archaean isolatesSilfobolus
islandicusfrom hot springs, showing that purgingionfrapopulationdiversity after selection
events was prevented by high homologous recombir@tibitaker et al., 2005)Since then,
there have been many studies using autotrogtgc,ChloroflexiProchlorococciyspathogenic
(i.e.Salmonellg and frediving bacteriad.g.,Streptomyces, Vibrio, Listeaad etc.) forming
ecological populations through horizontal gene (Anevalo et al., 2019a; Bendall et al., 2016;
Bhatia et al., 2023; Chase et al., 2019; Chen et al., 2022; den Bakker et al., 2008; Hunt et al.,
2008; Szabo et al., 2013; Wang et al., 2022; Ward et al.,;120d@)yer, unlike most bacteria
with multiple metabolic options, studies on the effect of horizontal gene flow in bacteria with
limited metabolic redundancy aearceHighly specialised bacteria lacking the ability to switch
resources or niches wesepposedo have a lower recombination rtos and Didelot, 2009a)
6A0 &ap aodopungydagpy A +(@chand2D160 -5y 00 pd d 66

Here, | presenthemolithoautotrophigquificotabacteria from geothermal hot springs
in the Taupo Volcanic Zone as an ideal edge caseafoming the mechanisms of microbial
differentiation. Natural bacterial communities in geothermal hot springs have often been used
to examine microbial diversification and dispersal the(Besraft et al., 2020; He et al., 2023;
Podar et al., 2020; Ward and Cohan, 2008 extreme range and discrete nature of the
geochemical and geophysical conditions (i.e. temperature and pH) of these springs limit the
microbial diversity that can thrifeouca, 2021; Oliverio et al., 2018; Sharp et al., 2014; Ward et
al., 2017)and fluctuation in these conditions often result in shifts in microbial community
structures(Power et al., 2023, p. 202; Wang et al., 2014; Ward et al.] 2d&3) for studying
microbial differentiation. Additionally, microbial communitiegeothermal pools havégher
speciation and mutation rates when stressed due to fastetpeorog DNA repair mechanisms
(Conrad et al., 2011; He et al., 2023; Li et al.,.Ziedxample of highlyspecialized organism
is found in thesegeothermal communitiesMembers of phylumAquificota a group of
chemolithoautotrophic bacteriare found to be dispetsandhavea relatively high abundance
across the geographically segregated geothermal sprihgspo Volcanic ZorfBower et al.,
2018) Aquificotabacteriaprimarily rely on hydrogen and sulphur oxidation for energy and
obtain carbon through CO2 fixatigGupta and Lali, 2013; Reysenbach, 2@d)ificota
genomes are very compact, with some genomes observed to have minegalation of
biosynthetic genes, implying their dependency on highly specialized chemolithoautotrophic
processegSwanson, 2001)The deleterious risk of recombination is further amplified when
considering the reliance of mahguificotaon few norredundant genes for hydrogen oxidation
(BrugnaGuiral et al., 2003; Giovannelli et al., 2017; Greening et al., 2016)
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To examinethe role of genspecific and genonwide sweeps in natural bacterial
communities, in this study,investigatedhe population structure and prevalence for recent
horizontal gene flow in closely related, minimahyichedAquificotabacteria isolated from
Taupo Volcanic Zone hot springs. The degree of recent horizontal gene flow was measured using
the PopCOGenT pipeline by measuring the fraction oflimevsity locibetween genomes
(Arevalo et al., 2019d)sing this method, reliable observation of natural bacterial diversity
requires acurately capturinghe variations in the closely related genomes, as homologous
recombination is more prevalent with higher sequence similgrager et al., 2007; Majewski,
2001) Traditional isolation techniques often underrepresent natural bacterial diversity due to
the domestication of bacteria during the enrichment prdtas®t al., 2017; Steensels et al.,
2019; VaMoreira et al., 2011; Xu et al., 20223anwhilehigh-throughput techniquesuch as
metagenomassembled genomddAG$ often form chimeric genomes brought by the batch
effect(Orakov et al., 2021; Singleton et al., 20&fi)ch hinders differentiation of the natural
intrapopulationbacterial diversity. Even thougtinglecell amplified genomesSAG}E can
acquire genomes from individual bacteria, acquiring-pighity, nordiscontiguous genomes
reliably can be done by only a few laboratories due to the need for highly specialized
instrumentation(Alneberg et al., 2018; Bowers et al., 2017; Stepanauskas, 2012; Troell et al.,
2016) Hence, in this study,developed simple higithroughput targeted isolation technique
through a direct serial dilutieto-extinction methoqHenson et al., 2020; Yang et al., 2@4.6)
acquire minimallenriched samples oAquificota bacteria that can capture the natural
intrapopulationdiversity. Using the genomes of these closely refajadicota this study
sought to test the hypothesis thggnespecific sweeps can drive intrapopulation genomic
diversity in edgease bacteria likkquificotaand its population boundariean be delineated
throughdiscontinuitiesn horizontal gene flow.

2.3. Methodology
2.3.1. Bacterial Isolation and Cultivation

2.3.1.1. Sites for water sampling

Geothermal features in Kuirau Park in Rotorua, Bay of Plenty, with a high abundance of
differentAquifictoaspecies, were selected for this stidgure 21). Based on the 1000 Springs
project(Power et al., 2018Kuirau Park geothermal feature 101 assigned as KRP1 and Kuirau
Park geothermal feature 9 (assigned as KRP2) hatgudficotaabundance of 73.3% and
58.4%, respectively (1000springs.org.nz). Geothermal fluids were carefully sampled from the
water column of the two features to minimize disturbance and contamination from sediments.
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Figure 2.1A map of the Kuirau Park and the sampling site3wo springs in Kuirau Park (KRP1
KRP2) were used for water sampling and isolatigwguificotasamples. The two springs are locate
the western side of Kuirau Park, Rotorua and are separated 50mrapgery © 2024 Airbus, Bay
oaoeyacC 4! A" #.%3s! gafnAA° -0¢da 4060+ypapo

2.3.2. Serial Dilution  -to -Extinction

Thewells of 96 deewell platesverefilled with Aquificotatargeted mediasee SUPR.
Table 6.)L(Hetzer et al., 2008and inoculated with the geothermal fluids within 2 hours of
sampling The initialdilution of the geothermal fluid was done witii dilutio(2mL max. total
volume) followedby subsequent serial dilution 1:4 dilution of inoculant to m&eiaal dilution
was done foeight iterationgFigure 22). The plates were then sealed using gpgaseable
membrane(Merck Breathd&asy® sealing membranand placed in an environmental gas
chamber ¢ee SUPP. 1 Figure) 2Téhe air mixture within the gas chamber wasgedusing N
gasand replaced with an 80:5:1%:EQ:air gas mixture folAquificotacultivation(Hedlund et
al., 2015; Hetzer et al., 2008; Reysenbach et al., 3yoilgr five-fold dilutions were done
using test tubes withtatalinoculum and media volume of 10 foteach tube. The tubes were
also purged anderated using thprior gas mix The tubes and the chamber with the plates
were then incubated at 70°C for two weeks.

After the first passage, the growth of each well and tube was checked using a resazurin
cell viability assakim and Jang, 2017; Sandberg et al., 200f)es and wells with bacterial
growth changedrom blue to pinkish hu¢ésee SUPP. 1 Figure 2.6The last dilution that
changed color was then used to inoculate the second passage. The samples were subjected to
five fivefold serial dilutions and incubated using the same parameters as the initial passage.
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After incubation and cell viability assay, the last dilution with growth was inoculated into 10 mL
media in a test tube to increase their biomass for DNA extraction.

NN

Figure 2.2 The serial dilution-to-extinction isolation and sequencing protocol for 96 deewell

plates. Geothermal fluid samples were directly inoculated into deep well plates or tubes with minimal
enrichment. Serial dilution was performed for up to a max of 2*57 (156,250) dilution factor. The plates
were put inside a modified gas chamber. The chamberatabis were degassed and refilled with an
80:5:15% ratio of H2:CO2:Air gas mixture and were then incubated for up to two weeks at 70°C. Growth
was checked usirggresazurin cell viability assay. The last well with growth is used for the subsequent
passage and serial dilutitmextinction. The final dilution with growth in the last passage was used for
genome sequencing.

2.3.3. DNA Extraction and Genome Sequencing

Ten millilitres of bacterial cell suspension from the tube for increased biomass yield was
pelleted at 4000 xg for 10 min and washed with PBS buffer. The biological materials were
transferred into 1.5mL microcentrifuge tubes, and DNA extraction was perfagimga
MOBIO PoweFood extraction kitd6 padap Cay 6 a+ao UoyAdooaAada /
treatment was also done to minimise RNA content during sequencing. Afterwards, the extracted
DNA was cleaned and concentrated using the Zymo DNAIR keath Corentrator kit.

The isolates were validated as membefsyaificotausingl6S rRNAeneamplification
and sequencing. The V4 region (515F and 806R region) was amplified using Earth Microbiome
Projectl6S rRNAene primerg¢Caporaso et al., 2012; Thompson et al., 20tAyas sequenced
through capillary sanger sequencing. After quality control, the clean reads were identified as the
O0pABGAAE aCyo Aadaadeoy AGSaRNHentRelS&) 4latadafstmehAE ' 6 y i
al., 2020) Thirty confirmedAquificotaisolates were used for whajenome sequencing in
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llluminar HiSeq 2100 with a 2x150bp library size, and base calling was done using sequencer
built-in software RTA.

Adapters were removednd lowquality reads were filtered usidgimmomatic (ver.
0.40) (Bolger et al., 2014The cleaned reads from each sample were then used for individual
de novo assembly of whole genomes using SEadd®vich et al., 201)he axenicity of the
genomes was checked using simple quality control of assembled contigs. The average coverage
(k-mer coverage) values reported by SPAdes were plotted against the length of the contigs.
Contigs from the same organisms should appeahenptot to have a similacoverage
distributionindifferent to the contig length. Contaminant contigs would appear to have a much
different coverag@ouglass et al., 2019he contaminant contigs found are removed from the
final genome assembly. If the plot shtdve$ contigs were distributed into two or three distinct
clusters, the contigs are binned, and each bin is used as an individual genome for downstream
analysis. The quality of the assembled genomes was then checked usingRar&skdd al.,
2015) Genomes with >2% contaminati@rere not used for analysis.

2.3.4. Species delineation and sequence -discrete cluster analysis
2.3.4.1. Taxonomy Placement and Phylogenetic Tree Analysis

Confirmation of the identity of sequenced genomes and their placement among the
Aquificalegaxa was done using sequence analysis dfe@8aRNAene. Tha6S rRNAjene
sequences were identifirkdm the genome using the RNAMMEER 1.ZLagesen et al., 2007)
and Barrnapver. 0.9(Seemann, 2018Yhe identified 16S rRNAjene sequences from the
genomes and6S rRNAjene sequences of closely related-dyaéns to the genomdsom
"0y fidy 0 RibosanimRNAa#&xabassere used to identify the phylogenetic position of
the genomes. The sequences were aligned QkisiaI\VWMThompson et al., 1994hdused to
build an unrooted phylogenetic tree using maximum likelihood in ME@#ar et al., 2016)

Based on its lowest BIC score, phylogenetic tree reconstruction was done using -Tamura 3
parameter with Gamma distribution as a substitution maed was validated using the
bootstrap method of 1000 tre@&mura, 1992)

A parallel taxonomic placement of the genomes was also done using the Genome
Taxonomic DatabaseToolkit v1.5.0 (GTDBK) pipeling({Chaumeil et al., 2019; Parks et al.,
2022) Usingthe GTDBTK classify workflow, the placement of the genomes to the closest
genomes within the GTDB database (release 202) was identified using the standard 120 bacterial
gene markers. A rooted tree against the closest type strain in the database wadraldead¢ons
using the concatenated amino acid sequences of the 120 bacterial gene markers in each sample.
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The tree was constructed using a maximum likelihood method with the Le Gascuel with Gamma
distribution modelbased othelowest BIC score during phylogenic tree modelang, tested
using a bootstrap method for 1000 tréeset al., 2012)

2.3.4.2. Species delineation using Average Nucleotide Identity

Genome comparison of the similarities of the samples was done using Average
Nucleotide Identity (ANI) analysis. ANI pairwise comparisons between samples were plotted
using the FastANfer. 1.33Jain et al., 2018The clustering of the genomes using ANI values
was done using the pheatmap v1.0.12 package in R(kKdla@el 2018; R Core Team, 2022)
Genomes with ANI values of more than >97% are classified as belonging to the same species
(Stackebrandt and Goebel, 1994)e heat map colour gradient was set at 95% between white
and blue and at 99% between orange and yelldurtiver see the differences between closely
related genomes

2.3.5. Discriminating horizontal gene flow and clonal expansion between
genomes

The degree of recent gene flow between samples was analysataBopgCOGenT
pipeline(Arevalo et al., 2019da)he PopCOGenT pipeline utilizes a pairwise comparison of entire
genomes to identify shared genomic regions in both the core and flexible genomes. The pipeline
identifies this region by measuring the distribution of identical shared regions, termgd locall
collinear blocks (LCBs), between the paired genomes. LCBs are stretches of identical DNA
sequences théave not recently experienagérrangements and are absent of any SNPs that
arise randomly throughout the genome due to mutation, vertical desceteist horizontal
transfer. Genomes cdcombiningoacteria are observed to have a higher fraction of long LCBs
than nonrrecombiningbacteria. PopCOGenT measures the fraction and length of all LCBs
between the paired genomes as the length bias. The length bias is compared to a genome size
adjusted null model to differentiate if the results are the effect of recombination or purifying
selection. The length biases between genomes are used to construct population cluster networks.
In this network, each unigugenome is a node, and the weight of measured length bias is an
edge between paired genomes. Paired genomes with a divergence of <0.0355 are considered
highly clonal and collapsed as a single node in the network. Infomapbademvmethod in
network clstering, is used to discriminate sequetliserete populations within the network
(Edler et al., 2021)
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2.4. Results

2.4.1. High Average Nucleotide Identity heterogeneity can be observed
between closely -related Kuirau Park isolates

To investigate wheth&quificotapopulations in natural bacterial communities exhibit
intra-species genomic variation, hifinoughput targeted isolation Afuificotavas done using
Kuirau Park 1 and 2 samples. The isolates gveven using the serial dilutieto-extinction
method in both tubes and deepll plates. From the 40 serial dilution setups, a total of 34
isolates were acquired from Kuirau Park sites 1 and 2 (19 and 15 isolates, respectively) after two
rounds of passages (six weeks incubatisinpuhe direct serial dilutieto-extinction technique
in both tubes and deegell plates. Cultures with less resoleedow-quality 16S rRNA gene
sanger sequences were filtered out due to potential contamination. Thirty isolataglwith
quality reads were sent for sequencii@ut of the 30 genomes, one was unsuccessfully
sequenced due to poor library construction, one returned as highly contaminated, and 28
cleaned genomes were acquired astgparatingcontaminating contigs identified usirg
coveragerersuslength plot(Douglass et al., 2019heckM analysis shows a 99.2% + 0.322
average completeness and 1.03% * 0.185 contaminagesYPP. 2 Table $.ZThe de
clustered genomes were then used for downstream comparative genomics and phylogenetic
analysis.

Next, genomic variations between sequenced genomes were analysedinsisg
computation of the Average Nucleotide Identity (AMiatmap clustering of the whole genome
sequenceshowedhatthe genomes belong to three distinct popula(ieggire 2.3)High intra
population homogeneity was observed between clustered genomeearitintrapopulation
ANI values of 99.5+0.%i 99.8+0.18%0, and 99.97% for Populations 1, 2, and 3, respectively.
Meanwhile, interpopulation ANI shesa large distance betwedtopulation 3and the other
populationswith mean interpopulatio®NI at 77.4+0.096. In comparisoninterpopulation
ANI betweenPopulation 1 and B only at 92.9+0.20%. Based on recent proposéis
demarcatingspeciesat ANl >95% (Goris et al., 2007; Jain et al., 2018; Rodri§uend
Konstantinidis, 2014dhese three populatioased s Ad gy 0 & i & Bigué BUhlike . Ay 0 0 |
the species gap, no clear-offs can be used to define genus boundaries based on ANI values.
However, members of the same genera have been found to have ANI similarity bef@éen 68
and even as high as-82% (Qin et al., 2014)As such, the three Aquificota populations could
potentially belong to the same genus.
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Even with thénigh homogeneity in these pogtions genomes in Population 1 arat@
not completelyclonalandexhibitsomeheterogeneity, witiANI median values of 99.451% and
99.857% forPopulation land 2, respectivelysee SUPP. 3 Figure §.2Most pairwise
comparisons in Population 1 have shown to fall between SR.33%5% ANIKigure 23 - Light
Orange), while Population 2 has ANI valnestly>99.76%6 (Figure 23 - Dark Orang& see
SUPP. 3 Figure §.3everal clusteof genomes aubpopulationexhibited highANI similarity
between genomes (>99.9%), such asdhufshe G05, G06, and GO7 or the G10, G26, and G27
groupings,which could be indicative that the isolates belong to the same clonal lineage.
However, the observed heterogeneity between these subclusters can also be explained by a high
mutation rate, weak purifying selection, gepecificsweeps between the bacteria, or a
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Figure 2.3. Heatmap of the pairwise ANI of the Kuirau Pargenomes.The computed ANI grouy
all the Kuirau Park genomes into three distinct populations with a mean intrapopulatior
99.54+0.208%. Populations 1 and 2 exhibit high interpopulation ANI similarity at 92.9+0.201'
Population 3 is distantly relatedtk@ other populations at 77.4+0.09% ANI. With ANI <95%, the
YypyAGSdABpYyA 08y A6 OpyAgsoddaodoo OA O0gAagyoa
observed as most genomasdé ANI similarity of 99-29.8% (light orange), while other members o
same cluster are extremely similar with ANI of >99.98% (dark orarge)JUPB. Figure6.2). The
heterogeneity of the isolates is not affected by whether the isolates were grown in tubes (blut
with deepwell plates (black labelsjge SUPR.Figure 6.3 For better visualisationgradient inAN|
colourwas separated &% ANIwith higher values coloured as yellow to dark oravigike lowe

values as white to blue
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combination of these factors. Therefore, sequence similarity analysis alone cannot resolve the
differences between these factors.

Given the heterogeneity observedquificotagenomes, | next validate that there is no
bias between the sampling method used to isdlgteficotabacteriathat resuls in such
heterogeneityBoth tube and deewell plate methods produced genomes from Populations 1
and 2 while Population 3vasonlyisolated using theibe-based isolation meth@&igure 2.3).

The genomes acquired from deegll plates and tubgrown Aquificotebacteria exhibit similar
heterogeneyt (see SUPP. 4 Fig@s), indicating that the differing volume used in the serial
dilution-to-extinction method captures a similar level of diversity from the natural bacterial
communities. Regardless of the isolation methexdomes from botmethods can also form

highly homogenous subpopulations, as shown by the high similarity between G10, G26 and G27
genomegHgure 2.3) These results show that the serial dilitigfrextinction technique can
capture intrapopulation and/or intrgpecies genomic heterogeneity while minimising
enrichment in a high throughput manner.

2.4.2. Kuirau Park isolates were identified to be Aquificota members of the
undescribed genus  UBA11096 sp.

4p opyodbosali A+0a a+addo oApudoadsd YpyAGSAGDY
genus, | identified their phylogenetic position using 16S rRNA gene sequence tree from microbial
type strains from NCBI 16S RNA gene database and phylogenomg @siatyshe markers
and references fro8enome Taxonomic Database (GTDB). The BLAST search of the extracted
16S rRNA gene against the NCBI 16)&Ndatabase shows that 26 isolates from populations
1 and 2are most closely related tBlydrogenobacter stdsraneus HGP1 typstrain
(99.046+0.13%). Meanwhile, Poy AG S a B py e A ' @3 bl 0AAEDabIs
Hydrogenobacter hydrogeniphiDSM2913 at 96.69%Infortunately, no 16S rRNA sequence
was extracted from® p y A 0 & &2bpclusted geAome. The population's <97% 16S rRNA
gene sequence similarttythe closest typstrainsuggests it is potentially a novel undescribed
speciegStackebrandt and Goebel, 1994)

The results of BLASiligned with what was observed in the pplacer taxonomic analysis
using the GTDB toolkit. Genomic comparison of the samples against thel&3§HBd
Populations 1 and 2 as members of the unclassified genus UBA11096, with each population
separated into two distinct speciés contrastPopulation 3 is classified within the UBA11096
60yAA Copa+pAd oyC uypCy o0pAdAa Ayo60@806A aody
G25_cluster_1 match with the closest GTDB representative Ip&cia99§011006176nly
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at 79.29% + 0.0038 ANI similarity, which supports the rRNA gene sequence analysis that
implies itiA &8 VYAadawgad ypagdd 0 oPopaldtiansld hatched\ith 0 @ 0 A -
undescribed speciedBBA11096p011054805 (98.80% = 0.0092 ANI similarity), Boyplulation

2 matched into the separate undescribdiA11096p003534055 (99.06% + 0.0103 ANI
similarity). The difference in the naming convention between the two analyses is due to the lack
of available genome associated with the desdiypdrdgenobacteubterraneugSchoch et al.,

2020; Takai et al., 20Q1put analysis of the partidbS rRNAyene sequences of UBA11096
species also shows they are closely relateld. teubterraneuqgat 99.93%). Given the
relationship between UBA11096 ktydrogenobacter subterraneusvill use the name of the
UBA11096 species for the rest of this gapeonsistency.

The phylogenetic tree construction ushgl6S rRNAene sequences and genomic data
(Figure 2.4) agreethat the Kuirau Park isolates belong to a branch of\gugficalesamily
closely related tBlydrogenobacteihe phylogenetic placement of the samples shows that the
samples are clearly divided into three distinct populatieigsire 24B), correspondg to the
three clusters foundnh ANI comparisons. Overall, phylogenomic analysis shows a higher
resolution thatgroup Ppulation 2 into a distinct taromic clade thaRopulation 1 isolates.
Interestingly, aside frofopulation 2, the other taxonomic cladésolated Aquificota bacteria
can be found iKuirau Park 1 and 2, indicating tlia¢ isolates are not geographically limited
by the spring. The lack ofPapulation 2 representative in Kuirau Park 1 does not indicate its
total absence but can be a result of insufficient sampling covidgbly, UBA11096p.
representative genomes and the three populations are taxonomically distarthierm
representative species of the gehlysirogenobacteiThis distance is significantly highlighted
using the phylogenomic tree in which the samples and UBA11096 representative species'
distance to the other representative specielydfogenobactes comparable to the distance of
Hydrogenobactdo Thermocrinigaxonomic clade. The distance betwdBA1109&xonomic
group supports the classification of UBA11096 as a distinct genus in GTDB and could indicate
that the isolates are a putatively distinct novel gientiich could also inclutlydrogenobacter
subterraneuand other previously identifiétlydrogenobactesp. strains closely associated with
HydrogenobactesubterraneugEder and Huber, 2002; Hedlund et al., 2015)
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Figure 2.4. The phylogenetic position of Kuirau Park isolates in the Ordekquificaceae(A) The
phylogenetic position of the KuirBark isolates using 16S rRNA sequence®Bahd0 gene marke
from the GTDBK pipeline shows that all isolates are clustered closely with theHyeinagenobact
and the unassigned taxa UBA11096 from GTDB. In the 169, fpepulations 1 and @uster nee
Hydrogenobactesubterraneusnd an undescribed UBA11096 spetles two populations appe
indistringuisablesuggesting the close relatedness betweearttieappearslistinctly separatefrom
sample (G30) Phylogenetic analysis using the GTDB derived markers agrees that G30 (wit
isolates) cluster farther from the rest of the isolates which can be distinctively differentiated
clades Clade and2 (B).



