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Abstract

Bacteria are among the most genetically dynamic organisms on Earth, continuously reshaping their
genomes through gene gain, loss, and modification. Understanding how new genes arise, how they
spread, and how selective pressures like antibiotic use reshape this diversity remain central questions
in bacteriology. This thesis investigates these questions through three complementary studies unified
by a shared interest in the fluid dynamics of bacterial genomes.

First, we explore a mechanism by which the streamlining bias that trims bacterial genomes can
also serve as a source of evolutionary innovation. We propose and characterize a model of “deletion-
born fusion genes,” in which adaptive deletions fuse distant gene fragments into novel open reading
frames. Unlike other gene birthmechanisms that beginwith rare, neutral intermediates, these fusions
reach high frequency by hitchhiking on the selective advantage of the deletion itself. We document
examples in the Lenski Long-Term Evolution Experiment and in the –

divergence. Finally, we develop a scalable screen to efficiently detect these genes across multi-
million bacterial genome collections.

Second, we collate 1,817 high-quality genomes from the BritishNationalCollection ofTypeCul-
tures, spanning isolates collected from 1885 to the present, and trace how human antibiotic use re-
shaped the frequency andmobility of genomic resistance. We find that functional resistance genes cir-
culated in clinically relevant isolates before the age of antibiotics, but were generally rare and chromo-
somally encoded. Following the clinical introduction of specific antibiotics, corresponding genomic
resistance significantly increased in frequency and became progressively associated with multiple mo-
bile genetic elements. These findings suggest that anthropogenic use of antibiotics did not generate
resistance de novo, but both amplified and refined pre-existing genetic potential.

Third, we introduce the phylogeny-colored de Bruijn graph (pcDBG), a data structure that re-
colors each unitig in a compacted pangenome graph with the phylogenetic branch where its pres-
ence/absence patternmost parsimoniously changed state. Applied to over 1,000
ST8 genomes, we show that co-inherited sequence blocks extend roughly one kilobase before decay-
ing, and that mapping evolutionary signals onto the USA300 reference recovers the known mobile
element landscape without prior annotation. The pcDBG provides a general framework for charac-
terizing the spatial organization of evolutionary history across bacterial pangenomes.

Together, these studies suggest a view of bacterial genomes as dynamicmosaics, continually being
reshaped both by their environment and the pressures we impose on them. The genomeswe sequence
today are not endpoints, but fleeting snapshots of a continuous evolutionary process that long pre-
dates humanity and will long outlast us.
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Introduction

Bacteria are both the oldest and most genetically diverse domain of known ter-

restrial life76. They thrive in habitats spanning the deep subterranean crust, the labyrinthine lin-

ing of the human gut, and even the clouds overhead; collectively their metabolic capabilities underpin

diverse global biogeochemical cycles ranging from nitrogen fixation to oxygen respiration12,156,81,56.

Belying their outsize impact, bacteria are predominantly composed of microscopic single-celled or-
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ganisms; yet, all together bacteria make up an estimated 15% of Earth’s biomass63,10.

The evolutionary success and environmental ubiquity of bacteria may be partially attributed to

their genetic diversity175,103,174. The hereditary material of terrestrial life is encoded in DNA, and the

functional units of this DNA are called ‘genes.’ Bacteria, compared to their eukaryotic counterparts,

retain the capacity to rapidly gain, lose, andmodify their gene content174. However, this flexibility also

raises a paradox. Bacterial genomes are extremely compact and shaped by a pervasive ‘streamlining’

pressure that favors the loss of non-essential DNA121,116,179. Given this bias towards minimalism,

how do bacteria then exhibit such a cacophony of diverse genes? And how might external selection

pressures, say the human introduction of antibiotics, reshape this diversity over time? In this thesis,

we attempt to explore these central biological questions through three complementary investigations

into the origins, spread, and the topology of bacterial genome dynamics.

On the Bacterial Genetic Landscape

The scale of bacterial genetic diversity is staggering.* Studies of well-characterized species routinely

identify tens of thousands of distinct gene families, and metagenomic surveys of complex environ-

ments like the human gut have cataloged millions of coding sequences with no detectable similarity

to known genes174,21,97,135,9. The realization that the genetic repertoire of a bacterial species can be

much larger than the gene content of an individual strain has given rise to the concept of the bacterial

“pangenome.†” The pangenome refers to the collective gene pool accessible to a bacterial species, and

many have been demonstrated to be significantly larger than the total number of genes found in any

one member of that species174,97. Together, these findings point to a view of the bacterial genome

as less a static blueprint, and more a fluid mosaic. Where on the species level, bacterial genomes are

continually reshaped by gene gain and gene loss.

