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OUTLINE OF THE THESIS

The CRISPR-Cas system is an adaptive defence mechanism found in bacteria and archaea.
It comprises the CRISPR (clustered regularly interspaced short palindromic repeats) array and the
CRISPR-associated (cas) genes and acts as a sophisticated machinery that incorporates foreign
DNA fragments from viruses and mobile genetic elements (MGEs) into CRISPR arrays, and later
uses them to recognise and destroy matching invaders.

The main aim of the present thesis was to characterise and explore the evolutionary
implications of the CRISPR-Cas system in clinically relevant prokaryotic species. To achieve this
aim, three specific objectives were pursued as follows:

e (Characterise CRISPR-Cas systems in several pathogenic bacterial taxa and design PCR
primers for the CRISPR loci, facilitating detection in future studies aimed at understanding
the evolutionary pathways of CRISPR-Cas systems, monitoring the dissemination of
bacterial pathogens, and potentially enabling the development of rapid diagnostic methods.

e Investigate correlations between CRISPR array characteristics (e.g., repeat sequences,
spacer number) and geographical origin or collection source of the bacterial isolates.

e Examine the influence of different CRISPR-Cas system types on the acquisition of
antimicrobial resistance genes (ARGs) in clinically relevant bacteria.

Chapter I reviews recent findings on the structure, ecology, and evolution of CRISPR-Cas
systems, emphasising their role in modulating accessory genomes — the variable portion of a
species' genome that often includes genes acquired through horizontal gene transfer — and
impacting prokaryotic evolution and physiology.

Chapter II aimed to investigate the relationship between the -characteristics of
enterobacterial CRISPR loci, their geographical origin, and collection source, potentially
providing insights into the evolution and spread of the CRISPR-Cas systems. Highly efficient PCR
primers were developed for each locus enabling targeted amplification and analysis of specific
CRISPR loci in diverse bacterial populations to facilitate future research.

Chapter III explored the impact of type I-E and I-F CRISPR-Cas systems on ARGs
acquisition in two clinically relevant pathogenic bacteria, Escherichia coli and Pseudomonas
aeruginosa. Both taxa possess genomes harbouring either type I-E or I-F systems, with varying

proportions and rarely co-existing within the same genome. This characteristic presents a valuable



opportunity to dissect the independent functionalities of each system and how their bacterial
regulatory mechanisms influence them in the context of ARG acquisition.

Chapter IV summarises the key findings and conclusions of this thesis, providing a
comprehensive overview of the research contributions and outlining potential avenues for future
investigation.

Overall, this doctoral thesis contributes to a deeper understanding of the CRISPR-Cas
system's role in prokaryotic adaptation and evolution, with a focus on its impact on genomic
diversity, geographical distribution, and antimicrobial resistance. This research facilitates the
detection of these systems in future studies by characterising CRISPR-Cas systems in pathogenic
bacteria and designing specific PCR primers. Furthermore, it explores correlations between
CRISPR array characteristics and geographical origin, providing insights into the evolution and
spread of this adaptive immune system. Novel findings highlight the complex relationship between
different CRISPR-Cas system types and the acquisition of antimicrobial resistance genes in
clinically relevant bacteria. This research contributes to the foundation for future investigations

into developing innovative CRISPR-based strategies to combat antimicrobial resistance.



Chapter I: CRISPR-Cas system: the powerful modulator of accessory

genomes in prokaryotes

Being frequently exposed to foreign nucleic acids, bacteria and archaea have developed an
ingenious adaptive defence system called CRISPR-Cas. The system is composed of the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) array, together with CRISPR (cas)-
associated genes. This system consists of a complex machinery that integrates fragments of foreign
nucleic acids from viruses and mobile genetic elements (MGEs), into CRISPR arrays. The inserted
segments (spacers) are transcribed and then used by Cas proteins as guide RNAs for recognition
and inactivation of the targets. Different types and families of CRISPR-Cas systems consist of
distinct adaptation and effector modules with evolutionary trajectories, partially independent. The
origin of the effector modules and the mechanism of spacer integration/deletion is far less clear. A
review of the most recent data regarding the structure, ecology, and evolution of CRISPR-Cas
systems and their role in the modulation of accessory genomes in prokaryotes is proposed in this
article. The CRISPR-Cas system’s impact on the physiology and ecology of prokaryotes,
modulation of horizontal gene transfer events, is also discussed here. This system gained
popularity after it was proposed as a tool for plant and animal embryo editing, in cancer therapy,

as antimicrobial against pathogenic bacteria and even in the fight against viruses.

