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Abstract

The adaptive immunity in prokaryotes known as Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and its CRISPR associated (Cas) genes provide the encoding
organisms with the ability to resist invasive genetic elements such as viruses, plasmids, and
transposons. CRISPR-Cas system confers this immunity through incorporating nucleic acid
derived spacers into CRISPR arrays which provide genetic memories that are a pre-requisite for
subsequent neutralization of invading nucleic acids. The study analyzed the pattern by which
self-targeting spacers are acquired among the 5 common infectious bacteria and the function of
such spacers as autoimmunity. About 5% of the analyzed genomes contained self-targeting
spacers which makes it a common phenomenon among CRISPR encoding bacteria. However,
much of these self-targeting spacers were found matching on prophage sequences especially
those bacteria that are commonly found in the environment. This not only proved the
functionality of adaptive immunity provided by the CRISPR-Cas system but also showed how
exposed such bacteria are to lysogenic viruses for being nearly in every environment. The
acquisition of such spacers was found to be more in the proximal position to the leader sequence
in the array which indicated that their detrimental nature makes then live shortly in bacterial
genomes and are not inherited to the next progeny. Since 41% of self-targeting spacers were
found to target bacterial proteins, bacteria must be having escape mechanisms from this
autoimmunity. Of the 4 proposed mechanisms, this study focused on lack of Cas genes and it
was found to be a reliable escape mechanism only in S. aureus strains. Autoimmunity was found
to be occurring in all the 5 bacteria, therefore, redirecting it through genetic engineering to be
against drug resistance genes can be a great strategy to fight the worrying increase in antibiotic
resistance among these common infectious bacteria in our community

Vi
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Chapnter — 1: Introduction




CHAPTER -1

INTRODUCTION

Although bacteria and archaea constitute the most abundant life on earth, viruses have always
been a threatening predator which would have put this fact about prokaryotes down. As a result,
bacteria have developed a wide range of resistance mechanisms for viral infection. The recently
discovered adaptive immune system in prokaryotes called CRISPR — Cas provides them with a
sequence-specific immunity against viral attack, hence affecting entirely our understanding of
virus-host bacteria interaction.

1.1 The Adaptive immunity of prokaryotes

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and the CRISPR
associated (Cas) system allows the encoding organisms to acquire and integrate short viral
genome sequences of the encountered viruses and other mobile genetic elements into the cell’s
CRISPR locus. Such short sequences are known as spacers. They act as a form of immunization
to the encoding cell and as a result, the acquiring cell develops a unique form of evolution in
which it will not only resist its viral predators but also pass this resistance mechanism to its
future progeny (Rollie et al., February 2018).

The mode of function of this adaptive immunity is that the acquired spacers are expressed into
small RNAs called CRISPR — RNAs (crRNAs). These RNAs for a complex with Cas proteins
which acts as a guide for recognizing viral genomic material through complementarity and then
targeting it for degradation. The CRISPR —Cas system contains machinery of different nucleases
that mediate the integration of 20 — 50 base pairs (bp) unique viral DNA or RNA fragments
called spacers (or —proto-spacers”). The invading viral proto-spacer will not be cleaved and
degraded unless there is an adjacent Proto-spacer Adjacent Motif (PAM) sequence. PAM
sequences are very essential in this adaptive immunity because they distinguish bacterial self
from non-self DNA hence preventing the CRISPR locus from being targeted and destroyed by
nucleases.

1.1.1 CRISPR Spacer acquisition

The Cas genes flanking CRISPR arrays encode proteins which play a very crucial role in the
functioning of this adaptive immunity. Although these genes are so divergent and do not occur in
every CRISPR locus, Casl and Cas2 genes are notably so much conserved across the major
types of CRISPR systems. These two products are the only required Cas proteins during the
acquisition of new spacers into the host cell’s CRISPR- loci (Nunez et al., 2014). Mutation
studies showed that removal of Casl or Cas2 stopped the process of acquiring new spacers
despite having no effects on the functioning of the CRISPR immune system (Dugar et al., 2013).