*And the central reason I switched to computational microbiology!
†Note that this gene-centric definition is distinct from the newer sequence-centric definition111.
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The result is amodeof evolution that operates ongene content asmuchas gene sequence, a paradigm

where the presence or absence of entire genes can rapidly shift97. Understanding the forces that gov-

ern this flux is a central goal of bacteriology.

Sources of Bacterial Genetic Novelty

Wheredonewbacterial genes come from? Severalmechanismshavebeen characterized, each involving

distinct tradeoffs between the generation of novelty and the preservation of function.

Gene duplication followed by diversification is perhaps the most intuitive route4,165,144. When

a gene is duplicated, one copy can maintain its original function while the other is free to accumu-

late mutations, and potentially acquire new capabilities. This mechanism ensures that novel genes

derive from functional templates, but the ancestral sequence constrains their evolutionary potential.

Duplicated genes all begin from a common template and thus are constrained by the functional neigh-

borhood of their progenitors.

Horizontal gene transfer allows bacteria to acquire genes wholesale from distantly related organ-

isms96. This process can introduce entirely new functions in a single event. Yet the acquired genes

must still integrate into the recipient’s regulatory and metabolic networks, and many transferred se-

quences can be quickly lost if they fail to provide immediate benefit127,176,181.

At the other extreme, de novo gene birth can generate proteins with no homology to any existing

sequence. Overprinting, in which a new gene emerges from an alternative reading frame overlapping

an existing coding sequence, and the expression of previously non-codingDNAboth represent routes

to genuinely novel proteins136,131. But proteins born from random or near-random sequence face

steep challenges: they tend toward excessive hydrophobicity, aggregation, and disorder, making the

path to stable function narrow83,64.

Gene fusion occupies a middle ground. By joining fragments of distinct genes into a single new
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open reading frame, fusion events canbring together existingproteindomains innovel arrangements172,134.

The resulting proteins inherit some functional potential from their parent sequences while gaining

new capabilities from their new juxtaposition. Yet fusion genes face the same threat as any sequence

of bacterial DNA, they must avoid being lost to drift or purged by selection before they can demon-

strate their usefulness181.

This is especially pertinent because bacterial genomes are shaped by a pervasive deletional bias that

relentlessly trims non-essential DNA. Genomes that have undergone reductive evolution, like many

intracellular obligate pathogens, illustrate the endpoint of this process, but even free-living bacteria

with large genomes experience constant pressure toward genomicminimalism68,67,116. Deletions arise

through diverse mechanisms, from homologous recombination to replication slippage to erroneous

repair, and can be positively selectedwhen they reduce themetabolic cost ofDNA replication or elim-

inate genes whose products have become deleterious117,179,68. Against this backdrop, the emergence

of new genes seems almost paradoxical: how can novelty arise when the genome is under constant

pressure to contract?

One possibility, explored in Chapter 1 of this thesis, is the idea that this deletional bias need not

be merely destructive. Deletions rearrange existing genetic material, and in doing so, they can create

new genes even as they remove old ones. A deletion that fuses the upstream portion of one gene to

the downstream portion of another generates a novel open reading frame. Unlike other mechanisms

of gene birth, which produce neutral or deleterious intermediates that must survive drift before ac-

quiring function, these deletion-born fusions can reach high frequency by hitchhiking

. The very same destructive force that threatens to purge nascent genes

may also serve as an engine of their creation.
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Selection and the Spread of Genes

The generation of new genetic material is only half the story. Whether a gene persists depends on the

selective forces acting upon it, and these forces can change dramatically in response to environmental

shifts.

Antibiotic resistance provides a stark illustration. Nature has produced antimicrobial compounds

formillennia, and resistancemechanisms are correspondingly ancient; functional resistance genes have

been recovered from permafrost samples tens of thousands of years old45,43. Yet the clinical introduc-

tion of antibiotics in the twentieth century transformed the selective landscape. What may have once

been rare curiosities, maintained at low frequency by the occasional encounter with a competitor’s

toxins, suddenly became essential for survival in clinical settings. The result was a proliferation of re-

sistance genes, accompanied by their mobilization onto plasmids and other transferable elements that

could readily spread these resistance genes across species boundaries44.