2.4.3. Variation in homologous recombination delineates the Aquificota
populations in Kuirau Park

To differentiate the effect of horizontal gene flow from those of mutation and purifying
selection on both inteandintrapopulatiorheterogeneity,dxamine theecent horizontal gene
flow between the genomes using the PopCOGenT pipgeknalo et al., 2019a; Vaninsberghe
et al., 2020) The pipelineffers ahigherunderstanding of intrapopulation heterogeneity by
measuring the genome fraction containing low diversity loci between two genomes, a hallmark
of recent recombination. It then performs a cluster analysis to identify genomes that are
connected through receat a high degree diorizontal gene flonRopCOGenThalysis of the
Aquificotagenomes showed that the isolated bacteria comprisedemadlow clusterswith
three distinct suelusters linkedhroughvarying degrees of horizontal gene fl&ig(re 25).
The identified sullusters correspond to the three populations previously observed in ANI and
the phylogenetic analysis. Clusteconprisesa single population previously identified as
Population 3 in ANI and phylogenoraitalysis which appears as a single node composed of
two genomes in a clonal complex (G25 cluster_1 and G30_cluster_2). Meanwhile, cluster 2
consists of two distinct subclusters, corresponding to previously |dmilddtions 1 and.
Cluster 2 comprisesiultiple nodes linked with varying degrees of horizontal gene flow. The
degree of horizontal gene flow varies widely from very strong, as indicated by the connection
between the nodes G26 and G27 with G10, to weak gene flow that divides cluster@vimto the
distinct subclusters Figure 25 ¢ Blue and Orange Nodes). It is worth highlighting that there is
no recently observetorizontal gene flow between Cluster 1 an@ihZsresult supports the
observed distant relation Bbpulation 3 with the rest of the isolates in phylogenetic analysis
and ANI. Additionally, the congruence of the PopCOGenT clusters with those of the ANI and
phylogenomics and the clear demarcations of the strength of horizontal gene flow further
provide credenceotthe idea that the sequerdiscrete populations are genetically and
ecologically distinct populatiohsn ecological populatigArevalo et al., 2019b; Shapiro and
Polz, 2014)

Theintrapopulationheterogeneitypreviously observed in AN8 correlated with both
high horizontal gene flow or clonal complexes within the ecological poptatierample, the
high homogeneity of G10, G27, and G26 genomes in ANI (Figurer&8hiby the observed
strong horizontal gene flow between théng(re 25). At the same timée homogenous group
of G02, G04, G08, G12, G13 and G14 appears as a single clonal complex in PGhE0GenT
result suggests that high genomic similarity betvgegomes can be drivenhyrizontal gene
flow and clonal expansion. In contrastomparison of heterogeneity between clonal nodes
within Population 1 or 2 exhibliigher intrapopulation heterogeneity, implying that observed
intra-population heterogeneity in @&yguificotapopulation could be driven by varying degrees
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of horizontal gene flow. Additionalliiese variations in the formation of ecological population
heterogeneity irAquificotasolates clearly illustrate that bacterial populations can be composed
of both clonal lineages and/or clusters of isolates linked through horizontal gene flow. The co
occurrence of both clonal lineages and horizotitstlyd clusters in edgesase populations like
Aquificotaimplies that bacterial populations in natural commungiesnot solely driven by
either genomewide or genespecific sweeps. Insteagtnomewide and genspecific sweep
interplaydrives the formation agcologically distinct and sequexégcrete populations.

Cluster 1 G239

Figure 2.5. The Kuirau Park isolates are linked by gene flow network®opCOGenT clusters
Kuirau Park isolates into two distinct clusters (Cluster 1 and Cluster 2). Cluster 2 is dividec
distinct subclusters (blue and orange) composed of multiple nodes linked through varying (
horizontal gene flow with sbrved lower degree of horizontal gene flow between populatiol
within each recombining population 1 (blue) and 2 (oraisge) SUPB. Figure6.4A). The size of ea
node corresponds to thember of isolates within each node. The thickness of each edge corre:
the degree of horizontal gene flow between nodes
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2.4.4. Aquificota bacteria from Canada and New Zealand are linked through a
homologous recombination network

The formation o$equenceliscreteclusters through gergpecific sweeps is not limited
to theAquificotabacteria isolated from Kuirau Park. A recent studiquificotaSAGs from a
similar site in Canada shows that closely related membddydsbgenobactesp. from
Canadian hot springs have a highly panmictic genetic stru@awveers et al., 2022)The
Hydrogenobactesp-related isolates in Canada exhibit an elevated nucleotide diversity and a
very rapid decay in SNP linkage disequilibrium of SAGs, which is indicateeerdf
recombination in those populations. Givendinalarity of the Canadiaklydrogenobactesp.
isolates to Kuirau Park isolate@s taxonomic classification (data not shovamd their
recombiningnature, a question arises on how similar the roles of gendseeand gene
specific sweeps in the formation of diversity in the Canadian isolates. Atgjtamallopatry
plays a role in population dynamics in higbeter metazoan§Amor et al., 2014; Breusing et
al., 2020; Cabej, 2012; Zink, 201R)s crucial to investigate the similarity with microbial
populations by observing the role of geographical distance/barrier on the differentiation of
natural microbial populations. Therefore,ah rANI and PopCOGenT analysis with both the
Aquificotagenomes from Kuirau Park and Canada.

The ANI analysis of the Canadian and Kuirau Park isolates ednfiatithe Canadian
isolates are taxonomically related to the Kuirau Park is{fagese 2.6A)Ata range 096.13
98.630 (mean 98.1#0.52%) ANI similarity, the Canadian isolates (SAGs with
completeness >60%) clustered together with members of Kuirau Park Population 1 and, thus,
are also a member of the putative novel genus of UBAEI@#€ @.8). The ANI also shed
a+0 =+w0+ O6wgb6aAgaC aoypaaodod wssyhaving AND Galues 0 8 & d
ranging from 98199.53% (mean 98.7% 0.66%) similarity. In comparison, auirau Park 1
isolateshave intrapopulation ANI ©09.23% (mean 99.5& 0.18%)similarity. However, this
higher observed heterogeneity wasre prevalent in Canadian isolates with lower genome
completeness (605% completenest3ee SUPB.Figure6.4B.

Even with the higher diversity in ANI, analysis of recent recombination shows the
Canadian isolates form a single cluster of singleton jumeposed of one genortieked by
horizontal gene flowH{gure 2.8). Supporting the results of ANI, the Canadian isolates (SAG
completeness >80%) are linked through horizontal gene flow with the KuirausBlates
Population 1 forming a distinct subcluster with a length bias (339.16 + 56.61) greater than
between the two populations of Kuirau Park Cluster 1 (33.81 £Th&8ngth bias within the
Canadian isolates (901.44 + 293.27) and within Kuirau Park Population 1 (1880.46 + 1693.73)
are higher tha those observed between thesmg SUPBFigure6.95, which implies that recent
recombination between the two sites is rarer and supports the effect of geographical distance as
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a hindrance to recombinati¢@reenlon et al., 2019)he analysis of recent recombination using
SAGs with varying genome completeness shows that observed length bias is affected by genome
completeness with SAGs >80% completeness (901.44 £ 293.27) is higher than those with lower
completeness, SAG with-80% completeness (613.52 + 106.74) and SAG with <50%
completeness (454.97 = 171(4d9 SUPP. 5 Figu#dB). This discrepancy in observed length

bias and genome completeness, coupled with high ANI diversity observed in SAGs with lower
genome completenegsghlights the need for good quality and highly complete genomes in
studying recent recombination in sequediserete populations and the formation of
intrapopulationdiversity (Van Rossum et al., 2020 addition, the minimal difference in
genomic diversity using varying volumes of inocula in the serial ditatexinction method

(see SUPRB.Figure 63) and the high bar of entry in acquiring higiality SAGS both in cost

and need for specialist manpowesuggests the advantage of using minimal enrichment
methods as a cesffective alternative method in studyingrapopulationgenomic diversity

and the mechanisms of horizontal gene flow in natural bacterial populations.
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Figure 2.6. Horizontal gene flow drives |ntrapopulat|on dlver5|ty in Canadlan Aquificotg(A) ANI of the Canadian SAGs with >50% and >80% genome completeness
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2.5. Discussion

Traditional delineation of microbial populations often relies on comparing the
phenotypic and genotypic similarities between organistheut regard to natural boundaries
(Brenner et al., 2005; Raina et al., 2019; Stackebrandt et al., 2002; Vandamme et al., 1996;
Wayne et al., 198AVith diversification ad speciation in bacteriareviouslyrelied on the
assumption that genome swegpserally applied to all bactef@@ohan, 2002; Majewski, 2001;
Vogan and Higgs, 201l@gnomes are assumeddiverge and speciateoi closely related
organisms from a common ancestdrich radiated through the vertical descent of varying
adaptive mutants after different selection evédthan and Koeppel, 2008; Sakoparnig et al.,
2021) As such taxonomic distances primarily assumed to equate adual evolutionary
distanceand, thus, can beneasured using proteomic and genomic sequence similarity
(Zuckerkandl and Pauling, 1968)ch as those featuring DBNA hybridisatior{Johnson,

1980; RosseHliMora, 2006) genomic sequence iden(ifgin et al., 2018; Olm et al., 2020; Van
Rossum et al., 2020and/or barcoding markei®lende et al., 2013; Rotimi et al., 20T8e
dominance of vertical gene flow also implies that the increaasagopulationgenomic
diversity is a transient phenomenon not yet purged between selection(@aan, 2016)
However, our results show that the propagation of bacterial diversity and formation of microbial
populations does not solely rely on the vertical descent and clonal expansion of adaptive mutants.
Analysis of recerftorizontal gene flown the natural populations @&quificotashows intra
species genomic diversifidure 23) thatis associated witharying degrees of horizontal gene
flow (Figure 25). These results contradict the traditional notion that horizontal gene flow is rare
in natural microbial ppulations(Cohan, 2016, 2002; Majewski, 20@hd support the
substantial role of gerspecific sweeps in bacterial speciafiGhase et al., 2019; Cxits
Christoph et al., 2020; Shapiro et al., 2012)

Varying degrees of horizontal gene flow can affect bacterial populations differently
(Fraser et al., 2007; Van Rossum et al., 2@28)rong horizontal gene flow is a homogenising
force that allows genes, including those coding for adaptive traits, to be preferably shared
between organism&hapiro and Polz, 2015krong or frequent gene flow between organisms
can appear as high genomic similarity even in Bigufe 23 & Figure 25 ¢ G10, G26, G27).
Previous studies show that a shift in this horizontal gene flow, through any means of
constructing gene flow barriers (i.e. temporal, geographical barriers or changes in biological
factors) andvith selection, can result in speciation and differentiation of organisms to sequence
discrete and ecologically distinct populat{@mnaser et al., 2007; Vogan and Higgs, 20bis,

a weaker or less frequent horizontal gene flow observed in natural bacterial poguRitns
as the two populations afjuificotain Cluster 2 Figure 25) ¢ can be a hallmark of ecological
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and genomic differentiation similar to those observed in sympatric speciation in sexual
eukaryotes(Shapiro et al., 2012)The weaér or less recent gene flow between the two
populations may result in genes and novel mutations being preferentially shared only within
each populationThe increasing preference of bacteria to recombine within a select group
further leads to a downward spidgcreasén therate of horizontal gene flow as the flanking
sequences become more vaketiveen groupser the appearance physiological differences
inhibiting reombination(Majewski, 2001; Shapiro and Polz, 2015)

It should be noted that diversityAguificotas not solely driven by gespecific sweep
and horizontal gene flow. The higher genodiversity Figure 23) observed in the clonal
complex of G22, G23and GEg@re 25) compared to other clonal complexes can imply the
accumulation of mutation within the lineage, which result;icreasedyenomic diversity.
However, determining whether this phenomenon is a transient or astadreincrease in
diversity is difficult to ascertain. Interestingly, the lack of observed rereuntal gene flow
between highly clonal genomes in clusteFigute 25) and the other cluster implies that
mechaisms of formation of sequendisscrete populations vary even in closely related
organisms such as in the&quificotagpopulations. The factors determining whether a genome
has a higher propensity to undergo genovite or genepecific sweep remain unknown.

Even with the supposed fitness cost of horizontal gene flow in bacteria with compact
genome size and limited metabolic redundd@diyeira et al., 2016jhe studiedAquificota
populations show high horizontal connectivity with each other. One likely factor affecting the
preference forAquificotabacteria to undergo gewspecific sweep is the intrinsic genomic
characteristics of the population that affect their propensity to undergo homologous
recombination and/or horizontal gene fldvactors such as genome size andlivewy lifestyle
have been observed to affect the abundance of homologous recom{ihuatideT orres et
al., 2019)GonzéleZ orres(2019) study also showed a correlation betwégmdompetence
brought by com regulon, the presence of restrigtiodification systems and high CRISRR
gene content with increased homologous recombination. The association of bacterial host
defence system with homologous recombination could indicatethiea factors regulating
non-homologous recombination (i.e. mobile genetic elements) also play a role in homologous
recombination. The high amouoit mobile genetic elements (MG&s)l CRISPFCas spacers
in Canadian:Hydrogenobacter Sp 3Bowefs et al., 2022¢ould support that nen
homologous recombination mechanism affecting horizontal gene flaguiiicotabacteria
(Nazarian et al., 2018; Oliveira et al., 20H6)vever, it was primarily assumed that homologous
recombination drives gefspecific sweeps within natural bacterial populat{@sndall et al.,

2016; Fraser et al., 2007; Whitaker et al., 2006)PopCOGena prioriapproachn identifying
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recent horizontal gene flow does not discriminate on the source of horizontally swept genes
(Arevalo et al., 2019d)hereforefurther analysis of the swept regions between populations is
needed to see the extent of the role of MGEs in forming ecologically distnabining
populationgVaninsberghe et al., 2020)

ClusteringCanadiarSAGs and genomes from New Zealand into a saagimbining
cluster indicates a history lobrizontal gene flowetween the two subpopulations. The lower
observed length bias between the geographically distant spdpulations than within each
locality(see SUPP. 5 Figu&) may suggest a less recent horizontal gene flow. This lower rate
of horizontal gene flow might be due to infrequent and irregular geothermal spring eruptions
followed by dust dispersal between the sresultingin sizeable aeolian dispersahglificota
bacteria across large geographical distaisregh et al., 2013\ continuous hop between host
organisms of mobile genetic elements of even homologous recomidnaBarsequences can
also lead to an observed decrease in apparent recombination between(Gaietlan et al.,
2019) However, host hopping is less likely to occur for metabolically limited and-habitat
constrained bacteria like Aquificota as it requires specific habitat toRyemausly observed
long-distance dispersal of eukaryotic and bacterial organisms after a volcanic @rgrtoid
et al., 2014; Van Eaton et al., 2@Lgyests that rather than multiple dispersal evéuysificota
populations could have been likely deposited to Canada and/or New Zealand springs after a
single large eruption from a volcanic or geothermal source.

Neverthelesshe geographical distanaed transmission event between the source and
destination act as a gene flow barrigading tothe accumulation of mutation and its
preferential distribution with the bacteria within the respective localilies distancenay
result inthe observed decay in genome length bias after a long time of no new colonisation of
new bacteria in each localitonetheless, the historical horizontal linkage and genomic
similarity between the Canadian and New Zealand populations yemmédh suggests the
potential foractive recombination as soon as biotic interaction between the two populations
returns (Shapiro et al., 2012Yhis potential forlongdistance gene flow also implies that
geothermal springs are not geographical islands in terms of microbial ecology as previously
thought(Louca, 2021andthegeographical distance does not limit the formation of ecologically
distinct and sequenaiscrete populations éfguificota
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2.6. Conclusion

The presence of recombining and clonal population structure in sedlisame
populations of closely relat@dyuificotabacteria challenges the premise of ecotype theory that
metabolically restricted bacteria do not form ecologically cohesive populations through
horizontal gene flow (gerspecific sweeps). The-aocurrence of clonal and recombining
populations within ctabiting populations implies that genomigle or genespecific sweeps
do not solely drive bacterial speciation in natural bacteriahoorties. Instead, the interplay
between the two populations can lead to the formation of ecologically cohesive populations.
Therefore,delineating sequenahscrete populations in natural bacterial communities must
considethe mechanismaf speciatiofrom which genetic heterogeneity is derived aniche
definingadaptive traittanbe conferred through both horizontal and vertical gene Yitin
the increasing observationinfra-species diversity driven by horizontal gene {B&ndall et
al., 2016; CadiHQuiroz et al., 2012; Chase et al., 2019; Hanage et al., 2005; Konstantinidis et
al., 2022; Viver et al., 2021; Wang et al., 2022; Whitaker et al., 20@&)Id be ideal and
prudent to demarcate ecologically distinct and sequbscete population through
discontinuities in total gene flow (both vertical and horizontal gene fldwg criterion would
allow bacterial populations or species to be treated akin to the eukaryotic species and the
application of ecological theories developed for eukaryotic species in bacterial populations.
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CHAPTER 3: Adaptive mechanisms of metabolically limited
bacteria in response to ecological perturbations

3.1. Abstract

Defining and delineating bacterial species is hampered by the lack of consensus on the
mechanisms driving bacterial speciation. Previous observatitires ceoccurrence of clonal
and recombinogenic populations in metabolically linAitpdficotabacteria suggest that gene
specific and genomevel sweeps simultaneoutdgilitate bacterial speciation. The presence of
genespecific sweeps in metabolically limited bacteria challengexdhgetheory, which
postulates that an ecologically homogeneouslaiapu responds to ecological shiblely
through genomavide sweeps due to the rarity of horizontal gene flow. Therefore, in this study,
| examind whetherAquificotgpopulationsdue to their limited metabolic flexibiligxclusively
undergo genomwide sweep in response to ecological perturbations regardless of whether
they are clonal or recombining populations. Longitudinal observations of Aquificota populations
from natural bacterial communities were done to investigate the changes in their abundan
intrapopulation diversity, and population structure in response to ecologicalCinffzarative
genome analysisvealeaix distinct populations éfquificotahat exhibiedvarying degrees of
horizontal gene flow, with three populatioSsifurhydrogenibiunsp.,UBA11096p. cluster 1
Green population, andydrogenobactahermophiluy appearing to have a clonal population
structure. The other three populationgefenivibrio spand UBA11096 sp. cluster 2 Blue and
Orange populations) exhibtta reombining population structure. Analysis of the population
structure and intrapopulation heterogeneitgtiificotgpopulationsuggestdthat clonal and
recombining populations dfquificotaemploy different mechanisms to respond to ecological
perturbations. Clonal populations Afuificotaappeaed to have undergone a gencmile
sweep evehefore the study and thus consistently apgaes highly homogeneous populations.
Meanwhile, recombining populationsAafuificotadid not undergo a genorméde swee@s a
response to ecological perturbations but exhibitgetraistenceof the dominant genomic
backgroundacross timewithin the population. The emccurrence of different adaptation
mechanisms in closely related metabolically limited bacteria challenges the applicability of
ecotype theory in recombining populations and supports the generalisabiigyeoblogical
populationtheory as a model of bacterial speciation.
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3.2. Introduction

Defining bacterial species is hampered by the lack of consensus on the role of horizontal
gene flow in bacterial speciation. The current prevailing theory of bacterial speciation, the
ecotype theory, assumes the rarity of horizontal gene flow in natatalidlapopulations and
YypAGAUOAOA a+06 Opaudawspy pd o60papowsodanlC op-
wide sweeps and periodic selection (Atwood et al., 1951; Cohan, 2001; Cohan and Perry, 2007;
Smith et al., 2006). However, a competingpihedubbed the ecological population theory,
acknowledges the prevalence of horizontal gene flow (Bobay and Ochman, 2017; Vos and Didelot,
2009) and posits that ecologically cohesive populations can also form throughegéite
sweeps (CadillQuiroz ¢ al., 2012; Hanage et al., 2005; Shapiro et al., 2012; Takeuchi et al.,
2015; Whitaker et al., 2005). Analysis of horizontal gene flow in genomes from the same named
species in the NCBI databases has shown that more than half of the named specieg experien
horizontal gene flow, suggesting that givel sweep could be more prevalent than expected
(Bobay and Ochman, 2017). Unfortunately, the relative occurrencessyaygiie sweeps and
genomewide sweeps in natural bacterial communities are not yetweidated (Bendall et al.,

2016; Utter et al., 2022). Previous studies have been primarily limited to heterotrophic bacteria
(Arevalo et al., 2019; den Bakker et al., 2008; Hanage et al., 2005) or those with metabolic
redundancies (Kashtan et al., 2004itaker et al., 2005).

On the other hand, evidence of genavitee sweeps in natural bacterial communities
was initially observed imembers o€hlorobiunsp.(Bendall et al., 2018)letagenomic stues
of lake bacterial communitiegrossthe span of eight yealsmve showrfive metagenome
assembled genomes (MAGSs) exhibiting a decrease in diversitjhaargemnomeOne genome,
Chlorobium111, lost diversity in nearly all gene, lomnsistent with the ecotype theory of
speciationCohan, 2016)n the same study, five MAGs with a reduction of diversity in only a
few genomic regions were also observed, thereby suggestingspegfie sweep within the
populations. Another MAG (Polynucleoba2b®) was also observed to have no diversity in a
24kbp region, suggesting a gepecific sweep in a recombining populatiBandall et al.,
2016) However, Cohaf2016) argue that rather than due to homologous recombination, the
observed sweeps in narrow regions of the genome are brought by ecological heterogeneity
Coa+gy &a+0 VYpyAISAgpYHdy )pyo&Gxd®a U H(Wadeiskp 6 0ddig
and Cohan, 1999 general adaptive mutation can be shared through infrequent recombination
with other ecotypes harbouring their distinct adaptive mutations. A narrow sweep can occur
when selective pressure acts on the general adaptive mutation, resulting in divarse geno
backgroundgCohan, 2016; Majewski and Cohan, 1998B8is theory suggests that narrow
sweeps are more prevalent in bacteria with diverse metabolic flexibility, which allows rapid shift
and adaptation to new ecological nicf@sen et al., 2021; Kopac et al., 20b4¥ontrast,
metabolically constrained bacteria are more likely to be composed of a single(@obbme
2016) However, this model has been criticisel@sstharoptimalsinceinfrequent horizontal
gene flow in numerous highly diverse ecotypes can be argued as less probable than a single
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recombining population undergoing a gspecific swee{Bendall et al., 2016; Shapiro, 2016)
As such, the debatwrer the roles of genespecific and genonweide sweepson bacterial
speciation continues with multiple studies aligning to either ecdiytee et al., 2022; Viver et
al., 2021; Wang et al., 2020)d ecological population theg¢Arevalo et al., 2019a; Bao et al.,
2016; Lopes et al., 2018; Marttinen and Hanage, 2017; Miller and Carvefgr 2Q¢rial
speciation and delineation.

Understanding speciation in bacteria necessitates the examinatiomodésloé gene
specific and genonwaide sweep in natural bacterial communities. Our previous study (Chapter
2) observed correlationbetweenintrapopulation heterogeneigndthe degree of horizontal
gene flow inAquificotapopulations. Highly homogeneous populatiosgoificotaexhibieda
clonal population structurevhereashigher intrapopulation heterogeneity was observed in
recombining populations @éfquificota The ceoccurrence of clonal lineages and recombining
populations suggests that gespecific and genonveide sweepbothdrive bacterial speciation
in these closely related populations with similar metabolic limitations.speciéic sweeps in
metabolically limited populations suchfagiificotachallenge the model of bacterial speciation
postulated by the ecotype thedfpwever, since the previous study (Chapjeocused only
on a single time point, it ragéhe question that the observed diversity driven by generféow
bea temporary diversification event between periodic sele¢Gohan, 2016; Wiedenbeck and
Cohan, 2011)

Therefore, in this study, | examihthe roles of genespecific and genorwide sweep
in bacterial diversification through a longitudinal stuldlyesving the changes in the population
diversity and structure ohquificotabacteria in response to ecological shifts. Analysis of the
intrapopulation heterogeneity and population structurquiificotabacteria were expanded to
four additional time points spanniagyear. Utilising the same Kuirau Park geothermal springs
in Chapter 2, | isolated cohabiting elggelatedAquificotabacteria to test the null hypothesis
that ecologically and genotypically cohgsipeilations oAquificotaregardless of whether they
are clonal or recombining populationsndergo genomwide sweeps in response to
environmental shifts due their metabolically limited lifestiRlecent horizontal gene flow
analysiswvas used to construct the population structure of isokadgidficotabacteriaat each
time point. @ochemical and metagenomic areslygreused tadentifyecological sfis within
the natural bacterial communities. Metagenomicwataalso used to observe intrapopulation
heterogeneity and abundance changesatural Aquificotapopulations as they respauto
ecological shit
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3.3. Methodology
3.3.1. Bacterial Isolation and Cultivation

Geothermal features in Kuirau Park in Rotorua, Bay of Plenty, with a high abundance of
differentAquificotaspecies, were selected for this study (Figure 3.1). Based on the 1000 Springs
project(Power et al., 2018Kuirau Park geothermal feature (dHsignateds KRPJand Kuirau
Park geothermal feature 9 (KRP2) hAwgeificotarelativeabundancegof 73.3% and 58.4%,
respectively (1000springs.org.nRuirau Park geothermal feature 9 (KRP2) has a short
(~0.25m) outflow channel leading to an extinct geothermal feature (KRP2B). Unlike KRP1 and

KRP2, KRP2B has no underground water source; thus, temperature and water levels depend on
run-offs and KRP2 ovév (Figure 3.1).