Chapter II: Diversity and distribution of CRISPR-Cas systems in

Enterobacteriaceae: implications for evolution and epidemiology

The successive addition of spacer sequences in the CRISPR array has made the system a
valuable molecular marker, with multiple applications. Due to the high degree of polymorphism
of the CRISPR loci, their comparison in bacteria from various sources may provide insights into
the evolution and spread of the CRISPR-Cas systems. The aim of this study was to establish a
correlation between the enterobacterial CRISPR loci, the sequence of direct repeats (DR), and the
number of spacer units, along with the geographical origin and collection source. For this purpose,

a total of 4401 genomes assigned to Escherichia coli (n=2133), Salmonella enterica (n=1297), and



Klebsiella pneumoniae (n=971) (Enterobacteriaceae family) were retrieved from CRISPRCas++
database (https://crisprcas.i2bc.paris-saclay.fr/MainDb/StrainList). The most prevalent was the I-
E CRISPR-Cas system in all three studied taxa. E. coli also presents the I-F type, but in a much
lesser percentage. The systems found in K. pneumoniae can be classified into I-E and I-E*. The I-
E and I-F systems have two CRISPR loci, while I-E* has only one locus upstream of the Cas
cluster.

Statistical analysis of the characterised CRISPR loci yielded significant findings. While
distinct clustering was not evident, statistically significant relationships occurred between the
different CRISPR loci and the number of spacer units: for each of the queried taxa, the number of
spacers was significantly different (p < 0.01) by origin (Africa, Asia, Australia and Oceania,
Europe, North America, and South America) but was not linked to the isolation source type
(human, animal, plant, food, or laboratory strains). No association was found with the DR
sequence, showcasing that the CRISPR-Cas variants are ancient and widespread.

Highly efficient PCR primers were developed for each locus, leveraging the conserved
flanking sequences identified during CRISPR characterisation. These primers facilitate future
research, enabling targeted amplification and analysis of specific CRISPR loci in diverse bacterial
populations. A subset of these primers is already being utilised in our lab to investigate CRISPR -

Cas systems in bacteria from various environments, showcasing their immediate practical value.

Chapter III: CRISPR-Cas systems and antimicrobial resistance: a

paradoxical relationship in E. coli and P. aeruginosa

This study aimed to investigate the impact of type I-E and I-F CRISPR-Cas systems on the
acquisition of antibiotic resistance genes (ARGs) in Escherichia coli and Pseudomonas aeruginosa,
two clinically relevant bacterial pathogens. Genomic data from publicly available databases were
analysed for the presence and type of CRISPR-Cas systems and ARGs. Spacer sequences were
extracted, and their targets were identified using CRISPRTarget. Statistical tests were employed
to compare ARG prevalence between genomes with and without CRISPR-Cas systems.

The prevalent CRISPR-Cas system types (I-E in E. coli and I-F in P. aeruginosa) did not
impede ARG acquisition. Surprisingly, E. coli genomes with the I-E system exhibited a higher



prevalence of ARGs compared to those without CRISPR-Cas (p<00001). Many ARG variants
were exclusively found in genomes possessing type I-E CRISPR-Cas. Conversely, the less
common system types (I-F in E. coli and I-E in P. aeruginosa) were associated with reduced ARG
prevalence (p<00001 in E. coli and p=0.0122 in P. aeruginosa). No spacer sequences were found
to target ARGs or integron components directly.

Under antibiotic selective pressure, highly active CRISPR-Cas systems would likely
impose a significant fitness cost on bacteria by preventing the acquisition of ARGs by targeting
the mobile genetic elements (MGEs) that carry them. These findings challenge the assumption that
CRISPR-Cas systems universally impede ARG acquisition, highlighting a complex interplay that
may be influenced by fitness costs and alternative selective pressures. This research contributes to
a deeper understanding of the multifaceted role of CRISPR-Cas systems in bacterial evolution and

AMR.

Chapter IV: General conclusions and novelty of the results

IV.1. General conclusions

This PhD thesis has explored the multifaceted role of the CRISPR-Cas system and its
evolutionary implications in clinically relevant prokaryotic species. Through a combination of
literature review, bioinformatic analysis, and hypothesis-driven research, we have revealed several

key findings:

e CRISPR-Cas systems shape prokaryotic evolution through adaptive immunity and genome
modulation: Our comprehensive review underscores the pivotal role of CRISPR-Cas as an
adaptive immune system in prokaryotes, constantly evolving in response to the dynamic
landscape of MGEs. Beyond its role in adaptive defence, CRISPR-Cas systems also
influence horizontal gene transfer, shaping the acquisition of both beneficial and
detrimental genetic material. This interplay highlights the complexity of bacterial evolution
and adaptation, with the CRISPR-Cas system serving as a key modulator of prokaryotic
genomes.