When a bacterium is invaded by a virus (bacteriophage), the first response of its immunity is to
capture unique fragments this phage’s DNA (or RNA) and inserts them into the CRISPR locus to



form spacers. This process is mediated by two CRISPR associated proteins Casl and cas2
(Nunez et al., 2015). In the I-E system of E. coli, Casl and Cas2 form a complex in which Cas2
dimer bridges two Casl dimers. Cas2 performs as a non-enzymatic scaffold, binding the double-
stranded fragments DNA (Nunez et al., 2015). On the other hand, Cas1 binds the single-stranded
flanks of the invading DNA thus catalyzing their integration into the CRISPR array (Wang et al.,
2015). The integration of new spacers occurs predominantly in the leader end of the CRISPR
array (Swarts et al., 2012). The Casl—Cas2 complex is capable of recognizing the leader repeat
sequence, a property that none of these two proteins can offer alone (Nunez et al., 2014). This
indicates that CRISPR loci can be relatable to molecular fossil records of past infections in that
the recent memories are located at the leader end and the most ancestral spacers are located at the
distal end concerning the leader sequence (Yosef et al., 2012). Therefore if the spacers are
ordered chronologically, those from the recent invaders will be located in the leader end and will

provide the most robust immunity as compared to those spacers in the downstream positions
(McGinn et al., 2018).

More to that, the acquired spaces in CRISPR system types I and II are not uniformly sampled
from viral genomes but they are rather chosen for excision purposes by Cas proteins from the
fragments of short regions (3 -5bp) called Protospacer Adjacent Motifs (PAMs) that are adjacent
to them. The PAM sequences are so short that it is more likely that they will be found in other
parts of the host’s DNA. This can lead to the acquisition of self-targeting spacers and when PAM
sequences are present in CRISPR arrays, the CRISPR-Cas loci target themselves as a result
(Sorek et al., 2013).



Figure 1.1 Spacer acquisition (A) and Mobile genetic element inhibition by (B) CRISPR —Cas
System (Rath et al., 2015)




The adaptive immunity in bacteria has got two types spacers; self-targeting spacers which are of
bacterial chromosomal origin that kill the bacteria by autoimmunity as well as the phage
targeting spacers, which were acquired from the invading exogenous genetic material. In
addition to matching mobile genetic elements like phages, transposons, and plasmids, spacers
have been found to target sites on the bacterial or archaeal genome. An example can be drawn
from Yersinia spp in which the majority of the analyzed 36 spacers were of bacteriophage origin
and a total of 8 spacers matched sequences of the Yersinia chromosome. A similar pattern has
been observed in a broader analysis that involved 4500 spacers from both bacteria and archaea.
The analysis found out that 35% of the spacers matched sequences of the NCBI database which
were derived from chromosomal DNA and are not related to phages or other MGEs whatsoever.
Such unfortunate spacers are termed as self-targeting CRISPR spacers (Heussler et al, 2016).

Incorporating a self-targeting spacer into a CRISPR array can cause the death of the host cell
(Shen et al., 2017) and it has been found that inserting the self-targeting spacer by a host cell is
not a rare event (Heussler et al., 2016). Basing on the recent studies, 59 of the 330 (18%)
CRISPR encoding organisms had at least one array which contained at least one self-targeting
spacer and this was found to be in a ratio of 100: 23550 (0.4%). Moreover, more than half of the
self-targeting spacer (53 of 100) were found targeting non-mobile genes, bring it to a conclusion
that spacers targeting a host’s genes is not a rare phenomenon (Stern et al., 2010; Shen et al.,
2017)

Self-targeting spacers frequently target Mobile Genetic Elements (MGEs). This can be evidenced
from a recent study where about half of all the self-targets were found to reside within elements
of exogenous origin. These included provirus sequences, transposon sequences and established
native plasmids (Stern et al., 2010). This exact much to the provirus sequences indicates that

such an organism in question once encountered these viruses but they manage to escape the
host’s CRISPR degradation (Stern et al., 2010).

Acquiring a self-targeting space by a host can be as a result of an accidental CRISPR insertion
mechanism (Stern et al., 2010), hence leading a deleterious effect to the host cell. A recently
proposed model (Stern et al., 2010) indicates that CRISPR self-targeting spacers are as a result of
leaky incorporation of self-nucleic acids into CRISPR arrays.



Figure 1.2 CRISPR autoimmunity and the possible outcomes to the host cell (Stern et al.,
2010)

1.1.2 CRISPR Spacer auto-immunity

One of the major costs associated with the CRISPR-Cas system among encoding organisms is
the self-targeting spacer related mortality (Bradde et al., 2019). Self —targeting is a form of
autoimmunity whose adverse consequences lead to cell death. However, CRISPR systems have
got various mechanisms by which to bias spacer acquisition to only foreign genetic elements
(McGinn et al., 2018).