Figure 3.1Local map of Kuira Park geothermal spring site§Vithin the wider Kuirau Park geotheri
area, Kuirau Park sites 1 and 2 are located 112m apart from each other. Kuirau Park site 1
single pool with its own underground water souvdeileKuirau Park 2 is composed of two pools, |
and KRP2B, with an underground water source only located in KRP2. KRP2B water level is dt
KRP2 via a ~0.25m channgl.id66aC p réfs ! osanAA° "dC
Technologies, Waikato District Council, Map data © 2024 Google.
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Geothermal fluids were carefully sampled from the water column of the two features to
minimise disturbance and contamination from sediments. Initial sampling was done in July 2019
and November 2019 as part of an initial survey of different geothermal featuxgaificota
abundance. Following the observations of fluctuating water levels of the sites between July 2019
and January 2020, subsequent sampling of geothermal fluids was done in January 2020, March
2020, July 2020and September 2020. Geothermalds for bacterial isolation wewnly
sampled from June 2019 to July 2020 duthddimited capacity fogenome sequencing.
Meanwhile geothermal fluid sampling for metagenome sequencing was only dooiatst
from January 2020 to September 2020. Additionally, KRP2B was sampled for bacterial isolation
and metagenome studies only from March 2020 onvsandsit was added to the study later.

3.3.2. Geochemical Analysis

Geothermal fluids for geochemical analysis were sdrfipla November 2019 to July
2020 alongside samples for bacterial isolation. Temperature was meassisd using a
multi-mode probe reader. Fluid samples were collected, and pH was measured when the
temperature of the samples was arounti@Geothermal fluids were filtered and collected for
geochemical analysis. Fluids for total metal analysis were analysed usi®)ftliBwing acid
digestion. Meanwhile, inorganic nutrients such as nitrate, niitd ammonia, alongside
dissolved reactive phosphorus, were measured using flow injection analysis. Sulfate and chloride
concentrations were analysed through ion exchange chromatography.

3.3.3. Serial Dilution  -to -Extinction

Bacterial isolation was performed similarly usingptioeenserial dilutionto-extinction
method (Figure 2) and cultivation forAquificotausing deepvell plates geeChapter 2).
Collected geothermal fluid was used to inoculate 96vdseeplates (2nL max total volume
per well) Inoculation of the initial dilution was done at 1:1 dilution, while subsequent serial
dilution was done at 1:4 dilution of inoculant to media for up to eight iterations. The plates were
sealed using a gpermeable membrar{®lerck Breathd=asy® sealing membranahd placed
in acustombuilt environmental chamber withgas mixture of 80:5:1%CQ:air gas mixture
for Aquifiota cultivation(Hedlund et al., 2015; Hetzer et al., 2008; Reysenbach et al., 2001)
After two weeksf incubation at 70°C, growth was checked using a resazurin cell viability assay
(Kim and Jang, 2017; Sandberg et al., 2008 last dilution with growtlvas used as an
inoculant for the subsequent passage, and a similar process was repeated for the second and
third passages. The last dilution of the third passage was again grown in plates/tubes to increase
their biomass for DNA extraction.
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Figure 3.2 The serial dilution-to-extinction isolation and sequencing protocol for 96 deewell

plates. Geothermal fluid samples were directly inoculated into deep well plates or tubes with minimal
enrichment. Serial dilution was performed for up to a ma%0{156,250) dilution factor. The plates

were put inside a modified gas chamber. The chamber and the tubes were degassed and refilled with an
80:5:15% ratio of H2:CO2:Air gas mixture and were then incubated for up to two weeks at 70°C. Growth
was checked uxj aresazurin cell viability assay. The last well with growth is used for the subsequent
passage and serial dilutitmextinction. The final dilution with growth in the last passage was used for
genome sequencing.

3.3.4. Genome extraction and sequencing
3.3.4.1. Genomic and Metagenomic DNA Extraction

Bacterial suspension grown from the last dilutidth the growth of the seriadilution
to extinction stepvas pelleted and washed with PBS buffer. DNA extraction was performed for
the June 2019 samples usind@BIOPoweFood 6 ¢ a8 0aABpy Uwa OpaapCay
instructionswith the RNAse A treatment step. The extracted DNA was cleaned and concentrated
using the Zym®NA Cleaup and Concentrator Kit. Meanwhile, a modified lysoSDENA
extraction protocol was used for the rest of the sani@elslenberger et al., 199Bacterial
cells wereentrifuged and washed with BEffer pH8.0, which were thele-suspended in 150
ML lysozymebuffer (10mg/mL in 10 mM TrHACI, with 0.1 M NaCl, 1 mM EDTA, and 1% v/v
TRITON® X100) and incubated at 37°C for 30 minutdgerwards, 15QL oflysisbuffer (50
mMtris-HCI pH 7.5, 50 mEDTA, 10 mM CaCl2, 1% w/v SDS, 0.1% w/v Tritod®0{and 1
mM DTT) was added and incubated for 90 mindths. DNA was precipitated using a salt
alcohol precipitation method (1/10 volume & 3odium acetate pH 5.2 withio volumes of
96% icecold ethanol) at20°C for at least an hour. The DNA was washed with 70% ethanol
twice and resuspended with nuclefse water.
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For metagenomic DNA, extraction was done using a modified -Ehéorofform
Isoamyl Alcohol extraction protocol for sterivex fil{Brazelton and Pendleton, 202d%h a
freezethaw cycle stepTwo litres of geothermal fluid was passed through a sterivex filter
(0.2um) with both female and male ldiek in either endSerivexfilters werestored at80°C
until extraction. Before extraction, the outflow end was closed with-bkueap and sealed
with parafilm. DNA extraction buffesde SUPF.Table7.1) was added to thatake end of the
sterivex filter until it filled the filter chamber, leaving the intake's neck emptyl(:8hm.). The
filter was then incubad at-80°C for 12 minutes and then quickly transferred to a 70°C bath
for 15 minutes and repeatedly done for 90 minutes. Afterwargk,&8ysozyme (50 mg/mL)
were added into the sterivex and incubated at 37°C for 30 min with constant agitation, followed
by the addition of 4AL of Proteinase K and filQ 20% SDS. The sterivex were then incubated
at 65°C for 90 minutes with constant agitation. Afterwards, the fluid was removed from the
filter and centrifuged to remove CFA&sociated material. Extraktifl was transferred into a
clean tube and added with equal volume buffered P@&tmioformisoamyl Alcohol (25:24:1)
mixture. The extract was gently shaken before centrifuging at 14,000 xg for 1 min, and the
agueous layer was transferred into a new tulile an equal volume of chlorofofispamyl
alcohol (24:1). After shaking and centrifuging the tube, the aqueous supernatant is used for
ethanol precipitation and washing similar to that used in genome extraction, albeit with
incubation at-20°C for overmght. The quality and concentration were checked using
spectrophotometry of the 260/280 Absorbance ratio and Qubit fluorescence DNA high
sensitivity kit. The total DNA was normalised to 100ng for each sequencing run.

3.3.4.2. Sequencing, pre-processing, and assembly

From Kuirau Pargrownisolates, 192 weresed forgenome sequencing and analysis
across different time posit Extracted DNA from the isolates were sequenced using Illumina
(36A awass Coga+ o6 acwhany OenasoaC Agéd d8yO0
in software RTA. Acquired reads were analysed using HastQQG.12.Q)and lowquality
reads and adapters were removed using Trimmomatic (ver. @dl@er et al., 2014Llean
reads were assembled into contigs ugiegle novo assembler SPA@amkevich et al., 2012)

The axenicity of the genomes was checked by plottimey koverage against contig length to
remove contaminants and separateocourring contigs into genome bifi3ouglass et al.,
2019) Genome completeness atradin heterogeneity were checked using chéPBlakks et al.,
2015) Genomes with contamination >2% were not used for downstream analysis.

The metagenomic DNA was also sequenced using the lllumina HiSeq 2100 with a
2x150bp library size. Sequenced metagenomic reads wetealbabseon the budin RTA
software. The reads were further cleaned using the BBMap (ver. 39.01) pipeline with BBDuk,

95



which was used for adapter trimming, contaminant removal, and filteringuality reads
(Bushnell, 2014)radpole was used for er@orrection of the read¥he quality was confired
afterwards using FastQC.

3.3.5. Population structure analysis
3.3.5.1. Population Delineation

Genomes were initially identified through comparison agdiasEenome Taxonomic
Database (R202) using t&TDBTK (Chaumeil et al., 2019; Parks et al., 20R®)ntified
Aquificalesand Hydrogenothermalegenomes were used for Average nucleotide identity to
delineate population boundary using the FastANI algofilain et al., 201&nd visualised
using pheatmap v1.0.12 package in R (K@&de, 2018; R Core Team, 20Z28nomes with
95% ANI similarity are classified distinct populations for subsequent studies.aAgriori
delineation of populations was also done using gene flow boundary delineation using
PopCOGen{Arevalo et al., 2019a)he PopCOGenT pipeline utilises a pairwise comparison of
entire genomessenomes from all sites and time points belonging to theZED®yenus were
run together to determine the extent of horizontal gene flow between closely related genomes.
Additionally, the genomes were also segregated per time poiftop@®dGenT was run only
with genomes within those time points to observe how population structure and horizontal gene
flow change across time points.

3.3.5.2. Swept Region Annotation

Previously identified recombining clusters of UBA11096 sp. cluster 2 using PopCOGenT
analysis were used for swept gene analysis. Swept gene analysis has been limited to genomes
isolated from July 2019 and July 2020. Swept genes from the flexible gethysisensara done
using the modified pipeline of PopCOG@révalo et al., 20198 genas identified as a part
of the flexible genome when it is swept within a population or PopCOGenT subelgster (
UBA11096 sp. cluster Blue or Orange population) but is not found throughout the other
populations within its cluster. The PopCOGenT pipeline identifies the clusters of genes that
swept a population. A custdpthon scriptwasused to create a workflow thégtchesswept
genesequences from a representative genanteperforms functional annotation andther
downstream analysis. The sequences were translated into predicted proteins using Prodigal ver.
4.8.4 (Hyatt et al., 201Q0which were afterwards clustered per population into clusters of
orthologous genes (COGs) using mmseqgs2 (ver. 15.68téRjegger and Soding, 2017)
Functional analysis of each cluster was done using the Diamond ver. 2.1.8.162 BLASTp module
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(Buchfink et al., 202Rgainst the Uniprot database 2023 1 rel@@sedert et al., 2022)nd
mapped to COG categories using eggNOG mappe(heer&Cepas et al., 2017)

Similar to swept genes identified in the flexible genome, identification of swept genes in
the core genome is limited to the recombinuigA11096p. cluster 2 Blue and Orange
populations from July 2019 and July 2020. The swept genes from the core genome were analysed
using the modified PopCOGenT Core Genome pipeline in a Docker container
(glbcabria/popcogentevised:1.3.2). The PopCOGenT Coren@epipeline identifies a swept
gene in the core genome through identificatibfow within-populationnucleotide diversity
regionsthat also form a monophyletic clades such, populatiegifferentiatingSNPs in these
regions are identified &NPgresent within all members of the population batin other
populationsOpen reading frame and protein prediction were identified from swept regions
using Prodigal ver. 4.8.4. The predicted genes were annotated using the Diamond BLASTp
module against the Uniprot database release 2023 _1, and COG categories were identified using
the eggNOG mapper (ver. eggNOGS5 database).

Comparisons of genes between the swept regions of the UBA11096 sp. cluster 2 Blue and
Orange populations from different time points were performed using the OrthoVenn pipeline
ver. 3(Sun et al., 2023Nonclustered predicted proteins were clustered using the OrthoMCL
algorithm with an evalue of 1x19and an inflation factor of 1.50. The clustered proteins were
visualised using a Venn diagram generated by ComplexUpset vékras3dwvski, 2020; Lex
et al., 2014and the ggplot2 package in R ver. 4R.Core Team, 2022%tatistical analyses
were done using the base R packages.

3.3.6. Genome extraction and sequencing

3.3.6.1. Abundance estimation and community diversity

Community diversity and abundance estimatioAaiifiota samples were analysed
using fractional scaling (FracMinHash) through Sourmash (ver. 4.8.4). For abundance
estimation, highguality genomes with high completeness and low contamination from each
established population were selected as representative gefoormash identified\quificota
population. MinHash signatures for the representative genomes and the metagenomic reads
were created through random sampling-afiér content with a-kner size of 3&ith a fractional
scaling of 1/1000 and accounting abundance as stated in the us@riguideet al., 2019)he
abundance of the population representatives was measured through a containment query of the
sourmash signatures of the representative genomes against the metagenome reads using the
sourmash gathemethod. Meanwhile, community diversity and composition were measured
using the metagenomic read signatures as containment queries agdiidDBnepresentative
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genome database and the Genbank (March 2§22y)mes usingourmash gatheand
sourmash taxethods.

Statistical analyses of community diversity and site geochemistry were all conducted in
the R ver 4.3(R Core Team, 2022¥ith plotsgenerated using the ggater. 3.4.4Wickham,
2016)and data analysisas performed usintpe tidyversever 2.0(Wickham et al., 2019)he
alpha diversitywas measured using the Shannon Index and species richness, which were
visualised using the Vegan v&.@ixon, 2003and Phyloseq v1.44cMurdie and Holmes,
2013)packages in Rlhe community structure of the geothermal pools across time points was
assessed through robust Aitchinson distances of robust centatidogCLR) on sequence
abundance through phyloseq and vegan packages following compositional data analysis
guidelines(Gloor et al., 2017 5tatistical analysis difie correlation between environmental
variables and microbial diversity was measured through the Mantel Test in Microeco package
ver 1.1.qLiu et al., 2021)Environmental factors were also plotted using a distbased
Redundancy Analysis (RD#pugh the Microeco package in R.

3.3.6.2. Single Nucleotide Polymorphism Analysis

The prevalence of SNPs in Arpiifiotapopulations from the community metagenomic
data was measured following the GAd@iKMicrobes pipeline using GATK v4.2(@6njamin
et al., 2019; Van der Auwera et al., 2(M8jagenomic reads that matched >95% identity to the
representative genome of eafdjuificotapopulation were used for SNP analysis to minimise
the contamination between populasoifhe read mapping filtering enff was delineated using
Minimap2 by mapping reads of the acquigdificotagenomes between and within population
representativessee SUPR. Figure7.). Afterwards, reads wedownsampledased on the
lowest coveragef a sample per population. Downsampling was done in triplicates. The reads
were thermapped into reference genomes using BWéAy and duplicates were marked using
PICARD (v2.26.10). SNPs and Indel detection were then done using the Mutect2 (GATK v4.2.6.1)
short variant discovery caller, followed by FilterMutectCalls to remove artefacts and errors.
Statistical analysis arRearsorcorrelationof the SNPs with the relative abundawes done
using base packages in R.
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3.4. Results and Discussion
3.4.1. Community diversity and water level shifts over time

Both Kuirau Park Site 1 and 2 (Figure I3ate shown drastic changes in water levels
over a span of a year. It was visually observed that the water level was low (Figure 3.3A) during
the July 2019 sampling and increased to the maximum height during January 2020 (Figure 3.3A).
Since KRP2B has nimedt underground water source and relies on KRP2 outflows, its water
height appears distinctly lower than other pools during periods of low water levels. However,
KRP2B fills up to the same heights as KRP2 chighgvater levels due to the absence of any
notable outflow channels from KRP2B. However, no significant temperature and pH changes
were associated with the rise of water level in KRP1 and KRP2 (Figsee33BPP.Table
7.2. The correlatioletween these cyclic changes in water levelstard nearby geothermal
features in Kuirau Park and Rotorua geothermal areas has not yet been established. However,
cyclic patterns in water level shifts and temperature have been observed previously in Inferno
Craker Lake, 2km southeast of Kuirau Paf8cott, 1994; Ward et al., 201\Fater level and
temperature were shown to undergo@dy cycling between high and low ley8iott, 1994)
with the shift in temperature associated with chamgegater level brought by the influx and
retreat of geothermal fluid¢andemeulebrouck et al., 2008ift in the microbial populations
in the hferno crater has been observed to result in population turnover between the archaeon
Sulfolobudike spp.andHydrogenobaculursp. as a response to thermal cyc{Ward et al.,

2017) Thereforea shift in Kuirau Park's water level may elicit similar perturbations that affect
its community and intrapopulation diversity.

Therefore, | investigated the microbial diversity in Kuirau Park 1 and 2 across the
different time points through compositional data analysis of the metagenomi{Gkxmxiset
al., 2017) The diversity and abundance of the microbial community were assedsed
FracMinHaslusing metagenomic reads as containment queries against tBanéeaference
genomalatasef / -, 68aC 064& 00V  .The alpbd diversitpahdiShannon iadexd G Vv
of observed specieshowed that both KRP1 an&RR microbial communitiegemaired
relatively constant across time points from January 2020 20Rf\but dropedin September
2020 (Figure 3.3C)Comparisons betweetime points ofcommunity structureshowed a
significant change irelativeabundancebetween September 2020 and prior time points in
KRP1 and KRPiplying a perturbation of microbial diversity during or prior to September
2020 (Figure 3.3D). A signéitt change was also observed between January 2020 and July 2020
in KRP2, suggesting a shift in microbial diversity.
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Previous studiesf microbial communities in Kuirau Park obsertred KRR andKRR2
were dominated byAquificotabacteria at 70% and 90% relative abundancespectively
(Power et al., 2018However, the current analyshowed a maximum of 0.25% relative
abundance dkquificotametagenomic signatures in the gfkegure 3.3D)whichmaybe due to
differences INDNA extractionsequencingdata analysis methods, amite sixyear time
difference.The hylum Proteobacterialominatel most sites across differetime points,
followed byBacteroideteand Firmicute Beta diversity analysis using robust Aitchinson
distances shoed the microbial community to be significantly different across timetpat
each site (=0.006, PerMANOVA) and between ssiter each time point p=0.001,
PerMANOVA), but no significant difference between water lseelsSUPR Table7.3.
Analysis of the impact of other measured geochemical parametetbesiagtel test shoad
no significant association with microbial diversstye( SUPP.Table7.5). Investigation of the
effectof measured geochemical parameters on memb@gudfcotabacteria also shadno
significant correlatiorsee SUPBTable7.6). However, redundancy analysis sedapotential
relationship betweerAquificales relative abundancend water level, whilea negative
relationship can be observed betwidgdrogenothermalelsacteria and temperatursge SUPP.
9 Figure7.2). The lack of significant association between microbial diversity and environmental
parameters indicates thahmeasured geochemical parameters or hydrological processes may
have driven the observed significant changes in the microbial community

3.4.2. Both clonal and recombining populations can arise from distinct but
closely related  Aquificota populations

To investigate whether the observed perturbation in the microbial communities affects
theintrapopulation diversity ohquificotabacteria, first, | isolated and sequenced 179 genomes
of Aquificotabacteria and examined whether they exhibit similar ispecies genomic
variation associated with varying degrees of horizontal gene flow as previously observed
(Chapter2). Two sets from prior time points used in metagenomic studies, July 2019 (Chapter
2) and November 2019, were included in the genomes seduBlocgeochemical and
metagenomic data were available for those time pantsno isolates were sequended
September 2020 due to COMI® restrictions andbgisticalcomplicationsComparison of
genomic similarity of all sequenced genomes grouped them into six distinct populations (Figure
3.4A) using the traditional coff for species at 95% ANI similar{fgoris et al., 2007; Jain et
al., 2018) The six populations were classified as membendydfogenothermaleand
Aquificaledamilies and categorised into four distinct geneimgthe Genome Taxonomic
DatabaseGtDB pipeline §éee SUPPO)L Three populations belonging tiBA11096lustered
with genomes from the previous study (Chapteat the same time, tlogher three populations
were classified as related Hydrogenobacter thermophiluSulfurihnydrogenibiunsp, and
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Venenivibrio Based on previous clustering of recent horizontal gens, floembers of
UBA1109p0opulation 1 and 2 from Chapgarereferred to a$/BA11096p. cluster 2 Blue and
Orange populationsyhereasUBA11096opulation 3s referred to asdJBA11096p. cluster 1

Green population from here on.

Table3.1Average Nucleotide Identity of the siquificota populations

Population Mean | Standard | Min Value| Max
ANI Deviation Value

UBA11096 sgluster 2 Blue 99.214 0.520 95.306 99.996
UBA11096 sgluster 2 Orange | 99.423 0.342 98.508 99.999
UBA11096 sgluster 1 Green 99.977 0.021 99.864 99.999
H.thermophilus 99.997 0.003 99.989 99.999
Sulfurihydrogenibium sp. 99.936 0.070 99.684 99.998
Venenivibrio 97.616 1.839 89.242 99.999

In agreement with the previous study (Chag@grsignificantintra-species genomic
variation was observed inUBA11096p. cluster 2 Blue and Orange populatiovisiie the

UBA11096p. cluster 1 Green population appdas a highly homogeneopspulation.H.

thermophilusand Sulfurihydrogenibiunsp. populationsalso appea&d highly homogeneous
(mean ANI >99.9%)mplying that they are highly clonal populations similah&dJBA11096
sp. cluster 1 Green populatiofalfle 3.1). Meanwhil&/enenivibriogenomes exhitatl
heterogeneity with ANI values rangifigm 89.24299.999% (97.615+1.838% mean sd).

However, one genome behaves erratically as it matches at >97% ANI to most genomes but

shows lower ANI (895% ANI)to a select fewSince most genomes clusigwithin the ANI
cutoff, Venenivibriogenomeswere treated as a single population for the rest of the study.

Analysis of genome similarity shexivthat more heterogeneous populations exéiba
substantial gap in ANI distribution between 99.5% and 99.9% ANI gae/&SUPP., Figure
73). A gap in ANI similarity (9929.8%) ha been observed in other cohabiting archaea and

(RodriguezR et al., 2023a; Viver et al., 2024, 2021)

Since intraspecies genomic variation in UBA11096 sp. has been previously associated
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with varying degrees of horizontal gene flow (Chapfesrll the sequencegenomes were

analysed for recent horizontal gene flow using PopCOGenT. The genomes were grouped and

analysed per genus, based@BclassificationsincePopCOGenT is designed primarily to

analyse horizontal gene fldixe. homologous recombination) in closely related(fsveavalo et

al., 2019a)Recent horizontal gene flow analysis coefiftthe resultsn Chapter dn which

highly homologous populations are composed of clonal linedujesa recombining population
structure is observed in bacteria with higher irdpecies heterogeneity. GenomedHof

102

A



thermophilusand Sulfurihydrogenibiumsp. andUBA1109&p. cluster 1 Green population
appeaedas a single nodethereadJBA11096p. cluster 2 Blue and Orange population exibit

a high degree of horizontal gene flow within each population with a few lower intensity linkages
to other populations (Figure 3.4B).