Understanding this transformation requires examining the state of resistance genes before and af-

ter the antibiotic era14. This presents an obvious difficulty: how can we measure resistance to an

antibiotic before that antibiotic was discovered? Historical culture collections offer a solution to this

conundrum. The British National Collection of Type Cultures, founded in 1920, has preserved bac-

terial isolates stretching back over a century, and recent sequencing efforts have made thousands of

these genomes available for analysis49,3. By matching isolates to their year of collection, we can trace

the changing frequency and genomic context of resistance determinants across the advent of the an-

tibiotic age.

Chapter 2 of this thesis undertakes this analysis. We find that resistance genes, while present in pre-

antibiotic isolates, were generally rare and chromosomally encoded. With the introduction of specific

antibiotics, the corresponding resistance genes significantly increased in frequency and became in-

creasingly associated with mobile genetic elements. Over time, resistance determinants accumulated
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on elements nested within other mobile elements, a genomic architecture that enables their rapid dis-

semination. Human antibiotic use did not generate resistance de novo; however, our analysis shows

it significantly amplified both the prevalence and mobility of previously infrequent resistance genes.

Computational bacteriology at scale

The questions explored in this thesis: how new genes arise, how they spread, and how external pres-

sures reshape genomes are increasingly tractable because of the veritable explosion in available bacterial

genomic sequences. Public databases now contain petabytes of sequence data, and this bounty of data

affords the depth to detect rare events, trace evolutionary trajectories, and identify patterns invisible

at smaller scales.

But scale creates its own challenges. Traditional approaches to comparative genomics can strug-

gle in the face of this data deluge. New methods capable of leveraging the size of modern genomic

databases are increasingly needed. This need is particularly acute given themajority of bacteria remain

unculturable77. As a result, techniques that can derive meaningful biological insight from genomic

sequences are essential for cleverly navigating the jungle of bacterial diversity.

Chapter 3 develops a new framework for integrating evolutionary history into pangenome graphs.

Colored de Bruijn graphs, which annotate graph structures with the genomes that contribute each

sequence, have become a standard tool for pangenome analysis. Yet these graphs capture only the pat-

tern of sequence sharing, not its evolutionary origin. We propose phylogeny-colored de Bruijn graphs,

in which sequences are annotated not with the raw set of genomes containing them but with the phy-

logenetic branches where their distribution most parsimoniously changed state. This representation

fuses graph adjacency with evolutionary history, enabling analyses of how co-inherited blocks are spa-

tially organized and where evolutionary boundaries fall across the pangenome.
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Overview of this thesis

This thesis investigates the dynamics of bacterial genomes through three complementary studies, uni-

fied by a shared interest in how genes arise, spread, and can be computationally analyzed at scale.

asks whether the deletional bias that shapes bacterial genomes can also serve as a source

of innovation. Wefirst formalize ourproposedmodel of “deletion-born fusiongenes,” thendocument

these genes arising in both the Lenski Long-Term Evolution Experiment and in the divergence of

and . Finally, we develop a scalable computational

screen to detect these genes across all 2.4 million publicly available bacterial genomes. Our findings

reframe deletions as not merely destructive but as potential catalysts for evolutionary innovation.

queries how human antibiotic use reshaped the landscape of resistance genes. Using

1,817 high-quality genomes from the National Collection of Type Cultures, matched to their years

of isolation spanning 1885 to the present, we trace the frequency and genomic context of genomic

resistance determinants before and after the introduction of major antibiotic classes. We find that

resistance genes were present but rare in pre-antibiotic isolates, and that clinical introduction of an-

tibiotics is associated with increases in both prevalence and mobility. Over time, resistance elements

have become increasingly nested withinmultiple mobile elements, an architecture that helps facilitate

their rapid dissemination. These findings suggest that human antibiotic use did not create resistance

de novo, but instead significantly amplified pre-existing genetic potential.

introduces phylogeny-colored de Bruijn graphs, a data structure that bridges the gap be-

tweenpangenome graph representations andphylogenetic inference. Each sequence in the graph is an-

notated with the branch or branches of a phylogeny where its presence most parsimoniously changed

state, fusing graph adjacency with evolutionary history. We define two complementary analyses en-

abled by this structure: evolutionary persistence, which measures the spatial extent of co-inherited

blocks, andboundary severity,which characterizes thephylogenetic distance across evolutionarybound-
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aries. We demonstrate that both recapitulate the knownmobile element landscape of a diverse collec-

tion of methicillin-resistant genomes without prior annotation.