A single mutation on either CRISPR Cas system (which includes Cas genes, repeats, spacers and
leader sequence) or on targeting sequences (which includes PAMs and Proto-spacers) can be an
escape strategy to auto-immunity to a host cell. To assert whether this can be a reliable escape
strategy, full matching spacers of K. pneumoniae were detected for their adjacent repeats, PAMs
and leader sequences. It was found that mutation only occurred in the leader sequences (Shen et
al., 2017). Other protective strategies against auto-immunity by CRISPR spacer include lack or
inactivation of Cas genes, extended base pairing with the upstream flanking repeat and absence
of PAM for some repeat clusters (Stern et al., 2010).

1.2 Campylobacter jejuni

Campylobacter jejuni is one of the most commonly identified bacterial causes of acute
gastroenteritis in the world today. This gram-negative bacterium is a renowned cause of diarrheal
disease as a result of food poisoning in Europeans countries and the United States of America. In
the developing world, Campylobacter species are important causes of childhood morbidity by
diarrheal illnesses. The most common route of infection by this pathogen in the developed world
is the consumption and handling of chicken. For the developing, on the other hand, the route
remains poor hygiene and sanitation as well as proximity to domesticated animals (Platts-Mills et
al., 2015). Travelers from developed nations always suffer diarrheal infections as a result of
Campylobacter species.

C. jejuni like most campylobacter species is resistant to cephalothin, therefore, its isolation from
the stool of a suspected patient is by use of a culture medium that contains cephalothin. The post-
infection complication of this pathogen is Guillain Barre Syndrome (GBS) which causes acute
demyelination of the peripheral nervous system. Despite being a common trigger of GBS, the
risk of developing GBS in the post-infection of C. jejuni is relatively smaller in the developed
world (less than 1 case in 1000 C. jejuni after infections).

1.2.1 CRISPR-Cas system in C. Jejuni

C. jejuni encodes a minimal CRISPR- Cas system subtype II-C which is characterized by the
presence of genes encoding different configurations of Casl, Cas2, Cas4 and Cas9 proteins. In
this subtype, these proteins are always accompanied by a trans-activated CRISPR —RNA
(tractrRNA). This minimal CRISPR subtype requires the use of the host’s RNase III during the
expression of crRNA gene products (Sampson et al., 2013). Some strains of C.jejuni for example
NCTC 11168 and PT14 have been reported to have subtype Il —C CRISPR system which
contains Cas proteins 1, 2, 9 as well as tracrRNA with no homology of Cas4 protein (Dugar et
al., 2013). The CRISPR subtype II —C in C. jejuni lacks Cas4 proteins yet it is known that
bacteriophages of campylobacter species harbor CRISPR Cas4 —like proteins (Hooton et al.,
2013). The absence of Cas4 proteins hinders spacer acquisition in C. jejuni hence affecting the
adaptive immunity against bacteriophages. To recouple a Cas4 component results in the



incorporation of self-derived genetic materials which makes it possible to modify the host’s gene
expression and evolution (Brathwaite et al., 2013).

The acquisition of these self-derived genetic materials increases the risk of CRISPR-mediated
autoimmunity in C. jejuni (Stern et al., 2010) for which the majority of the cases lead to cell
death (Yosef et al., 2012). It is believed that bacteriophages mobilize the acquisition of host-
spacers as a decoy for preventing the phage-DNA acquisition; meaning that the expression of
Cas4 proteins is an anti-CRISPR measure. Therefore, autoimmunity as a result of self-targeting
spacers may be profoundly directing the shape of evolution in C. jejuni (Brathwaite et al., 2013).

1.3 Klebsiella pneumoniae

Klebsiella pneumonia is a gram-negative bacterium that normally lives in the human gut system
and feces. It will always be harmless while kept in the gut system but on spreading to other parts
of the body (especially when an individual is ill); K. pneumoniae can cause severe infections.
The symptoms of the infections by this pathogen always depend on the location of the infection
that 1is; lungs, bladder, liver, eyes, among others; and so does the treatment
(Gerhard &Nunez, 2019). Although people with weak immunity and those on long spells of
antibiotics use are at a higher risk of contracting the infections of this pathogen, individuals who
work in health care centers like clinics and hospitals, given their strong immunity, are also likely
to contract hospital-acquired K. pneumoniae infections (Gerhard & Nunez, 2019).