Meanwhile, the/enenivibriopopulation was shown to be compose@ 8w clonal
lineages connected by horizontal gene, fadleit at a much lower degree of flaw indicated
by the lower genome length hidke fraction of shared genomic region between bacteria
(302.42+29.71Venenivibrio A 1 6 8 y \@iad sigdificantly flowed than those observed in
intrapopulation linkages dIBA11096p. cluster 2 (1636.67+651.1) and comparable to the
genome length bias between UBA11096 sp. cluster 2 Blue popu@dioada and New Zealand
(Chapter2). Sincethe frequency of horizontal gene flow is often associated with sequence
similarity (Friedman et al., 2013; Hanage et al., 2005; Shapiro et al, tB@ & aker horizontal
gene flow betweeWenenivibriomembers, coupled with lower ANI values, imply that the
population is in the process of diverging and forming a new spetfesentiation of co
occurring Venenivibrio bacteria within the same habitat suggests sympatric speciation is
potentially driven by decreasing horizontal gene flow or recombiriatiedman et al., 2013)
A recent study has observed contrasting growth conditions and lifestyles bétweeinibrio
and Sulfurihydrogenibiumforming alternate environmental niches and potentially leading to
sympatric speciatio(Power et al., 20245imilarly, the formation of alternate environmental
niches within céiabiting Venenivibrio could also drive the increasing intrapopulation
heterogeneityBaquero et al., 202&anhd lower degree of horizontal gene flow within them,
leading to speciatidi®hapiro et al., 2012)

Lastly, theobservedANl intra-populationheterogeneity atecombiningUBA11096p.
populations suggeststrgtd a Coy 6 606a060A pd =+pagépyasin 0606y:¢
99.499.8% (RodrigueR et al., 2023Analysis of very closelglated genomes in the database
hasshown a significant gap in tdestribution ofANI values at 99.99.8%.The gap is prevalent
acrossbacterial taxa, includinglonal and recombining bacteri@enomes with ANI vakie
+g6+06a a-+ o0 favebeed corrdlated wieBgdenceypes odiscrete sequence clusters
(RodriguezR et al., 2023a; Viver et al., 202)ese discrete sequence clusieessuggested to
be composed of clonal complexes taate undergone similaevolutionary and ecological
response The mechanisms indghformation of these sequence typasain speculative and
were suggested to bstablished by either gelexvelor genomewide sweepgViver et al., 2024,

2021) Theefore, theresults here could providevidencethat preferential homologous
recombination could drive the formatipnd a + 6 With thé aalysisypmore cohabiting
bacterial genome sequences and studies, the role of horizontal gene flow in the ANI gap and

ealy diversificatiorwill become more apparent

103



90

85

INV 3simited

Venenivibrio sp. Uncharacterized Genus UBA11096
Sulfurihydrogenibium sp. Population 3 Population 2 Population 1
Ae
P
® "N ’
> .///// | ‘
G
B T
® o
I
of f ‘ |
J" ;
\\ ~ J \Tx/ l

T =

Figure 3.4 ANI and PopCOGendnalysis delineatesAquificotagenomes in six distinct populations

The computed ANI grouped the Kuirau Park clustered genomes into six distinct populations (A), with
ANI similarity of >95% within each population. (B) PopCOGenT analysis-gliblgh genomes with

checkM contamination <2%de SUPP. Exjure7.4) shows different degrees of horizontal gene flow
across the different populations. Each edge's thickness and colour intensity indicate the degree of recent
horizontal gene flow. Each circle regamts a clonal group or distinct genomic background (ANI >99.9%)

with colour matching its population as shown in ANI heatmap (A). Each circle is labelled with its clonal

group ID and the number of genomes grouped in the clonal complex. The metaddtzlimmadagroup
is in SUPP. 1@ able7.8).
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3.4.3. Recombining populations exhibit intrapopulation turnover of
dominant genomic background across time

Given the observed shift microbial community and intrapopulation diversity of
recombiningAquificotapopulations (i.e UBA11096p. cluster 2 an¥enenivibriy it is likely
that perturbationsaffecting the microbial community als@wl intrapopulatin heterogeneity
in Aquificotapopulations. To examine if thenes any shift inAquificotapopulations and
understand howAquificotabacteria resporeti to change, | analysedcent horizontal gene
flows for each populatioby time poinsto examine changes in their population structée
expected, the highly homogeneous populatioBsiléirihydrogenibiunsp. andJBA11096p.
cluster 1 Green population appshconsistently clonal across timeith the other highly
homologouslydrogenobacter thermophilpgpulation appearing only during March 2020 as a
single clonal group (Figure 3.5). The enbeterogeneous recombinldA11096p. cluster 2
Blue and Orange populations exlethéd more diverse population structure over timeighdr
degree of linkages (recent horizontal gene fleagobserved in July 2019 and July 2020 than
in the intervening period in which only tH8BA11096p. cluster 2 Orange populatioas
isolated and foreda single clonal grougt eachiime point. Meanwhilé/enenivibri@ppeaed
as unlinked clonal groups separated between the March and July 2020 time pointshét could
posited that the segregation of the K and N clonal grodMenenhivibriat different time points
ackedas a gene flobarrier, leading tdhe observed lower degree of horizontal gene flow (Figure
3.4)(Friedman et al., 2013; Shapiro et al., 2012)

At first glance, the shift WBA11096p. cluster 2 Orange population structure from a
recombining population structure to a population consisting of a single clonal group during the
intervening periods may indicate that the population waeletagenomewide sweegCohan,

2016; Shapiro and Polz, 2014; Takeuchi et al.,. 2dwgver, closer inspection of the clonal
grouplDs (Figure 3.5suggestda likelyturnover within the population of the dominant clonal
groups or unique genomic backgrounds across time. Different clonal groups of UBA11096 sp.
cluster Orange population appedat each time pointmplying a shift in dominant genomic
background within the population rather than an outright geraide sweep in which one

clonal group survivkselection and expaedto take over the populatioim addition to shifting
dominant genomic background, b&tBA11096p. cluster 2 Blue and Orange populations also

had clonal groups that appestat both July 2019 and July 2020 time points and, thus, providing
support intoan intrapopulation turnover of dominant genomic background and the lack of
genomewide sweep.
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Figure 3.5 Horizontal gene flow analysis ofAquificota populations exhibits a shift in populatior
structure across time A higher degree of horizontal gene flow was observed in July 2019 and
than in the intervening period for members of recombining UBA11096 cluster 2 Blue an
populations. Meanwhile, the interim time points (November 20A&ch 2020) havbeen dominate
by distinct clonal groups from both clonal and recombiAmngficotapopulations. It should be no
that the clonal groupsé¢e SPP. 13able7.8 of UBA11096 sp. cluster 2 Blue and Orange popt
change for each time point with only clonal groups U, L and R appearing in more itiare quoént
implying a turnover in the dominant genomic background in the population acrass time

Next, | examing whether the population structure shiftirrored intrapopulation
heterogeneityn Aquificotabacteria found irthe metagenomic datdhroughthe stringent
mapping of metagenomic reattsrepresentative genomed eachAquificotapopulation, |
investigated changes in single nucleotide polymorphisms (SNPs), which regrésent
intrapopulation heterogeneity of ea&fuificotapopulation and could provide insight into the
presence of genorvede sweep or lack thereof in natural bacterial communities. Independent
measurement of theelativeabundance ofAquificotawas also performesincethe previous
metagenomic analysis célative abundance does naoiclude representative genomes that
belong to the studiefquificotapopulations. Analysis of SNPs in the highly homologous and
clonal populations dJBA11096p. cluster 1 Green population athdthermophilushowed
minimal change in intrapopulation heterogeneity across éwan withsignificant changes in
observed reacklativeabundancegsigure 3.§. Theconstanly low intrapopulation diversity of
homologous populatiomsflecedtheir unchanging population structure, which comesisf a
single cloal group (Figure 3).

Theabsence @total purgen SNP diversity in these clonal populatididsiot indicate
a lack of genomeide sweepThe clonal population structure atiée constantly low SNP
diversity independentlbeit drasticchanges in abundance in these clonal populatioag
suggest thatadaptive clore have beerselected and reached fixation beftie study.
Subsequently hese adaptive organisms remain at loeutral diversity as constant strong
purifying selection minimisethe chance for divsification (Cohan, 2001)Given thatthe
geothermal Kuirau Park sitéigkely encounter putatively cyclic patterns in environmental
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conditions similar to other geothermal featurethm region(Scott, 1994; Ward et al., 2Q17)
periadic selection may only increase cohesion in the population's ecologid&@ldtats, 2005;
Shapiro and Polz, 2014urthermore, the decrease in diversibupled withthe increase in
abundance irSulfurihydrogenibiunsp. (Figure 3.6)suggets a potential expansion @n
adaptie clone oSulfurinydrogenibiunsp. during March 2020, a sign of genesnge sweep.
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Figure 3.6 Read and SNP abundance of naturaguificota populations. Read abundance (bars)
measured by containment analysis of metagenomic reads to the representative genom
population. SNPs and Indel (line) were calculated using the filtered reads with >95% ident
representative genomes. The obseclehges in the whole population are similar to those ob
within individual KRP1 and KRP2 sitee(SUPP. Figure7.5 ° Cga+ olGpyada y
remaining constant acrosstimiep gy A 8y 6 adopufieyesyod 5" ! w3
consistent with their abundance. Meanwhienenivibri@lso shows a similar pattern in the numbx
SNPs that mirrors its abundan¢ed 0 0 AG & & @ p worrdlation $howkd & fpoyitieskreldion
between SNP counts and relative abundamcéenenivibriosp, UBA11096&p. Blue and Oran
populations a weak positive correlation litydrogenobacter thermophilasd a nedive correlation i
Sulfurihydrogenibiumnsp. andJBA11098p. Green populatidisee SPP 7.8 Figure 7.6)
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Meanwhile, the more heterogeneMe&nenivibiresp. andUBA11096p. cluster 2 Blue
and Orange populationsere observed to have the high@strapopulation diversity (i.e.
highest SNP abundanoencurrent withitheir highestelativeabundancesuggesting that their
intrapopulation heterogeneityas linked with population siz@obay and Ochman, 2018)
Interestingly, Venenivibriosp. exhibid the highest count of SNPs among Hwuificota
population reflecting the high intrapopulation diversity measured through ANI. The high
intrapopulation diversity and abundanc&ehenivibrian the metagenomic data suggeshat
coexistingdiverging subpopulations a&fenenivibrioexist in Kuirau Park, which undergo
sympatric speciation and potentially temporal njgditioning as they have been proposed to
be associated in higher-agocurring phylotyp€Dini-Andreote et al., 201,4uch as diverging
populations

For UBA11096p. cluster populationthe persistence of observed genotypes between
July 2019 and July 20@8gure 3.5pnd the minimal changes in neutral diversity (Figure 3.6)
suggest that the population likely undergoes -gppeific sweepn contrastto unchanging
diversity in more clonal populations, the increase in SNE3AA109€p. cluster 2 for July 2020
represengédan increase in heterogeneity that may suggestiready diverse gene pool that has
been suppressed or lies dorméPwlz et al., 2013} previous time poirst, whichwere able to
increase irrelative abundancet the July 2020 time point due to potentiafhore tolerant
environmental conditiongLasky, 2019; Pompei et al., 202Bherefore, the increase in
intrapopulation heterogenejtthe abundance, and the observed shift in the dominant genomic
background suggest tHaBA11096p.populations did ndikelyundergo genomwide sweeps
but intrapopulation turnover of the dominant genomic backgrbendeen July 2019 and July
2020 A turnover in the dominant genomic background within a population is likely to exist in
recombining populations due to the higlvatial genetic diversity brought by gesecific
sweepgLasky, 2019; Polz et al., 2013; Pompei et al.,. ZB&specific sweeps allow diverse
geromic backgroursto persist aing the shared ecological niche dimensibich lowers the
burden of carryingienesas these can lukspersed acroshverse genetic varianfKupczok et
al., 2018; Lasky, 2019neaefore, The diverse genomic background acts as a genetic reservoir
thatcanfacilitate theshift of previouly standing neutral genes or allelesdaptive alleles when
subjected to selective press(Barton, 2001; Lasky, 2019; Wilson et al., 20 Agditionaly,
genetic reservoirs protect potentially beneficial but seldomly used genes from being lost from
the populatior{Granato and Kimmerli, 2017; Morris et al., 2012)

One interesting question is what differentiates the changes in diversity, or lack thereof,
observed between the clonal and recombining populatidwpidicotaespecially populations
of UBA11096&p.? Given the taxonomic relatedness and cohabitation of Aljegeota
populations, they shoulekperiene similar environmental perturbations that apply selective
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pressurel positthat the difference is duetotijiea 6 6 s Ay pAgadopy pod aodopu
d60dyasdaspyA ap Ayooacp : Apda Ao6060awagd ACOO
primarily occur when adaptive genes/alleles appear faster than thosegemeexh fixation

within the community allowing multiple adaptive allelesdooccurthrough the population
AgliA0adyopAAOCY -0608yC+pg006° :+0a6° Ad0060awZabhb
through the population, occwhen the time for the appearance of novel adaptive alleles is long
enough to reach fixation within the populatigtermisson and Pennings, 2017; Messer and

Petrov, 2013Novel adaptive alleles often angen new or more substantial selective pressure
YyAaAOOA a+0 6wgo6aApgaC po6 yaodogoepAAGC 060yVa04a0
mutations appear from previously neutral or deleterious standing mutations or adaptations
from multiplede novanutations in large populatior{slermisson and Pennings, 2Q1The

large genetic reservoir in recombining populaismpplants the need for large population sizes
sincestanding adaptive alleles/gesnean arise simultaneously in the presence of novel or
stronger selective pressuiteasky, 2019)Therefore, itan be argued that gespecific sweeps

gy foo0adagd psélectivg swaehstaysitieyalow the pheseivation of diverse

genomic backgrouddv. 4 +06 (00ao606 aoyodaapwsad po6 ypaoyasdl
has been attributed to the rapid adaptation of the populé&tiermisson and Pennings, 2017;

Messer and Petrov, 2013; Wilson et al., 20@W¢hwas evident in theobservechigh SNP

diversityof recombining py A0 d a e py ANp 8 6 oAbpoydHdeld ACO606Y A
to driveevolutionary rescuan which population decline driven by environmental change is
rescued from extinction by genetic adaptafiiitson et al., 2017 Wwhichis also exemplified by

the intrapopulation turnover in recombinitBA11096p. cluster 2 population.

The changes irelativeabundance and intrapopulation heterogeneity in metagenomic
data and the shift in dominant genomic backgrouoadtradict thenull hypothesis that
metabolically limited populations Afjuificotabacteria respond to environmental shifts solely
through genomavide sweepd.hese resultisnply thateven chemolithoautotrophpopulations
of Aquificotarespond differently to environmental perturbatiolson-recombining population
would likely undergagenomewide sweep, while gerspecific sweepseamore likely to occur
in recombining populations(Shapiro, 2016)Therefore,the applicability ofthe ecological
population theoryto Aquificotabacteriamay suggest the potential generalisability of the
ecological population theory as a model of speciatwidén bacterial taxa.

3.4.4. Swept regions have similar functions between populations.

Sincegenespecific sweep facilitates thgread of adaptive genes preferentially within
recombining populationgunctional analysis of the horizontally swept regiomghin the
population allows us to infer biotic and abiotic factors applying selective pressure towards the

109



population(Arevalo et al., 2019a, 2019b; Shapiro and Polz,. @l 4xamine the factors
affecting theecombinindJBA11096p. populations, | identified and annotated the swept genes
from the core and flexible genome oflWiBA11096p. cluster 2 population. Analysis of the core
genome using the PopCOGenT pipdiieatifies thepopulationdifferentiating allelesin
genomic regionghat are commonwithin both populations(i.e, the Blue and Orange
population}. Populatiordifferentiating alleles are determined to be alleles that are common
within the population but vary in other populatiohs. contrast, sweptegions in thdlexible

genome are genes that have swept withinpitygulation but not to the rest of the cluster
(Arevalo et al., 2019a¥lustering of orthologous genes (COfds) July 2019 and July 2020
showedthat UBA11096p. cluster 2 Blue and Orange populations mostlydsbamemon genes

within their swept regiongHjgure 3.A). A @mparison of the COGs from the sgopulations

but different time points shadlarge numberef shared COGs between different time points,

with 144 and 73 COGs shared within Blue and Orange populations, implyitigesieat
populatiors experience similar selective pressures betwéeme points(see SUPR6Figure

7.7) However, the highest number@®Gavas observeih the Oranggopulation from July

2019 and the Blue population from July 2020, mainly consisting of genes from the core swept
region. The commonality between the swept genes from the two populations suggests that they
may have experienced similar selective pressure from their environment.

Annotation of the COGs shemha similardistribution of the swept genes from the core
genome across functional categories between the different populptiOrg2) (Figure 3.B
see SUPP. Table 3.)1The swept genasere mainly distributed across replication (L), cell
wall/membrane (M), motility(N), and protein turnover (O) for both populations, and
additionally, with the highestlativeabundance found in translational processes€é) SUPP.
15Table 3.10 Interestingly, a contrasting trend in tbleanges in the numbers of swept genes
in the core genome was observed between the populations in which the number of swept genes
increases in Blue populations while there is an observed decrease in the Orange population
(Figure 3.7C). Given the similarity the functional categories in the swept genes, this
contrasting trend may suggest that the population experienced similar selective pressure, albeit
at different time pointsUnfortunately,sincethe swept genes observed in the core genome
belongdto broad categories of housekeeping and regulating functions, pinpointing specific
environmental or biotic pressure may be difficult. Given that these genes are related to division,
motility, and biofilm formationsee SUPP. Téble7.13) one potentigheoryis that recent gene
flowsallow synchronisation within the populati@sponding téhe same environmental cue to
undergo cell division, biofilm formation, dissociation, or colonisation of their environment. The
temporal synchronisation of bacterial pss®s allows quorum armbupling of metabolic
activity, thereby increasing population and community surflivand Nair, 2012; Ottesen et
al., 2013)
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The swept genaxd UBA11096p. cluster 2 Blue populations in the flexible genvoeres
distributed similarly to the swept regions ofatse genomepE0.35) Figure 3.B,see SUPP.
15Table7.1). Meanwhile UBA11096p. cluster 2 Orange populationd hery few COGs
identified in its flexible gen@nAmong the five COGs found to be shared across all populations
and timepoints, CRISR&ssociated protein Cas3 is the only annotated ¢lsistgrestingrole
of horizontal gene flow in maintaining bacterial host defence system. Interestingly, one
difference between the core and flexible gerneaeehe high abundance of swept genes in the
flexible genome 0fJBA11096 sgluster 2 Blue population in the energy production and
conversion category (CFigure 3.B). The svept genesvere components of the electron
transport chain €.g., cytochromec, cytochromé6, ferredoxir2) ard nitrogenfixation
pathway €.g.nifE, nifN genegsee SUPP5Table7.9 and SUPP. Téble7.14) Other nitrogen
fixation genes(fB, nifH, nifD, nifK, nifX, nifW, nifTyere also swept within the flexible genome
of UBA11096p. cluster 2 Blue population. Memberaaiificotaphyla, specifically of genera
Thermocrinisand Hydrogenobactemwere among the most prevalent taxa wiifiH genes in
high-temperature geothermal podidamilton et al., 2014; Loiacono et al., 2012; Song et al.,
2022) The taxonomically close relationship WBA11096 spwith Thermocrinisand
Hydrogenobactegenera and the presence of the main nitrogenase gene caséitaiiD,
nifK) in the swept genes suggests that membasBafL 1096 splay a role in nitrogen fixation
within the geothermal pool ecosystem. Additionally, the presence of energy production and
nitrogenfixing genes only in the swept regions of WA 11096 spluster 2 Blue population
indicatal that these processes couldhe of the populatiedefining traits that distinguish the
two closely recombinogenitBA11096 sgluster 2 populations. Further examination of the
differences in enzymatic kinetics of these gamesrtaingheir role as putative population
defining gnes.
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Figure 3.7 Clustering of orthologous genes between swept regions UBA1109&p. Orange and Blue populations at different time pointdJpset plot ¢
the predicted proteins from both the flexitdead coreswept regions of theBA11096 spluster 2 Blue and Orange populations shows that most C(
commonly shared among populations at different time points (A), with 307 COGs shared at least between two populatiénasrenmigue to each set.
highest similarity is between thHeXible swept region of théBA11096 spluster 2 Blue populations at different time points and thesvegpt region of tt
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3.5. Conclusion

In this study, | examined thgenetic changdas metabolically limited populations of
Aquificota bacteriaacross timelIn contrast to the prevailing ecotype theory tpasits
ecologically homogenous populatiosach as chemolithoautotrophsolely respond to
perturbations through genonveide sweepgCohan, 2016)this study demonstradethat
metabolically limited bacteria do not necessarily respond to environmental perturbation through
genomewide sweeps. The more clopapulations oAquificotaappeaedto have undergone a
genomewide sweep prior to the start of the study, as shown by the unchanging intrapopulation
diversity across time. Meanwhile, observed changes in intrapopulation diversity and
intrapopulation turnover of the dominant genomic background in recombiguodicota
populations suggexd that re@mbining populations likelyespon@d to environmental
perturbations through gerspecific sweeps. Tlee-occurrence ahpparent genspecific and
genone-wide sweepbetween closely relatgmbpulations with similar metabolic limitations
raises the question of ecotype theory's applicglilitecombining population¥he presence of
genespecific sweep in chemolithoautotropiiguficota bacteria indicates the potential
generalisability othe ecological population theory as a model of bacterial spe&Buo@it
explicitlyacknowledges the role of gespeecific sweeps in bacterial diversification
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CHAPTER 4. Homologous recombination drives horizontal
gene flow in  Aquificota populations

4.1. Abstract

Delineating bacterial populations through discontinuities in genesfloedicated on
the assumption that homologous recombination drives horizontal gene flow. However, other
mechanisms of horizontal gene flow, such as mobile genetic elementsvilMG&sjuences

s oA = A A A oA s

oy o sgyadboaodoawgao oy o OpbyuAbtoawabd 60o6uodyaA”

promiscuity. One exampleUBA11096p., where regulation of gene flow has been linked with
prevalentMGEsand sekltargeting CRISPRas systems. Therefokglidating the ecological
implication and population structure BA11096p. requires elucidation of the role of MGEs

in the recent horizontal gene flow of recombirfwgificotapopulationsThis chapteraims to
identify the ceoccurrence diGEswith recombining populations &fBA11096p. Analysis of

the abundance oMGEswith recombining populations dfiBA11096p. cluster 2 and
Venenivibrioshowed no significant correlatioletweenMGEs and recently recombining
populations ofAquificota Furthermore,spatial and functional genomic anatyshoved
minimal celocalisation of MGEs witidentified horizontally swept regions, indicating that
recent horizontal gene flow WBA11096p. cluster 2vas primarily driven by homologous
recombination. LastlyuncoveredCRISPR arrays and Cas proteins shared between recombining
populations o0UBA11096p. cluster 2, supporting the theory that recombining populations act
as genetic reservoirs for each otfidns work demonstrated that horizontal gene flow in the
UBA11096p. cluster 2vas primarily driven by homologous recombination and, thus, validated
its population structure and the ecological implications previously identified through reverse
ecology.
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4.2. Introduction