Together, these chapters aim to understand the fluid dynamismof bacterial genomes leveraging the

powerof computation. Fromthebirthofnewgenes to themobile architecture of antibiotic resistance,

this thesis seeks to investigate a domain of life defined by ubiquitous and rapid transformation. Bac-

teria are among themost consequential organisms on the planet, and this work represents my humble

offering to shed additional light on these tiny titans of terrestrial life.
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Life and death appeared to me ideal bounds,

which I should first break through, and pour a

torrent of light into our dark world.

Mary Shelley, (1818)

Novel genes arise from genomic deletions

across the bacterial tree of life

The following chapter has been preprinted, with DOI: 10.64898/2026.01.05.697752

Bacteria are the most genetically diverse domain of life on Earth76,115. This genetic

diversity also translates to a profound diversity in their protein-coding genic repertoire. New genes
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and gene families continually arise across the bacterial tree of life; pangenome studies of single species

can identify tens of thousands of protein families, andmetagenomic sequencing of environments like

the human gut has revealedmillions of protein-coding genes of unknown function174,21,97,135,9. This

diversity raises the question of where new bacterial genes and their corresponding functions come

from.

Differentmechanisms for bacterial gene birth have beenproposed and each uniquely constrains the

generation of functional novelty. On the one hand, duplication and subsequent diversification en-

sures that novel genes derive from functional templates4,165,144, but the preexisting functionality and

domain structure constrain their evolutionary potential. On the other hand, overprinting136,131, the

expression of a novel gene overlapping a previously existing sequence but in a different reading frame,

generates protein products without homology to existing proteins or prior functional constraints.

Yet new proteins created from random peptides often suffer from excessive hydrophobicity, aggrega-

tion propensity, and intrinsic disorder83,64. Considering these tradeoffs, gene fusion, the stitching

together of entire fragments of distinct genes, provides a gene birth mechanism that balances innova-

tion with functionality by bringing together existing protein domains into new contexts134, though

such fusions must still avoid being lost to selection or genetic drift.

Random loss of newborn genes is compounded by a deletional bias that threatens to purge them

from bacterial genomes before they can acquire beneficial function. Compact bacterial genomes,

often less than fifteen percent non-coding67, reflect a pervasive bias favoring loss of non-essential

DNA121,116,179. This process, seen in natural68, clinical6,18, and experimental settings105,139, is typ-

ically framed as a loss of genetic potential. These deletions may arise through diverse mechanisms,

including homologous recombination142, replication-associated slippage16,35, erroneous repair74, or

site-specific recombinases161. Regardless of mechanism, deletions are a hallmark of bacterial genome

evolution and can be positively selected by reducing themetabolic cost of replicatingDNAor by tun-

ing gene interaction networks67,179,117.
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Deletions can also generate new arrangements of existingmaterial. In a recent analysis of the Lenski

Long-Term Evolution Experiment (LTEE)106, uz-Zaman et al. found that deletions moving regula-

tory elements contributed the largest share to the transcription and translation of previously non-

coding DNA169. In other instances, deletions generated functional gene fusions that led to new anti-

phagedefense functions170, to phenotypeswith increased colony spread57, and topotentially adaptive

gene products in Mycobacterium tuberculosis lineages66. Despite the importance of gene fusions in

generating novel phenotypes and individual cases linking deletions to the emergence of fusion genes, it

remains unknownwhether this represents a widespreadmechanism for bacterial genome innovation.

Here, we explore amodel of bacterial gene birth inwhich a deletion results in the fusion of the start

of one open reading frame (ORF) and the end of another to create a novel ORF. Next, we identify

the creation and maintenance of these deletion-born fusions in two densely sampled contexts: in the

Lenski LTEE, and duringmycobacterial speciation. Finally, we develop a computational technique to

efficiently query putative deletion-born fusions across multi-million bacterial isolate genome collec-

tions and find evidence for this mechanism of gene birth across the bacterial tree of life. Our findings

reframe the bacterial deletional bias as not merely destructive, but as a possible creative force.

1.1 Fusion genes can spread by hitchhiking on the fitness benefit of their

causal deletion

Deletions in a bacterial genome result in the fusing of two distal sections of genetic material spanning

the deletion junction. Either one or both deletion boundaries can fall inside an existing gene, thus

generating a chimericORF at the junction. This is mademore likely by the gene-dense architecture of

bacterial genomes17. Both the novel ORF and the removal of intervening material can cause changes

in relative fitness.

If a deletion confers a fitness benefit, any fusion ORF created as a by-product can increase in fre-
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