e CRISPR-Cas systems are ancient, widespread, and diverse: Our work confirms the deep

evolutionary roots of CRISPR-Cas immunity. The widespread distribution of these systems



and the diversity of types and subtypes highlight their importance in shaping prokaryotic

genomes and adaptive responses.

e Core machinery is stable, spacer repertoire is dynamic: While the core CRISPR-Cas
machinery (the cas genes and the DR sequence) exhibits remarkable conservation across
taxa and time, the spacer repertoire undergoes rapid evolution in response to local
environmental challenges. This balance of stability and adaptability allows prokaryotes to
maintain an effective defence against diverse and ever-changing threats.

e CRISPR-Cas systems influence HGT through a complex interplay of factors: While
CRISPR-Cas systems do not directly target ARGs or integron components, they can
indirectly affect ARG acquisition by targeting plasmids and phages that often carry them.
These plasmids may also harbour integrated prophages, which can be targeted by the
CRISPR-Cas system, leading to the elimination of both the prophage and the plasmid
carrying the ARGs. However, our work suggests that the relationship between CRISPR-
Cas and HGT is complex and context-dependent, with some systems potentially facilitating
the acquisition of beneficial genes under certain conditions.

e (CRISPR-Cas and antimicrobial resistance (AMR): CRISPR-Cas systems do not
necessarily prevent the acquisition of ARGs. For example, the prevalent CRISPR-Cas
system types in both E. coli (I-E) and P. aeruginosa (I-F) did not impede ARG acquisition
and, in the case of E. coli, were even associated with increased ARG prevalence.
Conversely, less prevalent CRISPR-Cas types in both species were linked to reduced ARG
presence. This paradoxical relationship underscores the urgent need for further research to
understand the complex interplay between CRISPR-Cas, AMR, and other selective
pressures.

Overall, this thesis demonstrates the significant impact of CRISPR-Cas systems on
prokaryotic evolution, ecology, and physiology. By understanding the mechanisms and dynamics
of these systems, we can gain valuable insights into the ongoing battle between bacteria and mobile
genetic elements and develop innovative tools and strategies to address global health challenges

such as AMR.



IV.2. Novelty of the results

This thesis provides several novel contributions to the field of CRISPR-Cas and bacterial

research:

Analysis of CRISPR-Cas diversity in Enterobacteriaceae: Our bioinformatic analysis
offers a comprehensive characterisation of CRISPR-Cas systems within three clinically important
Enterobacteriaceae genera (Salmonella, Escherichia, and Klebsiella). Notably, we identified
significant geographic variation in the number of spacers within CRISPR arrays. This suggests
that local environmental pressures, such as exposure to diverse bacteriophages, may drive
adaptation of the spacer repertoire in these pathogens. This finding provides valuable insights into
the ecological and evolutionary forces shaping CRISPR-Cas diversity in these bacteria and
highlights the importance of considering geographic context when studying CRISPR-Cas-
mediated immunity.

Investigation of the relationship between CRISPR-Cas and ARGs: Our study addresses the
complex interplay between CRISPR-Cas systems and the acquisition of ARGs, a topic of
significant interest in the field. The novelty of our approach lies in the systematic comparison of
two prevalent CRISPR-Cas systems (I-E and I-F) in both E. coli and P. aeruginosa. This
comparative analysis allows us to dissect the unique impact each system has within different
bacterial species, where they are subject to distinct regulatory mechanisms. Our findings challenge
the conventional view that CRISPR-Cas universally acts as a barrier to ARG acquisition,
highlighting the importance of considering the specific system type and ecological context when
evaluating its impact on antimicrobial resistance.

Observations consistent with an ancient and globally distributed CRISPR-Cas backbone:
Our findings, in conjunction with previous research, support the hypothesis of an ancient origin
and global dissemination of repeat sequences within CRISPR-Cas systems. This reinforces the
notion that the core CRISPR-Cas machinery is highly conserved and likely predates the divergence
of many bacterial lineages. Our observations add to the growing body of evidence suggesting that
while the spacer repertoire evolves rapidly in response to local pressures, the fundamental
framework of the system remains remarkably stable over evolutionary time.

Development of CRISPR-specific PCR primers: We have designed and validated PCR

primers for each CRISPR locus identified in our study. These primers can be used in future



research to investigate the prevalence and diversity of CRISPR-Cas systems in diverse
environments and clinical settings.

Collectively, these contributions advance our understanding of the CRISPR-Cas system
and its implications for prokaryotic evolution, ecology, and the ongoing battle against

antimicrobial resistance.
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