Genomic analysis of natural bacterial populations has shown that horizontal gene flow
plays a large role in maintaining bacterial cohesion in natural bacterial comnfinitadd et
al., 2022; Cordero and Polz, 2014; Fraser et al., 2007; Hanage et al., 2005; Polz et al., 2013;
Shapiro et al., 20123 high degree of horizontal gene flow in bacteria results inspecédic
sweeps in which adaptive genes are preferentially shared between horizontally linked
organisms. Selectidor the shared adaptive genes leads to the formation of an ecologically
cohesive populatiofShapiro et al., 2016; Shapiro and Polz, 2015; Takeuchi et al., 2015)
Therefore, novel bacterial speciation models have proposed delineating ecologically cohesive
populations or species through discontinuities in recent horizontal gen@Afvalo et al.,
2019a; Bobay et al., 2018; Marttinen and Hanage,. 8)X4@@ population gene flows carry
adaptive genes, identifying horizontally swept genes within a population can also aid in
describing the selective pressure experienced by the population and can elucidate the
YyhbyAGdABpY  AArévalped 4.,2018b3 \lanyskedke @t al., 2028 method of
ecological analysis called reverse ecology, requires no prior notion of species identification and
ecological difference@revalo et al., 2019b}hus making it suited for studying novel
populations. However, the reverse ecology approach and gerdefiendent population
structure delineation are predicated on the assumption that horizontal gene flow is primarily
driven by homologous recombinati@\revalo et al., 2019a; Fraser et al., 2007; Shapiro et al.,
2012) Homologous recombination through natural transformatsosuggested to be more
efficient in maintaining population boundaries as theynoare frequently lsare xenologous
alleles without the need tocorporat novel genesvhich canlower fitness cost(Mell and
Redfield, 2014; Novick and Doolittle, 2019; von Wintersdorff et al. RO#&rmore the effect
of nonhomologous recombination facilitated horizontal gene flow, such as through mobile
genetic elements (MGESs), can blur the delineation of boundaries of ecologically cohesive
populationssuchaslinking strictly norrecombining population intosingle albeit transient,
ecologicdiait like antibiotic resistandérevalo et al., 2019b; Vaninsberghe et al., 20@0¢
distance transfer of genes, such as the spread of antibiotic resistance genes, alters the ecological
relevance of a recipient organism, leading to its apparent distinction from other closely related
organismgDoolittle and Papke, 200§ubsequentlynobile genetic elements are considered
to beefficient in introducing novel genes and, thus, facilita#@daptation of novel ecological
nichesg(Novick and Doolittle, 2019)

The prevalence and activity of nbwmologous recombining MGEs between species
variessignificantly and not all recombining bacterial populatiatisse MGEg¢Durrant et al.,
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2020; von Wintersdorff et al., 201€revious studies on mobile genetic elemerdsdiogical
populationglefined through gene flow discontinustyow contrasting resultganging from no
significantly observed activity in the population structuxélwfospecieg¢Arevalo et al., 2019a)

to plasmidmediated higkirequency transfer in diverging speciesSotfolobus islandicus
(Sanchedieves et al., 2023nd to tychepossmovelgene transfer elements containing genes
and the necessargtegrase, replication, and recombinase componemEng diversity and
adaption inProchlorococcu@Hackl et al., 2023)Furthermore, even with the increasing
bAAGagdagpy po =+piup0popAA (ARED ptialli 2009%;5Cardejor A
and Polz, 2014, Fraser et al., 2007; GonZalees et al., 2019; Vos and Didelot, 20G9ajlies
oftenstill attributedecological and evolutionary significancetofia degree of horizontal gene
flow solely to MGEdue to their independent regulation and laligfance dissemination of
ecologically important geng&cman et al., 2022; Durrant et al., 2020; Johansson et al., 2023;
Sharma et al., 2022; Sobecky and Hazen, 2009; Vogan and Higgsh2edfbye, delineating
recombining populations and understanding their ecological relevance requires careful
examination of the role of ndrmologous recombination in horizontal gene flow
(Vaninsberghe et al., 2020)

In Chapters 2 and 3, | examine memberAaqpiificotaphyla as a model of horizontal
gene flowdriven bacterial speciation in edgpse populations. In Chapter 2, population
clustering analysis using horizontal gene flow discontingitresalo et al., 2019eategorised
Aquificotgphyla members into recombining and frecombining populations (Figused). The
longitudinal study in Chapter 3 shows a shifting population structure in the recombining
UBA11096 sgluster 2 Blue and Orange populations that suggests the potential of horizontal
gene flowdriven bacterial speciation in recombinidgjuificota bacteria (Figure3.5.
Additionally, reverse ecology analysis of the recombining populations (Chapter 3) suggested that
differences in energy processing and nitrogen fixation fungi@estially drive populatien
defining adaptation. My previous Chapters suggest that horizontal gemgifknwbacterial
speciation mechanisms mediate the formation of ecologically cohesive populations (ecological
populations) inrAquificota However, the validity of these results is uncertain as a recent study
has observed a high abundance of MGEs correlated with a high degree of horizontal gene flow
(Bowers et al., 2023j is primarily assumed that homologous recontimnas the major player
in horizontal gene flowdriven bacterial speciation (Arevalo et.2019a, 2019bJherefore,
confirming thathomologous recombinatidras a significanble inthe formationof Aquificota
ecological populations requires the elucidation of the role dfaroalogous recombination in
horizontal gene flow iAquificotabacteria.
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In this work, | utilisedpreviously acquiredyenomes from naturally emcurring
Aquificotapopulations to examine the contribution of mobile genetic elements to the overall
horizontal gene flow anthe bacterial speciation iAquificotabacteria. | identified mobile
genetic elements (i.e. conjugatiamd virusdriven elements) within the variousyuificota
populations and determined their correlation with the recombining populations. Genome
mapping and functional annotation of genes were also carried out to identify spatial and
functional overlap between PopCOGieientified horizontally swept regions ancdliiie
genetic elements. MGE evolution and regulation are also often linked to bacterial host defence
systems(Koonin et al., 2020; Koonin and Makarova, 2017; Rocha and Bikard,VZil22)
previous studies showing high abundance and diversity of CRISPR spacer sequences in
UBA11096p. (Bowers et al., 2022) also examine the differences in CRIBBRA A CA &6 U -
abundance to determine its role in the total horizontal gene flaguiffcotabacteria.

4.3. Methodology
4.3.1. Genome Acquisition

Fromthe previoushaptersKuirau Park Sites 1 and 2 genom@w®ss five time points
were utilised to understand genes and genomic properties that affect horizontal gene flow in
recombining populations. From the sequenced genomes in previous chapters, 121 genomes of
Aquificaleqi.e. UBA11096p., Hydrogenobacter thermophijuand 39Hydrogenothermales
(Sulfurihydrigonibiunsp. and/enenivibrigp.) were selected and used for downstream analysis
based on the <2% contamination rate detected by Ch@kids et al., 2015 he genomes
were grouped into taxonomic clusters based on the populations identified previously by
PopCOGenT analyéfgevalo et al., 2019a)

4.3.2. Swept Region Annotation
4.3.2.1. Swept Gene Analysis: Flexible Genome

Previously identified recombining cluster&JBA11096p. cluster 2 using PopCOGenT
analysis were used for swept gene analysis. Swept gene analysis has been limited to genomes
isolated from July 2019 and July 2020. Swept genes from the flexible genome analysis were done
using the modified pipeline of PopCOG@n&valo et al., 201988 gene is identified as a part
of the flexible genome when it is swept within a population or PopCOGenT subelgster (
UBA11096&p. cluster Blue or Orange population) but is not found throughout the other
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populations within its cluster. The PopCOGenT pipeline identifies the clusters of genes that
swept a population. A custom python script fetches their sequences from a representative
genome used for downstream analysis. The sequences were translatestliotedpproteins

using Prodigal ver. 4.8(#yatt et al., 201Qwhich were afterwards clustered per population

into clusters of orthologous genes (COGs) using mmsegsA5.6f45p (Steinegger and
Soding, 2017 Functional analysis of each cluster was done using the DiamoBd. \8e1.62
BLASTp modul@Buchfink et al., 202Hgainst the Uniprot database 2023 1 relé@sridert

et al., 2023and mapped to COG categories using eggNOG mappefHuezrt&Cepas et al.,

2017)

4.3.2.2. Swept Gene Analysis: Core Genome

Similar to swept genes identified in the flexible genome, identification of swept genes in
the core genome is limited to genomes in the recombui#L1096p. cluster 2 Blue and
Orange populations from July 2019 and July 2020. The swept genes from the core genome were
analysed using the modified PopCOGenT Core Genome pipeline in a Docker container
(glbcabria/popcogerrevisedl.3.2. The PopCOGenT Core Genome pipeline identifies a swept
gene in the core genome through identification ofdimersity lociin the alignment of all
members of the population but not in other populations. Open reading frame and protein
prediction were identified from swept regions using Prodigal ver. 4.8.4. The predicted genes
were annotated using the Diamond BLASTp modulesagh® Uniprot database release
2023 1, and COG categories were identified using the eggNOG mapper (ver. eggNOG5 database).

4.3.3. Mobile Genetic Element Analysis

Viral sequences from aljuificotgpopulations were quantified and identified using the
Virsorter ver 2.2.4Guo et al., 2021yvhile integrative and conjugative elements, along with
their signature proteins, were predicted using the ICEscreen pipeline vélcab.8t2al., 2022)
Prodigal predicted ORFs and proteins from the viral sequences and mobilisable elements. The
predicted proteins from viral sequences were clustered per population using mmeeqs2 (
15.6f453. COGs were subsequently annotated using the Diamo2dlv@il6BLASTp module
against the UniProt Database 2023_1 release and categorised through eggNOG mapper (ver. 5).

The mobileOdlb (ver. Beatrixl.6 database) was also used to predict mobile genetic
elements within the reference genorti@own et al., 2022)Alien Hunter (ver. 1.7) was also
used to identify putative HGT regions or genomic islands through interpolated variable order
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motifs (Vernikos and Parkhill, 2006The predicted regions were visualised spatially on the
reference genome using the ProkSee pipeline (accessed J§G20241t al., 2023)

4.3.4. CRISPR -Cas Analysis

CRISPR spacer arrays and CAS proteins were identified froAgadiciotapopulation
using the CRISPRCasFinder pipeline ver. 42y et al., 2014; Couvin et al., 2018; Grissa et
al., 2007) Quantifying CRISPR targets was done using a custom script utilising BLASTn of
predicted CRISPR spacer sequences againsiqtiiicota® 6 y p 0 6 A-ma&xmdet
A6 AAO6Y O-valie setatp®and1X]fespectively. Sehirgeting CRISPRs are identified as
AbAAOYOOA Copa+ Ayosooa AAd6aC dyo AAAUOGOAA fodD
YypyAUGSABpPYy &a0avcbagyd #2)302 Aydsoo6aA daodé AA
population as thdA A0 6 0&a o60ypu& Dby BaHsaaney ihenitdosiager
matches other populations. Identification of shared CRISPR spacers follows the same logic but
uses predicted CRISPR spacers from other genomes as BLASTn subjects.

The CRISPR spacers and CAS proteins were also identified from the horizontally swept
regions (core and flexible genome) and the reference genomes using CRISPRCasFinder.
Predicted CRISPR motifs and CAS proteins in the reference genomes were alsougisigalised
the ProkSee Pipeline (accessed Jan 2024).

4.3.5. Statistical Analysis and Visualisation

Statistical analysis of the abundance of mobile genetic elementg\quificota
populations was computed and visualised using the ggpubr ve(Kassambara, 2023nd
ggplot2 package ver. 3.4Wickham, 2016 R ver. 4.3.(R Core Team, 2022yomparisons
of viral sequence and integrative and conjugative signature protein abundances between
populations were computed using Wilcoxon ranked sum and signed rank tests. Comparison of
differences in COG category distribution was done through ANGVIAIkey Post Hoc Test
using the base R package.

Clustering of unique orthologous groups between the swept regions and mobile genetic
elements was performed using the OrthoVenn pipeline y8un3et al., 2023Nonclustered
predicted proteins from the three groups (flexible, core, andpvisglicted proteins) were
clustered using the OrthoMCL algorithm with arakeie of 1x10and an inflation factor of 1.50.
The cluster proteins were visualised using a Venn diagram generated by ComplexUpset ver. 1.3.5
(Krassowski, 2020; Lex et al., 20449l the ggplot2 package in R ver. 4.3.1.
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4.4. Results and Discussion

4.4.1. A highly recombining population does not necessarily have a large
number of mobile genetic elements.

The presence of abundant Aeomologous recombination in bacteria challenges the
primary assumption in studying the ecological relevance and population structure of
recombining populations that horizontal gene flow is driven mainly by homologous
recombinaibn (Arevalo et al., 2019b; Vaninsberghe et al., 2628yious studies WBA11096
sp. from natural populations halveenobserved to have a high degree of horizontal gene flow,
as shown by linkage disequilibrium studiswers et al., 2023ndinferenceof recent gene
flow through PopCOGeamalysis (Chapters 1 and 2), yet also exhibited a large number of MGEs
(Bowers et al., 2022}t raises the question of whether MGEs played a role in forming a
recombining population structure Auificotgpopulations. To examine whether the previously
observed abundance of MGESJBA11096p. is unique to that population or is a trait of
recombiningAquificotapopulations, | analysed the prevalence of MGEs, specifically viral and
integrative and conjugative signature proteins, and its correlation with clonal and recombining
Aquificota populations previously acquired in Chapters 2 and 3 eduahses were recovered
using Virsorte(Guo et al., 2021yvhile the integrative and conjugative signature proteins and
mobilisable elements were identified using ICEscreen and the MobileOG databasdlmpelines
et al., 2022)A comparison of the number of viral sequences per genome shows no significant
difference between recombining and snecombining populations (Figure 4.1A). As only one
complete mobdl genetielement was found acrossAdjuificotagenomes studied (belonging to
a genome frondBA11096 siluster 2 Orange population), the integrative and conjugative
properties between genomes were assessed by comparing integrative and conjugative element
signature proteins (ICE protein) abundances between populationar nviral sequences,
comparing ICE proteins between recombining andr@ecombining populations yields no
significant differences (Figure 4.1B), highlighting the lack of correlation between the abundance
bd -' %A &ap & ypyAQGSdanmppopuldtionsisieaC ap opau aod

Furthermore, individual comparisons between recombiriggificota populations
show significant differences in the prevalence of viral sequences and ICE proteins (Figure 4.1C
D). For example, recombining populati¢idA11096p. cluster 2 Orange was observed to have
the highest amount of both viral sequences and ICE proteins. However, recombining population
UBA11096 spluster 2 Blue, its closely related taxa, has significantly fewer viral sequences and
ICE proteins. Similar observations can be observathwlbnal populations. The discrepancy
in MGE abundance within the same clonal or recombining population is influenced by a high
abundance of genomes carrying multiple viral sequences, sucBudfsiiinydrogenibium sp.
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andUBA11096 spluster 2 Orangesée SUPRY - Figure8.5). The abundance of MGEs in a few
genomes highlights the specificity of MGEs to specific hosts, as they are often subject to host
parasite dynamic®urrant et al., 2020; Iranzo et al., 2046y, thus, a unique property of a
population.
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Figure 4.1 Prevalence of viral sequences and integrative and conjugative proteins in differ
Aquificota Populations (A)Comparison of the average mobile genetic elements, such as viral s
(A) and integrative and conjugative signature proteins (B) per genome in the recombining-
recombining populations, show no significant difference between the population Rgpess
comparisons of populations show significant differences in the number of viral sequence
predicted integrative and conjugatiproteins (D), even within the same population types. Valt
means (bar and squares) + standard error. Statistical analysis by Wilcoxon rank sur}egqis Q05
**p<0.01, ****p<0.0001. Statistical significance is visualised in selected compariso
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4.4.2. Mobile genetic elements do not spatially or functionally overlap with
horizontally swept genes in Aquificota

The high abundance of MGEs in the recombibiB11096p. cluster 2 Orange
populations raisethe question afhether there is an influence or association between its MGEs
and the regions thatvere swept. To determine the role of MGEs within the recombining
populations, | investigated if there is a significant physical overlap between the swept regions in
the core and flexible genome identified through PopCOGenT analysis and those of the mobile
genetic elements. Unlike its typical definition as used vatiggnomes, the core genomes
identified by PopCOGenT are defined as local collinear blocks or regions aligned across the whole
cluster (i.,eUBA11096p. cluster 2 Blue and Orange population) but withdieersity areas
only for one population. Meanwhile, the flexible genome consists of genes swept within the
population but have not swept to other populations within its clusteadBA&11096p. cluster
2 Blue population but not the Orange population).

The PopCOGendentified swept regions in the flexible and core genome of the
population were mapped into the reference genome for each population from different time
points using the Proksee platform (Figure 4.2). The July 2019 and July 2020 timeep@ints w
used to compare the overlaps between swept regions and MGEs, as they were previously
identified to be wher&JBA11096&p. cluster 2 is highly recombining. The distribution of
horizontal swept regions differs for each population per time point sinemadhesis of the
swept regions is limited to t@biting bacteria within the population per given time point.
Within the reference genomes, viral sequences and mobile genetic elements were identified
using Virsorter and MobileGb, respectively. The mappél sequences and mobile genetic
elements have minimal overlap with swept regions identified by PopCOGenT (Figure 4.2), thus
supporting the fact that MGEs are not associated with the horizontal gene flow identified by
PopCOGenT.

Aside from MGEs, genome islands are seen as horizontally derived regions and are often
marked by variations in gene content signatueas GC, dinucleotides, or codon frequencies)
(Carraro et al., 2017¥%5enomic islands have been associated with pathogenicity islands and
mobilisable gene contg@arraro et al., 2017; da Silva Filho et al., 2Diti@ntified and mapped
genomic islands to the reference genomes using interpolated variable order motif prediction
software Alien Hunter to examine whether genomic islands also have a role in the horizontal
gene flow in Aquificota populations. Interedtinthe identified swept regions also do not fully
overlap with the genomic islands predicted by Alien Hunter (Figurdirgand second inner
rings). Many identified swept regions do not appear to be located in genomic islands, suggesting
minimal dscrepancies between the gene content signatures of donor and recipient genomes of
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the identified swept genes, which are assumed to come from closely relatedhamtingp
organismgArevalo et al., 2019b; Bobay and Ochman, 2017; Hanage et al., 2005; Konstantinidis
and DelLong, 2008)An additional interesting observation from the mapped genomes is the
presence of several CRISP® system components (Figure 4.@uter rings) with the
horizontally swept regions of tklBA11096p. cluster 2 populations, indicating a potential for

a shared immune defence system within the population.
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Besides the spatial mapping of mobile genetic elements with the swept regions, | also
compare the overlap in function of the predicted genes in the identified horizontally swept
regions and the MGEs composed mostly of viral sequences. Clustering didies gmeteins
using the Orthovenn pipeline shows minimal overlap in the clusters of orthologous genes
between the viral sequences and the horizontally swept regions (Figure 4.3A). Most COGs
between MGEs and horizontally swept regions in the flexibleoaadyenomes are distinct,
suggesting that the functions are unique for each set. To validate this, I compared the
distribution of the predicted protein across different functional categories (Figure 4.3B) using
mmseqs clustering followed by EGGNOG mapph&functions seen in the horizontally swept
regions appear to be distributed differently than those in the viral sequence. The cluster of
orthologous genes in the viral sequences was primarily found in replication, recombination and
repair categories (LCategory)informational genes needed in the viral life cycle
(Mahmoudabadi and Phillips, 2018gditionally, viral COGs were found to be abundant also in
energy production (C Category) and cell wall/membrane function (M Category), with few other
COGs distributed across translation (J), transcription (K), and transport and metabolism
functions of mino acid (E), nucleotide (F), coenzyme (H). These genes could be part of viral
auxiliary metabolic genes that hijack host metabolic machinery or viral competition and survival
mechanismg¢de la Higuera and Lazaro, 2022; Luo et al., 2022)

Meanwhile, COGs from the identified horizontally swept regions from both core and
flexible genomes are dispersed widely across all COG categories. They are also more abundant
than the COGs from viral sequences. The COGs from the swept regions arelfeundsto
abundant in the translation functional (J) category and closely followed by functional categories
for replication (L), cell wall/membrane (M), motility(N), and protein turnover (O) functions
(Figure 4.3B). These functional categories are dominaidy by COGs found in the swept
region in the core genome. COGs from the swept regions in the flexible genome are fewer but
abundant in similar functional categories, especially in the replication (L) category. Also, COGs
in the energy production (C) as@ynalling (T) functions are relatively abundant in the swept
regions of the flexible genome. Nevertheless, the difference in distribution and abundance of the
COGs of the horizontally swept regions and MGEs, coupled with their COG clustering and
minimal overlap in genomic mapping, further support the lack of association of MGE with the
recombining properties of théBA11096p. cluster 2 populations. This result implies that the
population structure of recombining populations and recent gene flow WBA41096 sis
primarily driven by homologous recombination.
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4.4.3. CRISPR -Cas systems are shared between recombining populations

Bacterial host defence systems are often entangled in an evolutionary race with mobile
genetic elements for survivddoonin et al.,, 2020)These defence mechanisms, such as the
CRISPRas system, are utilised to control and limit the insertion of MGEs into bacterial
genomeglranzo et al., 2016; Koonin et al., 2020; Koonin and Makarova,2pi&Yious study
shows a high abundance and diversity of CRISPR spacer sequéBéesl 006 sfidentified
asHydrogenobacter gBowers et al., 2022These spacer sequences are composed of mostly
lineagespecific spacer sequences and, thus, could be unique to each population. Since there are
significant differences in the abundance of MGEs between recombining populations of the
UBA11096p. cluster 2 populations, | investigated whether there are differences in the CRISPR
Cas systems between populations, which might have an effect on the total horizontal gene flow
within and between populations. BLAShalysis of the identified CRISPR spacer sequences
against thenucleotide sequences Afjuificotagenomespredictedoroteins(Figure 4.4A) shows
that most genomes have CRISPR spacer seqtiaidasgetother genomes from within their
own population angenomes fromtherAquificotgpopulations thus suggesting these CRISPR
spacers provide their host genome protection from MGEs prevalent within the community.
Similar toa previousstudy (Bowers et al., 2022 majority ofAquificotagenomes also have
CRISPR spacers that target proteins from their own genommargeting CRISPR sequences
are often associated with detrimental autoimmuiWymmer and Beisel, 202But can also be
advantageous in prophage regulati@idgar and Qimron, 2010; Vercoe et al.,, 2ah8)
suggested for other functions such as transcription regul@mmer and Beisel, 2020)
Nevertheless, few significant differences exist amowgythiicotgpopulations on their CRISPR
sequence targets (Figure 4.4A). It should also be noted that none of the nine predicted CRISPR
spacers in thélydrogenobacter thermophilpepulation have been found to target any other
Aquificotagenomes or their own genomes, even with their relatively high MGE count. Lastly,
the significantly lower percentile of the genomé$8A11096 spluster 2 Blue population with
 Coga+oy Ypy Al A mdtijygcould Be)dd to2he lAW abundaidcA of BIGES within
the population.

Aside from CRISPR targets, | also compareCRISPR sequenciémt are shared
between genomds evaluatevhetherpopulations shareadaptive immunity against similar
pathogensor act individually A @mparison ofshared CRISPR sequences withiferent
Aquificotapopulations(Figure 4.4Bkhows no significant differences in the ability to confer
adaptive immunitywithin each population between nRmtombining and recombining
Aquificota Howeverthe sharing of CRISPR sequerai@sspopulationboundariesappears to
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mainly occurbetween recombining populations, specificdBA11096p. Blue and Orange
populations(Figure 4.4B, see SUPP. 18 Figure 8l6¢. close relationship between the
recombiningUBA11096p. (ANl ~92% similarity) suggests that the two populations may
respond to similar pathogenic threats.

The shared CRISPR sequehestseen the two recombining populati@sosupport
the theory that recombining populations can act as genetic reservoirs to ea(antimelicker
etal., 2012; Kupczok et al., 20108} only for ecologically functional genes in their swept regions
(Chapter 3) but also for their immune or defence systikomnin et al., 2020Y he idea is tha
deferteagainst common threats between recombining poputsiensharedetween similar
genomes and populatiadnsothat if one or part of a population ldbeir CRISPR sequengces
recombination would allowhese sequences ttecovertheir immunity from the rest of the
population.The ability to regain adaptive immunisyimportant aost defence systeralso
undergo selective pressure as they carry significant fithess costs brought by the disadvantageous
effects of autoimmunityiranzo et al., 2017; Puigbho et al., 2017; Vale et al., Pef&)ce
systems can be easily overwhelmed by high mutation rates in MGES, resulting in their loss from
the host genoméChevallereau et al., 2019; Koonin et al., 28808)thought to only persist
within a genome through constant mobility within and between genomes througiRbichia
and Bikard, 2022primarily piggybacking with MGHsoonin et al., 2020Previously, bacterial
deferce systermhave been observed to hitchhike directly via the pathogenic viral sequences or
mobile genetic elementlowing defensive elements to spread along with the pattiogenin
et al., 2020)Howeverpur BLASTresultsand the observation of Cas protenithin identified
swept regions dIBA11096p. populations (Figure 4 )ggesthat the CRISRRas systerman
also beshared through homologous recombination.
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Figure 4.34. Prevalence of CRISPR spacers Amguificota genomes and their targets.Nc
significant differences in the targets of CRISPR spacers, whethangstilig or targets within au
between population (A), were observed between recombining ameaoombining populatior
There is no significant difference between population typtee percentile of CRISPR spacers \
a genome shared with others within the same populations (B) but, significantly differs witt
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CRISPR spacers with each otlsee (SUPP8 Figure8.6). Values are means (bar and squart

standard error. Statistical analysis by Wilcoxon rank sum tesi$, (<0.05, **p<0.0]
****n<0.0001.

133



4.5. Conclusion

This chapteexamined MGESs' role in horizontal gene fisiven bacterial speciation in
recombiningAquificotapopulations. Comparison of MGE abundance between recombining and
clonal Aquificotashows no distinct correlation, suggesting that MGE abundance is unique in
each population. Furthermore, genomic mapping of MGEs with identified swept regions and
functional analysis of their orthologous genes showed that MGEs do-oumuicavith
populaton-differentiating swept regions, and MGEs have a functigo@lepdistinct from
bopuapowodanaC aodnodagoeoya <pupapopAAGC adopufieyd
horizontal gene flow in the recombiniAgjuificotapopulation supports the reverse ecology
approach(Arevalo et al., 2019@nd confirms that horizontal gene flolwven bacterial
adaptation in recombining\quificotapopulations is driven by homologous recombination
(Arevalo et al., 2019a; Fraser et al., 2007; Shapiro et al., 2012)

Additionally, in contrast to previous studies showing CRTaBRbacterial defence
systems as shared between genomes primarily through(K&®gin et al., 2020Yhis study
demonstrated that bacterial defence systems could also be potentially shared through
homologous recombination as exemplified by shared CRISPR spacer arrays and Cas proteins in
recombiningUBA11096 spopulations. Transfer of bacterial host defence systems through
homologous recombinatishowshat homologous recombinatiatsoplaysa role in regulating
hostparasite dynamics in bactef@roucher et al., 20168)astly, the persistence of bacterial
immune defence systems in the bacterial community through homologous recombination
supports previous studies showing that recombining populations act as reservoirs for genetic
material(Baumdicker et al., 2012)
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CHAPTER 5: Summary, Conclusions, and Future
Directions

5.1. Thesis Framework and Aim

4+06 .Ayo60g06A. urithn biblegy and Wag kardelirbppreaded in our current
society due to its wide use in medigiBaron, 1996; Petrof et al., 2013; Pidot et al., 2014)
environmental conservatigRfenninger and Schwenk, 2007; Theissinger et al., 2088¢ven
law (National Research Council (US) Committee on Scientific Issues in the Endangered Species
Act, 1995)Defining a species is one of the main unsolved problems in microfmotitfle
and Papke, 2006)The lack of aspeciesconcept in bacterigs a prdlem sincemany
microbiologists still erroneously try to apply bacteria theories developed for sexual eukaryotes,
often based on assumptions of panmictic populations with freely circulatingBtél@g and
Ochman, 2017)As such, a universal species concept that works for both eukaryotes and
prokaryotes is needed. A universal species concept does not necessarily mean that a single
dictated boundary is applied across all domains; it is the application of a single ogttabdol
approach to delineate boundaries between spé€8tatey, 2013)Allowing species to be
delineated at the same metric across all domains of life signifies that species act uniformly across
taxa and, therefore, is a fundamental unit for studying ecology and evolution.

Variedmethods irdefinng a species have been propdsediache et al., 2018ut they
agree that species are organisms with a common evolutifmi@fpe Queiroz, 2007)he
problem in defining and delineating a species afig#s the lack of consensus on the
evolutionary mechanisms that lead to speciation. This problem is more pronounced in bacteria,
which can acquire adaptive genes through vertical and horizontal ger€dloan, 2002;
Hanage et al., 2005; Shapiro, 20T&g current widely used model of speciation in bacteria, the
ecotype theory, assumes that vertical gene flow dominates the mechanisms of acquisition of
adaptive gend€ohan, 2001; Majewski and Cohan, 1%8%) speciation occurs when adaptive
mutants expand into the population through genavitee sweeps brought by periodic selection
(Cohan, 2001 As such, ecotype theory adds another layer of complexity to itsermpgeddpt
Globally, Act Locally) when considering the role of horizontal gene flow in acquiring adaptive
genes. It dismisses the possibility of acquiring adaptive genes througipefie sweep
(Cohan, 2016; Majewski and Cohan, 199%9refore, the ecological population was proposed,
which considers both genoméde and genspecific sweeps as possible mechanisms for
acquiring adaptive gen@®obay and Ochman, 2017; Fraser et al., 2007; Shapiro and Palz, 2014)
The ecological population theory is a mechaagnostic model with the only criteria for
speciation being discontinuity in total gene flow. It provides a much simpler, potentially
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universal, criteria for bacterial speciation. However, a question remains: does ecological
population theory work across all bacteria and archaea?

Therefore, this study aimed to examine the applicability of ecological population theory
to metabolically limiteAquificotebacteria. With the high potential for deleterious consequences
during horizontal gene flow in metabolically limited bactehi@,application of ecological
population theory i\quificotgpopulations impésits generalisability as a model of speciation
in bacteria. Ultimately, this can provide insight into developing a universal definition of a
bacterial species and also provideepmhg stone in developing a universal definition of species
across all domains of Life.

5.2. Thesis Summary and Highlights

The work presented in this study examined the potential of ecological population theory
and its relevance for natural bacterial communities. By isolating closely relatedhabitiog
Aquificotabacteria, this study demonstrated that irdEecies genomic variation is driven by
different degrees of horizontal gene flow and identified populations that can be delineated
through discontinuities in gene flow, i.e., ecological populations. Examafadtierpopulation
structure of the isolateflquificotaacrass a time series revealed a shifting population structure
in recombining populations with a turnover in the dominant genomic background. Meanwhile,
clonal populations remained constant with minimal changes in single nucleotide variations. The
difference irthe shifts in population diversity and structure between clonal and recombining
populations implied that bacterial response to environmental change differs by the capacity of a
population to undergo horizontal gene flow; it also confirmed that clossldreicological
populations with similar metabolic restrictions can respond independently to ¢eegall
et al., 2016)Furthermore, reverse ecology analysis of the recombining population highlighted
differences in the functionality of swept regiosigoporting distinct ecological niches for each
recombining ecological population. Lastly, this work demonstrated thatialrgene flow in
ecological populations éfjuificotawas primarily driven by homologous recombinatian
essential assumption of the ecological population theory.

Evaluating cénabiting and closely relatédjuificotabacteria was made possible by a
novel highthroughput methodology to obtain bacterial isolates with minimal enrichment. This
isolation approach provided a cheap, scalable, andhn@ighput way of studying intra
species genomic variations since it caotar representative diversity of a population in natural
communities. It was designed for hydrogeidising bacteria but can be expanded to any
bacteria that can be isolated with some growth resmigtguch as auxotrophs, anaerobes, and
microaerophilic populations. Isolating generalist heterotrophs using this method can also be
done but might require a higher number of samples/wells used per round to achieve similar
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throughput as an autotrophic bacteria. Improvements to the methodology (i.e., increasing well
density or using liquid handling robots) may increase its throughput and efficiency for generalist
heterotrophs. For this study, this method allowed the isolatiorore than 440 bacteria from
geothermal springs, of which 180 Auificotabacteria from Kuirau Park.

Chapter 2 illustrated thaquificotaexhibits intraspecies genomic variations that can
be delineated by discontinuities in gene flow. The sptegies genomic variation revealed three
distinct populations composed of very closely related genomes, as ANl (>99%) and
phylogenomics showed. Bveith the closely related ANI for all populations, closer analysis
showed heterogeneity among the isolated genomes. This observed heterogeneity was
interpreted as differences in the degree of horizontal gene flow between organisms, with highly
clonal genmes exhibiting ANI >99.8% while the more recombining populations at slightly
lower 99.399.5% ANI. A similar gap in the ANI score has been obse&alihibacter ruber
for which a foufold reduction othe abundance of genomes can be seen betwee@®8%
ANI (RodriguezR et al., 2023b; Viver et al., 202%his gap has been attributed to discrete
sequence differences calgghomovargANI ~99.5%), which are thought to be more diverse
taxonomic units than clones and strains, which are defined as ANI similarity of >99.99%
(RodriguezR et al., 2023b; Viver et al., 20Z@)ese genomovars exhibit distinct genotypic and
even phenotypic advantages (i.e., an abundance of osmoregulation genes) but are not strong
enough for a total purge (hard sweep) in diversity; as such, they were thought eddadtess
variants(Viver et al., 2023)Like the patterns observedAquificota(Chapter 2 Figure 2.3), |
argue that the intrapecies genomic variations observeSfatinibacter rubecould be driven
by differential horizontal gene flows (Chapter 2 Figure 2.5), with more clonal genomes observed
with high ANI similarities while genomes with lower ANI (~99.2%) represent different genomic
backgrounds (genomovars) within the populatioriselil through recombination. Additionally,
the lack of a purge of total divergiver et al., 2024nay indicate a gerspecific or soft sweep
occurring within theSalinibacter rubgpopulation similar to that observedUiBA11096 sm
Chapter 3 (Figure 3.6). The unique genomic backgrounds (genomovars) may act as genetic
reservoirs within populations that allow the sharing of adaptive genes, resulting-spgeifie
sweeps rather than a total purge of genomic diversity. Obsehdag japs in many taxa
(RodriguezR et al., 2023b)nay indicate that ecological populations, delineated through
discontinuities in gene flow, are more prevalent in natural bacterial communities than we
currently realise. Hence, | would suggest that analysis of recent horizontal gene flow in closely
related strains address this knowledge gap.

The observation of the gap in ANI values between strains or genomovars in Canadian
Aquificotasolates is not evident since the maximum ANI observed is only 98&3%UPP.
Figure 6.5), which can be due to thgotentid formation of incomplete and discontiguous
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genomesisingSAGYBowers et al., 2022nterestingly, there is an observed difference in the
intrapopulation ANI of the Canadiaquificotasolates compared to New Zealand ones (Chapter

3). The difference in ANI distribution mirrors the lower observed horizontal gene flow between
geographical groups ©fBA11096p. cluster 2 Blue populations and could be a product of
geographical distance between the Canadian and new Zealand populations since horizontal gene
flow is primarily affected by sequence divergéhiyalo et al., 2019b; Shapiro and Polz, 2014)

Still, given that geographical distance affects bacterial disgénssnlon et al., 2019)
homologous recombination can be expected to be partially or fully affected by geographical
distance since it takes many hosts for a gene to hop into and spread large distances. Therefore,
it can be assumed that there could be a natural gap in ANI aatuésngth bias (degree of
recombination) between geographical variants of a population akin to the genomovar and
species gap previously observed. However, such a drop in ANI is most likely not generalisable
and only taxsspecific, as shown by previousds#s on microbial dispersal in long distances
(Hoetzinger et al., 202ahd should be disentangled from the effect of ecological differentiation
(Hoetzinger et al., 2021; Jespersen et al., 2023; Wu et al., 2023)

Chapter 3 demonstrated that the population structure of recombhAujigficota
populations shifted with time. Unlike the constant SNP diversity in metagenomic data and
observation of singular clonal lineages in clom&djuificota populations (i.e.,
SulfurinydrogenibiumUBA11096p. cluster 1 Green, akd thermophilus the UBA11096p.
cluster 2 recombining populations (Blue and Orange) exhibited variations in SNP diversity and
shift in population structure from clusters composed of recombining genomes to mostly clonal
and back to recombining clusters. Initially interpreted as enpat genomevide sweep,
subsequent analysis showed no unique genomic background expanded within the population.
Rather, it was observed that different unique genomic backgrounds appear at each time point,
with afew older unique genomic backgrounds returning with time. These changes in population
structure suggest a turnover of unique genomic backgrounds. The recombining nature of
UBA11098p. cluster 2 Blue and Orange populations likely allows diverse genomic backgrounds
to coexist, resulting in a divergiene collection within the population. A turnover of unique
genomic backgrounds within the population, rather than a hard sweep, may allow the
population flexibility to respond to environmental shifts.

Functional analysis of swept genes also posited a possible exchange of genetic
information between the swept regiddBA11096p. cluster 2 Orange and Blue populations.
These observations highlighted the potential for recombining populations to act as genetic
reservoirdKupczok et al., 2018; Lasky, 20B®8netic reservoirs allow the persistence of diverse
genetic variants distributed in different unique genomic backgrounds. Genetic reservoirs benefit
the population as they may allow genes to be selectively carried by a few unique genomic
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variants, thereby spreading specialised functions across the population (the Black Queen
hypothesis) and minimising fithess costs for each gefdmeis et al., 2012)Additionally,

genetic reservoirs can host easily shared but diff@altquire genes througle novaenutation
(Granato and Kummerli, 201A)Vith functions and metabolic products shared across the
population or between populations, this event can lead to cooperation and coexistence for
mutual survival(Lee et al., 2022; Ozkaya et al., 2018; Zhao et al., 20d@plogous
recombinatiorof similargenes andunctiors within and betweempopulatiors alsosuggests a
common response tenvironmental cues or threats, which could be synchobtfiseugh

sweeps of similar alleldsr sensor, receptor and regulatory genes within and between
recombining populations.

Among the swept genesUBA11098p. cluster 2 populations (Blue and Orange) shown
in Chapter 3, genes fenergy production and conversiarere shown to be preferentially
shared within th&lue population (Figure 3.7). An increase in the number of shared genes across
agi06 YypoyaA AAOOGOAEOGO A+0a a+06A06 O00yoA Coaod
the preferential spread of adaptive genes in one population implied theapotéatof these
genes as populatiatfferentiating adaptive ges. Among these genes were members of the
electron transport chain and nitrogen fixation pathways, prime candidates to elucidate
phenotypic characteristics to aid in describing novel species. Thus, reverse ecology methods,
such as functional analysis @fizontal swept genes, may provide a faster and more sensitive
dydaCAgA pbd o} AyoowsdA pa YyhbyAGdABPY A 060D
chemotaxonomic characteristics.

Lastly, Chapter 4 reaffirmed an assumption ofab@ogicapopulationtheory that
horizontal gene flow is primarily driven by homologous recombinatioough the lack of
overlap in the spatial and functional distribution between mobile genetic elements (i.e., viral
sequences and integrative and conjugative elements) anehitally swept regions. Chapter 4
also showed that components of the CRIS®#Rbacterial host defence system were shared
through homologous recombination within and betwe@&A11096p. cluster 2 Blue and
Orange populations. The ability to share bacterial host defence systems supports the notion that
recombining populations act as genetic reservoirs between each other. Synchronisation of the
immune system within and between populaiamnimises the spread of the parasitic genetic
element to spread wide within the bacterial community and aids in quarantining infected
members, akin to the creation of herd immuiiRgayne et al., n.d.; Turkington et al., 2019)
Modelling of bacteriophage infection shows that the formation of herd immunity is reliant on
population heterogeneity, which is often in the form of spatial segregation omioies
(Payne et al., n.d However, even with the lack of spatial segregation, | suggest that population
heterogeneity can be driven by varying degrees of horizontal gene flow, resulting in the mosaic
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distribution of bacterial host defence systems within the population (i.e., CRISPR arrays)
(Andersson and Banfield, 2008)mosaic pattern in CRISPR distribution alters the total fithess

cost of the host defence system as it distributes the cost of hosting CRISPR arrays across the
population.

Previous studies have shown that the bacterial host defence system is utilised by
parasites as both an offensive tool for parasites/MGESs to integrate itself into the host genomes
through homologous enzymatic machingmgonin et al., 202(nd also as a defensive tool for
host and parasites to prevent hypdection by other parasit¢Koonin and Makarova, 2017)
4+ g A far-6d 4§86 YOad080U0 @A p-GasandotbeAdefertassysiedmsy C o 2
such as restrictiomodification nucleases, due to the evolutionary and functional similarity of
bacterial host defence systems with M&#&ed proteins, suchsaCas proteins with
transposongPeters et al., 201&hd its translocaskinctions(He et al., 2020)The paradigm is
also supported by bacterial host systems often being horizontally dispersed through mobile
genetic elemen({$ranzo et al., 2017; Koonin and Makarova, 26iljacking of the host defen
system by parasites can also be beneficial to host bacteria as it facilitates the spread of immune
defence systems, which can often be lost from the genome due to the fitness cost of carrying
these systems and autoimmun(iisanzo et al., 201.7However, as previously mentioned, Cas
proteins can be shared solely through homologous recombination along with other immunity
genes, such as restrictiamodification enzyme Res(Baha et al., 1998l suggest that aside
from defence system hijacking by parasites, the recomBiginficotahost genomes leverage
their own horizontal gene flow mechanisms (i.e., homologous recombination) to gain a proactive
defence. Additionally, these host defence systems can be used for other purposes. An example is
Cas3, which has helicase and translocas#idns. Cas3 aids in the regulatory processing of
RNA molecules, such as initiating biofilm formationPsgudomona¢Cady) and spore
differentiation and develapent inMyxococcus xanth@giswanathan et al., 20Q7)

5.3. Future work s

5.3.1. Deter mining the role of negative  -frequency dependent selection in
gene -level sweeps in Aquificota

Analysis of recent horizontal gene flow using PopCOGenT relies on identifying genomic
regions with minimal nucleotide variation. Random mutations would decrease the size of the
identical genomic regions, and thus, genomes will not be identified as recgnitecent and
frequent horizontal gene flow would appear to have |doyey identical region@revalo et al.,
2019a) A problem, however, in using identical regions as a basis for studying horizontal gene
flow is that enrichment of identical regions can also happen through negative frequency
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dependent selection (NFD®hich is not currently addressadthe pipelingArevalo et al.,
2019a; Takeuchi et al., 2Q15)

Genelevel sweeps can also occur in bacteria through NFDS, such as those populations

Ay6o6a a4-06 :Ggdd a-+06 Cog(gorderaand Bojz,®014; Aakduchiet ah A 6 6 y

2015) One example is that populations with loci that attract th(eat, viral predation or
toxins) need to be kept at low copies in the population to minimise negative consequences. A
high recombination rate in these loci could attract more threats and thus lead to lower fitness of
the entire population. The formatiohecological populations through frequent recombination
and genespecific sweep in these loci is less likely. However, a modelling study of the population
under NFDS shows that gesyecificsweeps can still occur, albeit with strict requirements
(Cordero and Polz, 2014; Takeuchi et al., 2GEpespecific sweeps can occur when multiple

loci are maintained under NFDS dynamics with sufficiently low recombinationarates
separate but linked locus is under positive sele€Tiakeuchi et al., 2015Jhe significantly

lower recombination rate in NFDS loci results in permissible recombination of adaptive traits at
other loci of the genome. Recombination at this environmentally significant locus leads all
genotypes with different variations of NFD$ tode coherent in a single ecological niche
dimension. The selection at the environmentally adaptive loci would result inspegeifie

sweep of the environmentally adapted alleles along other linked loci, including those under
NFDS, forming a populati with diverse genomic backgrounds. Meanwhile, a higher
recombination rate at NFDS loci could lead to the NFDS loci becoming unlinked with the
environmental loci. Selection against the environmentally adaptive loci would result in a
genomewide sweep ofigtinct genomic backgrounds carrying the adapted a(ledésuchi et

al., 2015)

Determining the role of NFDS time genespecific sweep in recombining Aquificota
populations can shed light on the oliedrturnover of genomic background in the longitudinal
study and the potential for gdite reservoirs within these recombining populations.
Additionally as negative frequencigpendent selection is assumed to be common in natural
bacterial population&akeuchi et al., 201 %he presence diFDSdriven genespecific sweeps
in recombiningnatural Aquificotapopulations would also provideore evidence fothe
commonality of gengpecific sweeps and ecological pajoums in bacteria Nevertheless,
whether it is rapid horizontal gene flow or NFdDiSen gendevel sweep, the presence of gene
level sweeps in chemolithoautotrophic bacteria challenges the premise of ecotype theory that
genomewide sweeps drive the formation of ecologi@aitl genotypically coherent populations
in natural bacterial communitié€ohan, 2016)
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5.3.2. Reverse ecology analysis of swept genes

Methods that require repriai knowledge of population boundaries and stateh as
PopCOGen®re ideal inperforming reverse ecologg no assumption about the bacteria is
required Revese ecology tries to infdre role of bacteria in the environment throsglquence
genomic datgArevalo et al., 2019b; Li et al., 2008hfortunately verification of the swept
genes in the recombined regions/BA1109€p. Blue and Orange populations have not yet been
donedue to time constrainté&\s such, validation of the phenotype through physiological and
chemotaxonomic analgsof the isolated bacteria neededPhenotypic characterisation of
putative population differentiatingaits, suchasthe energy productioconferred by nitrogen
fixation genes sweepindBA11096&p. should be prioritised. Additionally, transcriptomic
analysis of these geriadoth the lab andhonitoringin situcan confirm whether the idenétl
genes is truly functional and define population boundariestural communities

Aside fromphenotypic characterisation for validatswept gene functions, the three
6oAdgyoa d8yo AYBALIDESP. shoulljbé oharacierised fusing traditional
specie® 0 6 gy oy 0 U0&dagOAV $006oysyd & Nd0&A6ALIN
phenotypic, and other traditional crite(tackebrandt et al., 200@puldfurther validatethe
species boundaries observed through genomic sequencing and arRigsietypic
characterisation andaming of thedUBA11096pecies would allow the potentiele of these
populations asnarkers for environmentahonitoring. Lastlyas far as | have researched,
naming and characterising the UBA11096 sp. populations would be the instance of bacterial
species defined and named through discontinuities in horizontal gene flow

5.3.3. Gene -specific sweeps across vast geographical distances

This study haalso shown that recombining populati€isA1109€p. remain connected
via horizontal gene flo despite the vast geographical distance. This observation treses
guestion of how horizontal gene flow or homologous recombination is maintained across vast
distances. Previouwteclaredhypothess includeinfrequentlarge eruptios leading to slow
dispersal of the bacta across continen{sierbold et al., 2014)ndthe island hopping effect in
which intermediate popuians allow dispersal of identical genomic regions sscreast
distances(Greenlon et al., 2019Testingthese hypotheses requires analysis of Aquificota
populations in diverse and geographically distant placetentify potential intermediary
populationsGven the observed decrease in ANIthedegree ofecombined regions between
the Canaidn and New Zealand populations, it is worthwhile to chedkeifremoval of
geographic barriers can resulttive reformation ofa homogeneous population or would still
lead to further diversification. The results of these studies can aid in determiringtshef
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identifying population boundaries through the studytloé degree of recombined regions
(PopCOGenT).

5.4. Impact of the Study

The atablishment of a definition of a s@scias an ecologically and genotypically
coherent group of bacteria allows it to be treated as a true fundamental unit of ecology and
evolution Fundamental units are cohesive units that share similar properties and act as building
blocks to evaluate scientific phenomddannings, 1936)Understanding specieas a
fundamental unit would alloabetter understanding of the biological processagthidetheir
interaction with each other (ecology) d@hdir formation and evolutiofMahner and Bunge,

1997) Otherscan argue that genes matter more as they contain information and directly
experience diversificatigkoonin and Wolf, 2009However, it can be argued that individuals
diversify, but their collective action results in the selective advantages to form a cohesive group
(Schmitt, 2004) Therefore, changes in the individual do not matter if changes do not affect the
whole population, and evolution affects the whole population and not just the individual. Thus,
it is highly important to delineate individuals intpraperly defined species reflecting their
coherent biological properties.

Overall, this study demonstrated tAajuificotebacteria can form ecological populations
demarcated by discontinuities in horizontal gene flow primarily driven by homologous
recombination. The applicability of ecological population theory in metabolically limited
Aquificotabacteria advocates for the ecological population theory as a generalisable model of
speciation for bacteria. Thus, a generalisable ecological population theory defines bacterial
species based on a unified criterion across all doméifiesaoid allows the study of all ecological
and evolutionary processes under the same framework.
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APPENDIX A - CHAPTER 2

6.1. SUPPLEMENTARY 1. Aaquificales -targeted Media and
Cultivation

Table6.1Modified Aquificalesa 8 a 6 6466 - 606838 1 & Aetzer ptyal., RO ¢ 6 a° A

) Molarity (M) g per 1000 mL
18.2 MU ¢t

NaOH 0.0038 0.15
KCI 0.0067 0.50
MgCI2 - 6H20 0.0104 1.36
MgS0O4 - 7TH20 0.0284 7.00
Na2S203: 5H20 0.0081 2.00
CaCl2 - 2H20 0.0027 0.40
NH4CI 0.0037 0.20
K2HPO4 0.0014 0.25
MES 0.0100 1.95
-or MOPPSO 0.0100 2.25
-or HEPPSO 0.0100 2.68
Mineral Solution 1X

1000X Mineral Solution

18.2 MU &t 1000 mL|
Na2EDTA - 2H20 5.00g
CoCl2 6H20 1.50g
MnCI2- 4H20 1.00g
FeS04 7H20 1.00g
ZnClI2 1.00g
AICI3- 6H20 0.40g
Na2WO04 2H20 0.30g
CuClI2 2H20 0.20g
NiSO4- 6H20 0.20g
Na2SeO3 0.10g
H3BO3 0.10g
Na2MoO4 2H20. 0.10g
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Figure 6.1 Environmental chamber setupThe chamber (A) was made from a:
box that was sealed using neoprene gaskets to minimise gas leakage wit
outlet oneway valve couplings to regulate gas flow grow). The chamber ¢
hold a max of 30 deepd| plates (B) simulateneously and has a theoretical isc
capacity of 2,880 isolates. The growth in each well were tested using the r
assay (C).
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6.2.

SUPPLEMENTARY 2. Genome

Table6.2 CheckM contamination and completeness Afjuificotagenomes from Kuirau Park

Completeness and Contamination

Genome sizg # # N50 Mean scaffold Longest # predicted

GenomgCompletenes¢Contamination (bp)| scaffoldg contigs| (scaffolds) length (bp)| scaffold (bp)| GC genes
GO01_cluster_ 100 0.81 172601 61 65 60907 28294 17540142.6 1893
GO02_cluster_ 100 1.63 176384 76 93 52947 2320¢§ 15452142.5 1949
GO04_cluster_ 100 1.22 177206 24 24 13458 7383¢ 30511i42.5 192¢
GO05_cluster_ 100 1.27 175764 61 68 53911 28813 14553442.6 1938
GO06_cluster_ 100 1.22 175768 51 59 60004 34464 14553442.6 193(
GO7_cluster_ 100 1.27 175904 57 65 53914 3086( 14553442.6 1936
GO08_cluster_ 100 1.63 182104 26 26 12796 7004( 30511i42.5 1988
G10_cluster_ 100 0.41 172354 19 20 12084/ 90717 30483]42.5 1860
G121 cluster_ 99.5¢ 1.63 177448 88 103 49214 20164 12734442.6 1966
G12_cluster_ 100 0.81 171196 70 81 5673¢ 2445¢ 16735442.5 1897
G13 cluster_ 100 1.02 171316 29 29 11130 59074 20474142.4 1867
G14 cluster_ 100 2.03 183234 84 95 51827 21813 17212442.5 2040
99.1¢ 0.41 173901 74 86 46164 2350( 16332{43.1 1937

99.5¢ 0 167328 61 71 61534 2743( 16308443.2 1852

99.5¢ 0.41 172165 47 47 104071 3663( 19264143.1 1894

153



99.5¢ 0.41 172163 46 46 12029 3742¢ 22343443.1 1893
94.84 1.0% 172731 228 312 2569( 7579 6791443.1 2033
99.5¢ 0.41 172716 52 56 67638 33214 22343443.1 1906
G22_cluster_ 100 0.41 173137 85 100 44204 20364 10337(42.6 191(
G23_cluster_ 96.14 1.83 172338 215 302 3292( 8014 9271742.64 1996
G24_cluster_ 97.1% 5.2§ 181261 259 334 2705¢ 699§ 8726542.4 208¢
G25_cluster_ 100 0.41 169753 16 17 16055! 10609¢ 33533447.6 191d
G25_cluster_ 100 0.61 173086 67 79 5995] 25833 24573(42.6 189¢
G26_cluster_ 100 0.41 178196 23 24 11472 T747¢ 30508(42.9 1946
G27_cluster_ 100 0.41 175354 28 28 11468 6262¢ 30507442.5 1891
G28_cluster_. 100 0.81 172575 45 48 76037 3835( 19891142.6 1871
99.5¢ 0 167639 56 57 58141 29934 17408{43.2 1839
G30_cluster_. 100 0.41 169488 16 18 17396 10593 28227(47.6 189¢
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6.3. SUPPLEMENTARY 3. Pairwise ANI Score of Aquificota genomes

Population 1
70
[99.261, 99.353] (99.353, 99.445] (99.445, 99.536] (99.536, 99.628] (99.628, 99.720] (99.720, 99.812] (99.812, 99.904] (99.904, 99.996]
Population 2
12
10
8
6
[99.543, 99.599] (99.599, 99.656] (99.656, 99.713] (99.713, 99.769) (99.769, 99.826] (99.826, 99.882] (99.882, 99.939] (99.939, 99.996]

Figure 6.2 Intrapopulation heterogeneity in Population 1 and 2Even with ANI values for both Populations 1 and 2 at >99%, Poy
1 shows highdreterogeneity, with most pairwise genome comparisons having ANI values <9@n&8ii&a 99.451%)while Population
has most pairwise ANI values at >99.7683¢dian 99.857%)Population 1 has a median value of 99.451%, while Population 2 is €
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6.4. SUPPLEMENTARY 4. Comparison of diversity from different dilution methods

A ANI of Plates Samples B ANI of Tube Samples

. 100 - 100
:fz—c:"s‘er—z 99 G25_cluster_1
cluster
) ¢ _: 98 95
G18_cluster 2 G30_cluster 2
97 ) i -
G21_cluster 1 %
G15_cluster_2 G29_cluster_1
95 85
G17 cluster 2 s
605 cluster 2 | G22 cluster 2 | o
GO06_cluster 2
G23_cluster_1
GO7 _cluster 2
G04_cluster 2 G24 cluster 1

G12_cluster 3
G13_cluster_1
G14_cluster_1
G02_cluster_3
G08 cluster 1
G10_cluster_1
GO1_cluster 3
G11_cluster 3

G26_cluster_1

G27_cluster_2

G25_cluster 3

G28_cluster_2

8§32 R 3388 88Ra2RB2EZ 5 & & kR f & & 8B & B8
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§ % % & & & & 5 & & & b & & & B B & e & & ¥ ¢ & 3z B 3§ &
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oo e e e T e e e e T T e e T e e - b - Ll - - - b @ L

Figure 6.3 Effect of different serial dilution-to-extinction methods in genome diversityThe two serial dilution methodsplates (A) and tubes (B)vary
with the volume used to inoculate and perform the dilutions at 2 mL and 10 mL, respectively. Both techniques captiversityitdrPopulation 1 as se\v
distinct clonal complexesrche seen in both methods. Population 3 (G25 cluster 1 and G30 cluster 2) is only captured by tubes which couldob¢he
low sampling depth.
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6.5. SUPPLEMENTARY 5. Comparison of length bias between different SAG completeness
A B

Length Bias (Observed.SSD)
1
L]

—_—

Pop. 1 Pop. 2 Pop.1-Pop.2 Pop.3-Pops1 &2 >80% 50-80% <50%
Paired Genomes Genomes Completeness

Figure 6.4 Comparison of observed length biagA) The observed length bias within populations (Population 1: 1880.46 + 1693.73; Population 2:
1748.70 £ 1378.24) are significantly higher than those comparisons between popinétealsister (Population 1 &2). The length bias across different
campleteness of SAGs varies with >80% completeness (901.44 + 293.27), SAG0#thcebnpleteness (613.52 + 106.74) and SAG with <50%
completeness (454.97 + 171.11)
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ANI Value (%)

p < 2.226-16
1001
' Siwrira—

99_ E AT ﬂ

98 1

97 1

96 1

NZ Pop. 1 Blue & Canada Canada NZ Pop. 1 Blue

Populations

Figure 6.5 Comparisonof ANI between Canada and New Zealand isola
Canadiamsolates showsigher diversity between genomes and has ANI
that are more dispersed than New Zealand isolates. There is sic
differences in the ANI values computed between the two geog
populations. Statistical analysis done using Wilcoxon ranktesimMea
values and error (standard deviation) are denoted by square dot and ¢

respectively.
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6.6. SUPPLEMENTARY 6. GTDB Classification

Table6.3 Pplacer ANI and GTDB Classification of Kuirau Park Isolates

Genome

Classification

ClosestPlacement | Closest
Placement ANI

Reference

GO01_cluster_3
GO02_cluster_3
GO04_cluster_2
GO05_cluster_2
GO06_cluster_2
GO07_cluster_2
GO08_cluster_1
G10_cluster_1
G11 cluster_3
G12_cluster_3
G13_cluster_1
G14 cluster_1

G15_cluster_2

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__Aquificacege
g_ _UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ _UBA11096_ UBA11096 sp011054805

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ UBA11096_ UBA11096p011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ _UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificalesf _ Aquificaceae
g_ _UBA11096s_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ _UBA11096s_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__Bacterigp__ Aquificotac__ Aquificapo__ Aquificaled Aquificacege
g_ _UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ UBA11096_ UBA11096 sp003534055
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GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1

GCA_003534055.1

98.87

98.78

98.79

98.82

98.9

98.87

98.81

98.83

98.75

98.77

98.8

98.72

99.09



G16_cluster_2
G17_cluster_2
G18 cluster_2
G20_cluster_2
G21 cluster_1
G22_cluster_2
G23 cluster_1
G24 cluster_1
G25_cluster_1
G25_cluster_3
G26_cluster_1
G27_cluster_2
G28 cluster_2
G29 cluster_1

G30_cluster_2

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g__ _UBA11096_ UBA11096p003534055

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__Aquificaceae
g_ UBA11096 UBA11096 sp003534055

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificalesf _ Aquificaceae
g_ UBA11096 UBA11096 sp003534055

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ _UBA11096_ UBA11096 sp003534055

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ UBA11096 UBA11096 sp003534055

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ _UBA11096_ UBA11096 sp011054805

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificago__ Aquificaled __Aquificaceae
g_ _UBA11096_ UBA11096 sp011054805

d__Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ _UBA11096_

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled __ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ _UBA11096s_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled _ Aquificaceae
g_ _UBA11096_ UBA11096 sp011054805

d__ Bacterigp__ Aquificotac__Aquificapo__ Aquificaled__ Aquificaceae
g_ UBA11096_ UBA11096p003534055

d__Bacterigp__ Aquificotac__ Aquificapo__ Aquificaled Aquificacege
g_ UBA11096
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GCA_003534055.1
GCA_003534055.1
GCA_003534055.1
GCA_003534055.1
GCA_003534055.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCF_011006175.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_011054805.1
GCA_003534055.1

GCF_011006175.1

99.07

990.11

99.08

98.96

99.1

98.8

98.76

98.73

79.29

98.79

98.81

98.78

98.73

98.99

79.25
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APPENDIX B -CHAPTER 3

7.1. SUPPLEMENTARY 7 .DNA Extraction Buffer

Table7.1Reagents for the modified metagenomic extraction buffer for ifilter extraction

Reagents Units Concentration

Lysozyme mg/mL 50

Proteinase K mg/mL 20

Sodium dodecydulphate % 20

Sodium Acetate pH 5.2 M 3

DNA Extraction Buffer (45mL)

Buffer Component Units Weight
TrisHCI (pH8) g 0.71
SodiumEDTA (pH8) | g 1.68
NaH2PO4 g 0.54
Sodium Chloride g 3.95
1%CTAB g 0.45
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7.2.  SUPPLEMENTARY 8 . Intrapopulation Mapping of Genomic Reads

Mapping Pairs

- Blue-Blue
Orange-Blug
Orange-Orange

—e— Purple-Blue
09-

-~ Purple-Orange

-+ Purple-Purple

Yellow-Blue

—o— Yellow-Orange

Percent Identity

—+— Yellow-Purple
Yellow-Yellow
08-
Reference Genome Population
— Blue
— - Orange
=+ Purple

=+ Yellow

06-

¥ 0 : : 3 j
PopCOGenT Divergence Score

Figure 7.1ldentification of metagenomic reads cutoff for genome mappingeads of the assembled genomes were mapped against a reference genome from each popul,

The mean percentage identity of each mapping was compared with the PopCOGenT divergence scorgehdneerpad. Higher PopCOGenT divergence score implies
stronger recombination between paired genomes
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7.3. SUPPLEMENTARY 9 . Analysis of the diversity and
environmental factors

Table7.2 Analysis of Variance between temperature, pH and water level

Response Variable Temperature

Df | Sum Sq Mean Sq| F Value Pr(>F)
Water.Level 1 48.4 48.401| 0.3495| 0.5862
Residuals 4 553.98| 138.495

Response Variable pH

Df | Sum Sq Mean Sq | F Value Pr(>F)
Water.Level 1 0.00296| 0.002956| 0.0254| 0.8811
Residuals 4 0.46549| 0.116373

Response Variable pH

Df | Sum Sq Mean Sq | F Value Pr(>F)
Temperature 1 0.00053| 0.000529| 0.0045| 0.9496
Residuals 4 0.46792| 0.116979

Table 7.3 PerMANOVA test of microbial compaosition within Site, Time point and Water Level
Number of permutations: 999

Df SumOfSgs R2 F Pr(>F)
Site 2 247.54| 0.35093| 2.5964 0.006 | **
Time Points 3 241.33| 0.34213| 1.6875 0.01| **
Water.Level 1 73.5] 0.10419| 1.5417 0.147
Residual 3 143.01| 0.20274
Total 9 705.39 1
3g06yBO6V OpOOAS 3 IV . aVvVadw 7 3Vaw
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Table7.4 Pairwise PerMANOV Aest of microbial composition within a Site or Time point

Site
Groups measure F R2 p.value | p.adjusted(fdr)| significance

1| KRP1vs KRP2 | robust.aitchison| 1.023669| 0.145746 0.397 0.397
2 | KRP1 vs KRP2B | robust.aitchison| 2.483351| 0.383035| 0.066667 0.1
3 | KRP2 vs KRP2B | robust.aitchison| 2.222206| 0.357141| 0.066667 0.1

Time point

Groups measure F R2 p.value | p.adjusted Significance

1| Jan 20 vs Mar 20| robust.aitchison| 1.256441| 0.385833| 0.333333 0.5
2 | Jan 20 vs Jul 20 | robust.aitchison| 0.802878| 0.211124 0.9 0.9
3 | Jan 20 vs Sep 20| robust.aitchison| 2.109469| 0.412855 0.1 0.3
4 | Mar 20 vs Jul 20 | robust.aitchison| 1.057344| 0.2606 0.3 0.5
5 | Mar 20 vs Sep 20| robust.aitchison| 1.510817| 0.334932 0.1 0.3
6 | Jul 20 v$Sep 20 | robust.aitchison| 1.161572| 0.225042 0.5 0.6

Table75- dya60 A a06Aa pod a+06 opaaodtuoaespy Ano6oacooy

composition

Correlation| Correlation p.adjusted

Variables Test Method Coefficient | p.value | (fdr) Significance

pH mantel | pearson -0.130| 0.734 0.798

Temperature mantel | pearson 0.005| 0.424 0.530

Chloride mantel | pearson 0.154 0.114 0.231

Sulfate mantel | pearson 0.096| 0.352 0.489

Nitrate.N mantel | pearson -0.022| 0.525 0.625

Nitrite.N mantel | pearson 0.693| 0.078 0.231

Ammonia.as.N | mantel | pearson 0.119 0.199 0.332

DRP.Phosphorusl mantel | pearson 0.683| 0.060 0.231

Arsenic mantel | pearson 0.717, 0.071 0.231

Aluminium mantel | pearson 0.401| 0.119 0.231

Barium mantel | pearson 0.707| 0.120 0.231

Beryllium mantel | pearson -0.1513 0.732 0.798

Boron mantel | pearson 0.688| 0.080 0.231

Calcium mantel | pearson 0.714| 0.102 0.231

Caesium mantel | pearson 0.737| 0.029 0.231

Copper mantel | pearson 0.048| 0.372 0.489

Germanium mantel | pearson 0.526| 0.017 0.231

Potassium mantel | pearson 0.728| 0.068 0.231

Lithium mantel | pearson 0.692| 0.120 0.231

Magnesium mantel | pearson -0.287| 0.817 0.851

Manganese mantel | pearson -0.431] 0.966 0.966

Sodium mantel | pearson 0.316| 0.292 0.429

Rubidium mantel | pearson 0.104| 0.277 0.429

Antimony mantel | pearson 0.730| 0.055 0.231
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| Strontium | mantel | pearson |  0.282| 0.143]  0.255|

Table76- dyaoa A a06Aa pd a+0 opaaodoudagpy
members of phylumAquificota

Correlation| Correlation p.adjusted
Variables Test method coefficient | p.value | (fdr) Significance
Temperature| mantel | pearson 0.675556| 0.023 0.41
Barium mantel | pearson 0.277703| 0.036 0.41
Nitrate mantel | pearson 0.741116| 0.057 0.41
Magnesium | mantel | pearson 0.267838| 0.068 0.41
Chloride mantel | pearson 0.175201| 0.082 0.41
Sulfate mantel | pearson 0.302013| 0.115| 0.479167
Calcium mantel | pearson 0.207677| 0.205| 0.659375
Strontium mantel | pearson 0.17005| 0.211| 0.659375
Manganese | mantel | pearson 0.053101| 0.278| 0.698913
Copper mantel | pearson 0.099344| 0.292| 0.698913
Lithium mantel | pearson -0.07293| 0.313| 0.698913
Boron mantel | pearson -0.08897| 0.347| 0.698913
Sodium mantel | pearson -0.10723| 0.374| 0.698913
Nitrite mantel | pearson -0.11885| 0.438| 0.698913
Potassium | mantel | pearson -0.12767| 0.457| 0.698913
Arsenic mantel | pearson -0.00393| 0.485| 0.698913
Aluminium | mantel | pearson -0.12734| 0.502| 0.698913
Germanium | mantel | pearson -0.1369 0.54| 0.698913
Beryllium mantel | pearson -0.14309| 0.566| 0.698913
Caesium mantel | pearson -0.15342| 0.566| 0.698913
Phosphorus | mantel | pearson -0.16559| 0.631| 0.698913
pH mantel | pearson -0.08717 0.64| 0.698913
Rubidium mantel | pearson -0.16721| 0.643| 0.698913
Antimony mantel | pearson -0.20174| 0.721| 0.751042
Ammonia mantel | pearson -0.27375| 0.896 0.896
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Figure 7.2 Distancebased Redundancy Analysis of the Agquificota members and selected
environmental parameters Distances were measured using the robust Aitchinson of the centre log
ratio transformed read abundance measured from containment queries of Genbank representative
genomes. The mantel test withoutadue adjustment shows temperature and barium as mostatsso

with the abundance ofyldrogenothermaleg\ potential positive relationship betweguificalesand

water level was observed
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7.4. SUPPLEMENTARY 10. GTDB

Classification

Table7.7 GTDB ANI, and Cultivation metadata of sequence®juificotagenomes

A11096;s___UBA11096 sp00353405

Genome Date Site Clusters | Media Population Clonal | GTDBClassification Reference ANI
Group

SE046_GO01_cluster_3 Jut19| KRP1 | SEO46_0 | MOPSO Blue A o__Agquificales;f __Aquificaceae;g_ | GCA 011054805 98.87
A11096;s_UBA11096 sp0110548(

SE046_GO02_cluster_3 Jutl9| KRP1 | SE0O46_0 | MOPSO Blue E o__Aquificales;f Aquificaceae;g__U| GCA_011054805| 98.78
A11096;s_ UBA11096 sp0110548(

SE046_GO04_cluster_2 Jutl9 | KRP1 | SEO46_0 | MOPSO Blue E o__Aquificales;f__Aquificaceae;g_ | GCA 011054805, 98.78
A11096;s_UBA11096 sp0110548(

SE046_GO05_cluster_2 Jutl9 | KRP1 | SE0O46_0 | MOPSO Blue B o__Aquificales;f__Aquificaceae;g_ | GCA_ 011054805, 98.81
A11096;s_UBA11096 sp0110548(

SE046_GO06_cluster_2 Jutl9 | KRP1 | SE0O46_0 | MOPSO Blue B o__Aquificales;f__Aquificaceae;g_ | GCA 011054805, 98.88
A11096;s_ UBA11096 sp0110548(

SE046_GO07_cluster_2 Jutl9| KRP1 | SEO46_0 | MOPSO Blue B o__Agquificales;f __Aquificaceae;g_ | GCA_011054805] 98.85
A11096;s_ UBA11096 sp0110548(

SE046_GO08_cluster_1 Jutl9| KRP1 | SE0O46_0 | MOPSO Blue E o__Aquificales;f Aquificaceae;g__U| GCA_011054805| 98.75
A11096;s_ UBA11096 sp0110548(¢

SE046_G10_cluster_1 Jutl9| KRP1 | SEO46_0 | MOPSO Blue C o__Agquificales;f _Aquificaceae;g_ | GCA 011054805 98.83
A11096;s_ UBA11096 sp0110548(¢

SE046_G11_cluster_3 Jutl9| KRP1 | SEO46_0 | MOPSO Blue D o__Aquificales;f__Aquificaceae;g_ | GCA_011054805| 98.75
A11096;s_ UBA11096 sp0110548(¢

SE046_G12_cluster_3 Jutl9| KRP1 | SE0O46_0 | MOPSO Blue E o__Aquificales;f__Aquificaceae;g_ | GCA_011054805| 98.77
A11096;s_ UBA11096 sp0110548(¢

SE046_G13_cluster_1 Jutl9| KRP1 | SEO46_0 | MOPSO Blue E o__Aquificales;f__Aquificaceae;g_ | GCA_011054805, 98.79
A11096;s_ UBA11096 sp0110548(¢

SE046_G15_cluster_2 Jutl9| KRP2 | SE046_0.1 MOPSO Orange U o__Aquificales;f Aquificaceae;g__ U] GCA_018771605| 98.46
A11096;s_ UBA11096 sp00353405

SE046_G16_cluster_2 Jutl9| KRP2 | SE046_0.1 MOPSO Orange U o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.51
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SE046_G17_cluster_2 Jut19| KRP2 | SEO46_0.1 MOPSO Orange o0__Agquificales;f __Aquificaceae;g_ | GCA 018771605 98.49
A11096;s_ UBA11096 sp00353405
SE046_G18_cluster_2 Jut19| KRP2 | SEO46_0.1 MOPSO Orange o__Agquificales;f Aquificaceae;g_ U] GCA_ 018771605 98.5
A11096;s_ UBA11096 sp00353405
SE046_G20_cluster_2 Jutl9| KRP2 | SE046_0.1 MOPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.42
A11096;s_UBA11096 sp00353405
SE046_G21 cluster_1 Jutl9| KRP2 | SE0O46 0.1 MOPSO Orange o0__Agquificales;f _Aquificaceae;g_ | GCA 018771605, 98.52
A11096;s_ UBA11096 sp00353405
SE046_G22_cluster_2 Jutl9| KRP1 | SE0O46_0 | MOPSO Blue o__Aquificales;f Aquificaceae;g__U| GCA_011054805| 98.84
A11096;s_UBA11096 sp0110548(
SE046_G23 cluster_1 Jutl9 | KRP1 | SE0O46_0 | MOPSO Blue o0__Aquificales;f__Aquificaceae;g_ | GCA 011054805, 98.8
A11096;s_ UBA11096 sp0110548(
SE046_G25 cluster_1 Jutl9 | KRP1 | SEO46_1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.29
A11096;s___
SE046_G25 cluster_3 Jutl9 | KRP1 | SEO46_0 | MOPSO Blue o__Aquificales;f__Aquificaceae;g_ | GCA 011054805, 98.77
A11096;s_UBA11096 sp0110548(
SE046_G26_cluster_1 Jutl9 | KRP1 | SE0O46_0 | MOPSO Blue o__Aquificales;f__Aquificaceae;g_ | GCA_ 011054805, 98.81
A11096;s_ UBA11096 sp0110548(¢
SE046_G27_cluster_2 Jutl9| KRP1 | SEO46_0 | MOPSO Blue o__Aquificales;f Aquificaceae;g__ Ul GCA_011054805| 98.78
A11096;s_ UBA11096 sp0110548(¢
SE046_G28_cluster_2 Jutl9| KRP2 | SE0O46_0 | MOPSO Blue o__Aquificales;f__Aquificaceae;g_ | GCA_011054805| 98.75
A11096;s_ UBA11096 sp0110548(¢
SE046_G29_cluster_1 Jutl9| KRP2 | SE046_0.1 MOPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.47
A11096;s_ UBA11096 sp00353405
SE046_G30_cluster_2 Jutl9| KRP2 | SEO46_1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.25
Al11096;s
SE053_G27_cluster_3 Nowv19| KRP1 | SE053 0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;f Hydrog GCF_000021545) 99.03
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SE053_G36_cluster_2 Nowv19 | KRP2 | SE053 0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;f Hydrog GCF_000021545) 99.02

sp.

othermaceae;g__Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
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SE053_G37_cluster_2 Nowv19| KRP2 | SE053 0 | MOPSO Sulfurihydrogenibium 0__Hydrogenothermales;f _Hydrogg GCF_000021545) 98.99
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens

SE053_G39_cluster_2 Nowv19| KRP2 | SE053 0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545,| 99.03
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens

SE053_G44_cluster_2 Nowv19| KRP2 | SE053 0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545, 98.95
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens

SEO055_GO01_cluster_2_cluster] Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f Aquificaceae;g__ U] GCA_018771605| 98.47
A11096;s_ UBA11096 sp00353405

SEO055_GO02_cluster_1 Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605, 98.41
A11096;s_ UBA11096 sp00353405

SE055_GO02_cluster_2 Jan20 | KRP1 | SE055 0 | HEPPSO Sulfurihydrogenibium o0__Hydrogenothermales;f Hydrog GCF_000021545, 98.98
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens

SEO055_GO5_cluster_3 Jan20 | KRP1 | SE055 0 | HEPPSO Sulfurihydrogenibium 0__Hydrogenothermales;f _Hydrog GCF_000021545. 98.96
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azoreng

SEO055_GO05_cluster_4 Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f Aquificaceae;g__U| GCA_018771605| 98.45
A11096;s_ UBA11096 sp00353405

SEO055_GO06_cluster_1 Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605, 98.41
A11096;s_UBA11096 sp00353405

SEO055_GO06_cluster_2 Jan20 | KRP1 | SE055 0 | HEPPSO Sulfurihydrogenibium 0__Hydrogenothermales;f _Hydrog GCF_000021545. 98.98
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azoreng

SE055_GO08_cluster_3 Jan20 | KRP1 | SE055 0.1 HEPPSO Orange o0__Agquificales;f _Aquificaceae;g | GCA 018771605 98.38
A11096;s_ UBA11096 sp00353405

SEO055_GO09_cluster_2 Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605, 98.41
A11096;s_ UBA11096 sp00353405

SEO055_G09_cluster_3 Jan20 | KRP1 | SE055_0 | HEPPSO Sulfurihydrogenibium 0__Hydrogenothermales;f__Hydrogl GCF_000021545. 99.04

sp.

othermaceae;g__Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
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SEO055_G10_cluster_1 Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.44
A11096;s_ UBA11096 sp00353405
SEO055_G10_cluster_2 Jan20 | KRP1 | SE055_1 | HEPPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.15
A11096;s_
SEO055_G12_cluster_1 Jan20 | KRP1 | SE055_0.1 HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.34
A11096;s_UBA11096 sp00353405
SE055 G12 cluster_2 cluster] Jan20 | KRP1 | SE055 1 | HEPPSO Green 0__Agquificales;f Aquificaceae;g_ U| GCF_011006175| 79.21
A11096;s__
SE055 G12 cluster_2 cluster] Jan20 | KRP1 | SE055 0 | HEPPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545,| 99.04
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SE055_G15 cluster_1 Jan20 | KRP2B| SE055 0.1 HEPPSO Orange o__Agquificales;f _Aquificaceae;g_ | GCA 018771605 98.39
A11096;s_ UBA11096 sp00353405
SEO055_G15_cluster_3 Jan20 | KRP2B| SE055_1 | HEPPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.14
A11096;s
SEO055_G17_cluster_1 Jan20 | KRP2B| SE055_0.1 HEPPSO Orange o__Aquificales;f Aquificaceae;g__ U] GCA_018771605| 98.47
A11096;s_ UBA11096 sp00353405
SEO055_G18_cluster_2 Jan20 | KRP2B| SE055_0.1 HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.37
A11096;s_UBA11096 sp00353405
SE055_G20_cluster_1 Jan20 | KRP2B SE055 1 | HEPPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.23
A11096;s
SE055_G20_cluster_2 Jan20 | KRP2B SE055 0.] HEPPSO Orange o__Aquificales;f Aquificaceae;g__ U] GCA 018771605, 98.47
A11096;s_UBA11096 sp00353405
SE055_G22 cluster_1 Jan20 | KRP2B SE055 0.] HEPPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_ 018771605, 98.44
A11096;s_UBA11096 sp00353405
SE055 _G24 cluster_2 Jan20 | KRP2B SE055 0.] HEPPSO Orange o__Agquificales;f __Aquificaceae;g_ | GCA_018771605] 98.42
A11096;s_UBA11096 sp00353405
SEO055 _G24 cluster_3 Jan20 | KRP2B SE055 0 | HEPPSO Sulfurihydrogenibium 0__Hydrogenothermales;f__Hydrog§ GCF_000021545, 99
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SEO055_G32_cluster_2 Jan20 | KRP2B| SE055_1 | HEPPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.2

A11096;s__
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SEO055_G33_cluster_2 Jan20 | KRP2B| SE055_1 | HEPPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.29
A11096;s_
SE057_GO03_cluster_1 Mar-20 | KRP1 | SE0O57_0 | MOPSO Venenivibrisp. 0__Hydrogenothermales;Hydrogen | N/A N/A
othermaceae;g__ ;s
SEO057_GO05_cluster_2 Mar-20 | KRP1 | SE057_0 | MOPSO Venenivibrisp. 0__Hydrogenothermales;f _Hydrog| N/A N/A
othermaceae;g_ ;s
SE057_GO7_cluster_1 Mar-20 | KRP1 | SE057_0 | MOPSO Venenivibriep. 0__Hydrogenothermales;f _Hydrogg N/A N/A
othermaceae;g_ ;s
SE057_GO07_cluster_2 Mar-20 | KRP1 | SE057_0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545,| 99.04
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SEO057_G10_cluster_1 Mar-20 | KRP1 | SE057_0 | MOPSO Sulfurihydrogenibium 0__Hydrogenothermales;Hydrogen| GCF_000021545, 99.02
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SEO057_G10_cluster_2 Mar-20 | KRP1 | SE057_0 | MOPSO Venenivibrisp. 0__Hydrogenothermales;f __Hydrog N/A N/A
othermaceae;g_ ;s
SEO057_G12_cluster_2 Mar-20 | KRP1 | SE057_0 | MOPSO Sulfurihydrogenibium 0__Hydrogenothermales;f _Hydrog GCF_000021545., 99.03
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SE057_G17_cluster_1 Mar-20 | KRP1 | SE057_0 | MOPSO Hydrogenobacter o__Agquificales;f _Aquificaceae;g_ | GCF_000010785, 98.52
thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G23 cluster_1 Mar-20 | KRP1 | SE057_0 | MOPSO Hydrogenobacter o__Aquificales;f Aquificaceae;g__ H] GCF_000010785, 98.52
thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G27_cluster_2 Mar-20 | KRP2 | SE057_0 | MOPSO Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H] GCF_000010785| 98.5
thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G28 cluster_3 Mar-20 | KRP2 | SE057_0 | MOPSO Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H| GCF_000010785, 98.52
thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G30_cluster_2 Mar-20 | KRP2 | SE057_0 | MOPSO Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H| GCF_000010785, 98.47

thermophilus

drogenobacter;s__Hydrogenobacte

thermophilus
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SE057_G31_cluster_2 Mar-20 | KRP2 | SE057_0 | MOPSO Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H] GCF_000010785, 98.49
thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G34_cluster_1 Mar-20 | KRP2 | SE057_0 | MOPSO Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H| GCF_000010785, 98.52
thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G42_cluster_2 Mar-20 | KRP2 | SE057_0.1 MOPSO Orange o__Agquificales;f _Aquificaceae;g_ | GCA 018771605, 98.57
A11096;s_ UBA11096 sp00353405
SEO057_G48_cluster_2 Mar-20 | KRP2 | SE057_1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175., 79.27
A11096;s_
SE057_G49 cluster_3 Mar-20 | KRP2B| SE057_0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545,) 98.99
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SEO057_G50_cluster_3 Mar-20 | KRP2B SE057_0 | MOPSO Sulfurihydrogenibium o0__Hydrogenothermales;Hydrogen| GCF_000021545. 99
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azoreng
SEO057_G51_cluster_3 Mar-20 | KRP2B| SE057_0 | MOPSO Sulfurihydrogenibium 0__Hydrogenothermales;Hydrogen| GCF_000021545, 99.02
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azoreng
SE057_G52_cluster_2 Mar-20 | KRP2B SE057_0 | MOPSO Sulfurihydrogenibium 0__Hydrogenothermales;Hydrogen| GCF_000021545. 98.99
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SE057_G53_cluster_2 Mar-20 | KRP2B| SE057_0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545, 98.95
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azoreng
SEO057_Gb54_cluster_2 Mar-20 | KRP2B| SE057_0 | MOPSO Sulfurihydrogenibium 0__Hydrogenothermales;Hydrogen| GCF_000021545, 99.02
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SEO057_G56_cluster_3 Mar-20 | KRP2B SE057_0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545) 98.99
sp. othermaceae;g__ Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
SE057_G57_cluster_3 Mar-20 | KRP2B| SE057_0 | MOPSO Sulfurihydrogenibium o__Hydrogenothermales;Hydrogen| GCF_000021545, 98.96

sp.

othermaceae;g__Sulfurihydrogenibi
m;s__ Sulfurihydrogenibium azorens
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SE057_G71_cluster_2 Mar-20 | KRP1 | SE057_0 | MOPSO_MAL1 Venenivibrio sp. 0__Hydrogenothermales;f _Hydrog| N/A N/A
othermaceae;g__ ;s
SE057_G72_cluster_2 Mar-20 | KRP1 | SE057_0 | MOPSO_MAL1 Venenivibrio sp. 0__Hydrogenothermales;f _Hydrog| N/A N/A
othermaceae;g__ ;s
SE057_G76_cluster_2 Mar-20 | KRP1 | SE057_0 | HEPPSO/ Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H| GCF_000010785, 98.45
POPSO_YE | thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G82_cluster_1 Mar-20 | KRP1 | SE057 0 | HEPPSO/ Hydrogenobacter 0__Agquificales;f Aquificaceae;g_ H| GCF_000010785, 98.46
POPSO_MALT thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE057_G83_cluster_3 Mar-20 | KRP1 | SE057_0 | HEPPSO/ Hydrogenobacter o__Agquificales;f Aquificaceae;g_ H| GCF_000010785, 98.47
POPSO_MALT thermophilus drogenobacter;s__Hydrogenobacte
thermophilus
SE058 G100 _cluster_1 Jui20 | KRP2B| SE058 1 | MOPSO Venenivibrio sp. 0__Hydrogenothermales;f __Hydrog N/A N/A
othermaceae;g_ ;s
SE058 G101 _cluster_2 Jui20 | KRP2B| SE058 1 | MOPSO Venenivibrio sp. 0__Hydrogenothermales;f __Hydrog N/A N/A
othermaceae;g_ ;s
SEO058 G102_cluster_3 Jui20 | KRP2B| SE058 1 | MOPSO Venenivibrio sp. 0__Hydrogenothermales;Hydrogen | N/A N/A
othermaceae;g_ ;s
SE058_ G103 cluster_2 Jui20 | KRP2B| SE058 1 | MOPSO Venenivibrio sp. 0__Hydrogenothermales;f _Hydrog N/A N/A
othermaceae;g_ ;s
SE058_G103_cluster_3 Jut20 | KRP2B SE058_1 | MOPSO Green o__Agquificales;f Aquificaceae;g_ U| GCF_011006175, 79.29
A11096;s
SE058_G107_cluster_1 Jui20 | KRP2B| SE058 1 | MOPSO Venenivibrio sp. 0__Hydrogenothermales;f __Hydrog N/A N/A
othermaceae;g_ ;s
SEO058_G108_cluster_1 Jut20 | KRP2B| SE058 1 | MOPSO Venenivibrio sp. o__Hydrogenothermales;f __Hydrogq¢ N/A N/A
othermaceae;g_ ;s
SE058_G109_cluster_1 Jut20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.18
Al11096;s
SE058_G110_cluster_2 Jut20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g__| GCF_011006175, 79.36
Al11096;s
SE058_G111 cluster_1 Jut20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.25

A11096;s
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SE058_G112_cluster_2 Jut20 | KRP2B| SE058 1 | MOPSO Green o__ Agquificales;f__Aquificaceae;g__ | GCF_011006175. 79.14
A11096;s_

SE058_G113 cluster_1 Jut20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.18
A11096;s_

SE058_G114 cluster_2 Jut20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g__ | GCF_011006175, 79.22
A11096;s__

SE058 G116 _cluster_ 2 Jut20 | KRP2B SE058 1 | MOPSO Green 0__Agquificales;f _Aquificaceae;g | GCF_011006175,| 79.17
A11096;s__

SE058 G117 _cluster_1 Jut20 | KRP2B SE058 1 | MOPSO Green o_ Aquificales;f __Aquificaceae;g_ | GCF_011006175,| 79.33
A11096;s__

SE058 G118 cluster_1 Jui20 | KRP2B| SE058 1 | MOPSO Green o0__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.24
A11096;s__

SE058 G119 cluster_2 Jui20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f __Aquificaceae;g__ | GCF_011006175. 79.41
A11096;s_

SE058 G120 cluster_2 Jui20 | KRP2B| SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.39
A11096;s__

SE058 G121 cluster_1 Jui20 | KRP1 | SE058 0.1 POPSO Orange o0__Aquificales;f__Aquificaceae;g_ | GCA 018771605, 98.5
A11096;s_ UBA11096 sp00353405

SE058_G122_cluster_2 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.49
A11096;s_ UBA11096 sp00353405

SE058_G125 cluster_2 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.48
A11096;s_ UBA11096 sp00353405

SE058_G127_cluster_1 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f Aquificaceae;g_ U] GCA_018771605| 98.51
A11096;s_ UBA11096 sp00353405

SE058_G128 cluster_2 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.49
A11096;s_UBA11096 sp00353405

SE058_G129 cluster_2 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.46
A11096;s_ UBA11096 sp00353405

SE058_G130_cluster_1 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f Aquificaceae;g__U| GCA_018771605, 98.52
A11096;s_ UBA11096 sp00353405

SE058 G131 cluster 1 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Agquificales;f __Aquificaceae;g_ | GCA_018771605] 98.47

A11096;s___UBA11096 sp00353405
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SE058_G132_cluster_2 Jut20 | KRP1 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.46
A11096;s_ UBA11096 sp00353405

SE058_G133_cluster_2 Jut20 | KRP2 | SE058 0.1 POPSO Orange o__Aquificales;f Aquificaceae;g__ U] GCA_018771605| 98.54
A11096;s_ UBA11096 sp00353405

SE058_G134_cluster_2 Jut20 | KRP2 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.5
A11096;s_UBA11096 sp00353405

SE058 G135 cluster_2 Jut20 | KRP2 | SE058 0.] POPSO Orange o0__Agquificales;f _Aquificaceae;g_ | GCA 018771605 98.5
A11096;s_ UBA11096 sp00353405

SE058_G136_cluster_2 Jut20 | KRP2 | SE058 0.1 POPSO Orange 0__Agquificales;f Aquificaceae;g_ U| GCA_018771605) 98.53
A11096;s_UBA11096 sp00353405

SE058 G137 _cluster_1 Jui20 | KRP2 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA 018771605 98.54
A11096;s_UBA11096 sp00353405

SE058 G138 _cluster_2 Jui20 | KRP2 | SE058 0.1 POPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_ 018771605, 98.52
A11096;s_UBA11096 sp00353405

SE058 G140 cluster_2 Jui20 | KRP2 | SE058 0.1 POPSO Orange o__Aquificales;f Aquificaceae;g__ U] GCA 018771605, 98.58
A11096;s_UBA11096 sp00353405

SE058 G141 cluster_2 Jui20 | KRP2 | SE058 0.1 POPSO Orange o0__Aquificales;f__Aquificaceae;g_ | GCA 018771605, 98.46
A11096;s_ UBA11096 sp00353405

SE058_G142_cluster_2 Jut20 | KRP2 | SE058_0.] POPSO Orange o__Agquificales;f _Aquificaceae;g_ | GCA_018771605) 98.53
A11096;s_ UBA11096 sp00353405

SE058_G143_cluster_2 Jut20 | KRP2 | SE058_0.] POPSO Orange o0__Agquificales;f Aquificaceae;g_ U| GCA 018771605 98.53
A11096;s_ UBA11096 sp00353405

SE058_ G144 cluster_1 Jut20 | KRP2 | SE058_0.] POPSO Orange o__Agquificales;f _Aquificaceae;g_ | GCA_018771605) 98.53
A11096;s_ UBA11096 sp00353405

SE058_ G151 cluster_3 Jut20 | KRP2B SE058 0 | POPSO Blue o__Agquificales;f __Aquificaceae;g_ | GCA 011054805 99.06
A11096;s_ UBA11096 sp0110548(¢

SE058_G156_cluster_3 Jut20 | KRP2B| SE058 0 | POPSO Blue o__Aquificales;f Aquificaceae;g__U| GCA_011054805| 98.94
A11096;s_ UBA11096 sp0110548(¢

SE058_G173 cluster_1 Jut20 | KRP1 | SE058 0.1 MOPSO_7.6 | Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.51
A11096;s_UBA11096 sp00353405

SE058 G173 cluster_2 Jut20 | KRP1 | SE058_0 | MOPSO_7.6 | Venenivibrisp. o__Hydrogenothermales;f _Hydrog N/A N/A

othermaceae;g_ ;s
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SE058_G173_cluster_4 Jut20 | KRP1 | SE058 1 | MOPSO_7.6 | Green o__Aquificales;f Aquificaceae;g__U| GCF_011006175. 79.19
A11096;s_

SE058_G174 cluster_2 Jut20 | KRP1 | SE058 0.1 MOPSO_7.6 | Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.44
A11096;s_ UBA11096 sp00353405

SE058_G174 cluster_3 Jut20 | KRP1 | SE058 1 | MOPSO_7.6 | Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.14
A11096;s__

SE058 G175 cluster_1 Jut20 | KRP1 | SE058 _0.] MOPSO_7.6 | Orange o0__Agquificales;f _Aquificaceae;g_ | GCA 018771605, 98.44
A11096;s_ UBA11096 sp00353405

SE058 G175 cluster_2 Jut20 | KRP1 | SE058 1 | MOPSO_7.6 | Green 0__Agquificales;f _Aquificaceae;g_ | GCF_011006175, 79.18
A11096;s__

SE058 G176 cluster_2 Jut20 | KRP1 | SE058 1 | MOPSO_7.6 | Green o__Aquificales;f Aquificaceae;g__ U] GCF_011006175., 79.23
A11096;s__

SE058 G176 _cluster_3 Jut20 | KRP1 | SE058 0 | MOPSO_7.6 | Venenivibrisp. 0__Hydrogenothermales;f __Hydrog N/A N/A
othermaceae;g_ ;s

SE058 G176 cluster_4 Jui20 | KRP1 | SE058 0.1 MOPSO_7.6 | Orange o__Aquificales;f __Aquificaceae;g_ | GCA 018771605, 98.43
A11096;s_ UBA11096 sp00353405

SEO058 G49 cluster_2 Jui20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f___Aquificaceae;g_ | GCF_011006175., 79.28
A11096;s

SE058_G49_cluster_3 Jut20 | KRP1 | SE058 0.1 MOPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605, 98.41
A11096;s_ UBA11096 sp00353405

SEO058_G50_cluster_1 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.22
A11096;s

SEO058_G50_cluster_3 Jut20 | KRP1 | SE058 0.1 MOPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.47
A11096;s_ UBA11096 sp00353405

SE058_Gb51_cluster_1 Jut20 | KRP1 | SE058 0.1 MOPSO Orange o__Aquificales;f Aquificaceae;g__ U] GCA_018771605| 98.48
A11096;s_UBA11096 sp00353405

SE058_Gb51_cluster_2 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.2
Al11096;s

SE058_G52_cluster_1 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.23
A11096;s__

SE058 G52 cluster_3 Jui20 | KRP1 | SE058 0.1 MOPSO Orange o__Agquificales;f __Aquificaceae;g_ | GCA_018771605] 98.44

A11096;s___UBA11096 sp00353405
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SEO058_G53_cluster_1 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.28
A11096;s_

SE058_G54_cluster_1 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175, 79.18
A11096;s_

SE058_G54_cluster_3 Jut20 | KRP1 | SE058 0.1 MOPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_018771605| 98.46
A11096;s_UBA11096 sp00353405

SE058_ G55 cluster_1 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Agquificales;f _Aquificaceae;g_ | GCF_011006175,| 79.22
A11096;s__

SE058_G55 cluster_3 Jut20 | KRP1 | SE058 0.1 MOPSO Orange 0__Agquificales;f _Aquificaceae;g_ | GCA 018771605, 98.41
A11096;s_UBA11096 sp00353405

SEO058 G56_cluster_1 Jui20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f Aquificaceae;g_ U] GCF_011006175, 79.11
A11096;s

SEO058 G57_cluster_1 Jui20 | KRP1 | SE058 1 | MOPSO Green o0__Aquificales;f__Aquificaceae;g_ | GCF_011006175. 79.18
A11096;s___

SEO058 G59 cluster_2 Jui20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f __Aquificaceae;g__ | GCF_011006175. 79.12
A11096;s

SEO058_ G59 cluster_3 Jui20 | KRP1 | SE058 0.1 MOPSO Orange o__Aquificales;f__Aquificaceae;g_ | GCA_ 018771605, 98.41
A11096;s_ UBA11096 sp00353405

SEO058_G60_cluster_2 Jut20 | KRP1 | SE058 1 | MOPSO Green o__Aquificales;f__Aquificaceae;g_ | GCF_011006175., 79.11
A11096;s

SE058_G67_cluster_2 Jut20 | KRP1 | SE058 0 | MOPSO Blue o__Aquificales;f__Aquificaceae;g_ | GCA_011054805, 98.76

A11096;s_ UBA11096 sp0110548(
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7.5. SUPPLEMENTARY 11 . Histogram of Intrapopulaiton
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Figure 7.3 Histogram distribution of intrapopulaiton ANI values Clonal populationeBA11096p
cluster 1 Greert. thermophilusand Sulfurhydrogenibiunsp. have median ANI values of 99.¢
99.99% and 99.96%, respectively. A notable drop in ANI can be obsafeadnivibrioandUBA110¢
sp. cluster 2 Blue and Orange populations at around 99.5% ANI similarity
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7.6. SUPPLEMENTARY 12 . Comparison of PopCOGenT
analysis with varying contamination

Figure 7.4 PopCOGenT clustering with genomes from different contamination cutoffs
Contamination was measured using CheckM and ranges {83 (B-E). Genomes with minimal
contamination of <2% were utilised to minimise the effect of contamination in genome comparisons
during horizontal gene flow analyses.
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