Despite its hyper virulence, the pathogen has higher rates of antibiotic resistance and this can be
attributed to the presence of a high molecular weight plasmid in this pathogen which harbors
multidrug resistance traits (Mathers et al., 2015; Lee et al., 2017).

1.3.2 CRISPR-Cas system in K. pneumoniae

CRISPR —Cas systems have been associated with antibiotic susceptibility in various bacterial
species for example Streptococcus pyogenes and E.coli (Li et al., 2018). System-F, in particular,
has the potential to interfere with the acquisition of such antibiotic-resistant plasmids, hence
being a dominant system in antibiotic susceptible E.coli (Aydin et al., 2017). However, this
association is unclear among K. pneumoniae CRISPR —Cas encoding strains.

Nevertheless, the characterized CRISPR —Cas systems in the published genome, as well as
clinical isolates of K. pneumoniae obtained from urinary tract infection or bloodstream infection
patients in Taiwan, were found to be of subtype I —E*. These strains were found to be more
susceptible to certain antibiotics, for example, Gentamicin (87.2%), Cefazolin (79.5%),
Ampicillin-Sulbactam (76.9%), among others (Cheng-Yen, Jing-Joi, Ming-Cheng, et al., 2018).
This can be backed up by the fact that there were no subtype I —E* CRISPR —Cas system
targeting spacer sequences that were found to be complementary to any of known antibiotic
resistance genes. Since CRISPR subtype I —E* in K. pneumoniae interferes with foreign DNA
acquisition to maintain antibiotic susceptibility, incorporation of chromosomal derived spacers
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into CRISPR arrays is likely to be higher and so is the possibility of autoimmunity among K.
pneumoniae strains (Diancourt et al., 2005). Since a high ratio of self-targeting spacers was
found in K. pneumoniae, it means that there exist known or unknown mechanisms by which the
strains of this pathogen compromise the function of self-targeting CRISPR spacers (Shen et al.,
2017).

Studies point out a possibility of CRISPR —Cas system horizontal transfer among K. pneumoniae
isolates. Therefore, determining the efficacy of CRISPR typing in epidemiology and outbreak
investigation of K. pneumoniae will be interesting research in the future (Li et al., 2018).

1.4 Clostridium Difficile

Clostridium difficile, also known as Peptoclostridium difficile is a strictly anaerobic spore-
forming gram-positive bacterium which causes diarrhea and other serious intestinal conditions
such as inflammation of the colon. The pathogen contributes about half of the illnesses in the
United States of America per year (Mayo Clinic, 2019). C. difficile bacteria are common in the
environment and health care centers but they will only be infectious to individuals who are
taking antibiotics. This is so because antibiotics not only wipe away bad germs but also good
ones which would protect the body against infection. The effects of antibiotics may last for
several months in the body and if an individual comes into contact with C. difficile pathogens
within this time, s/he will be infected (Mayo Clinic, 2019).

1.4.2 CRISPR —Cas system in C. difficile

Recent studies showed that C. difficile strains encode an active subtype I-B CRISPR —Cas
system. This subtype is characterized by an unusually high number of CRISPR arrays
(Hargreaves et al., 2014).

CRISPR —Cas system in C. difficile can be hijacked for genome editing in this bacterium
(Maikova et al., 2018). The study also demonstrates a great potential for using the CRISPR —Cas
system in developing new therapeutic strategies against C. difficile infections through redirecting
this system towards autoimmunity. For example, the hfq gene of C.difficile strains R20291 and
630Aerm —a chromosomal gene was chosen to be targeted by the CRISPR —Cas system to
evaluate the possibility of self-targeting of this system in this pathogen. This gene plays a major
role in RNA metabolism and so its depletion suggested a pleiotropic role of its product (Kuehne
et al., 2011). The experiment was a success; despite earlier attempts to inactivate the same gene
but using other gene knockout systems. Therefore, self-targeting CRISPR spacers may prove to
be advantageous in the development of control strategies against C. difficile infections.



1.5 Staphylococcus Aureus

Staphylococcus Aureus are gram-positive bacteria that cause a wide range of clinical infections.
Among such infections include bacteremia, endocarditis, osteomyelitis, skin infections and
several hospital-acquired infections like pneumonia (Tong et al., 2015). About 30% of the
population is colonized by S.aureus bacteria however much of this population is of carriers who
do not show any symptoms of infection by the pathogen. However, novel therapeutic measures
are needed for S.aureus infection due to increased cases of drug resistance (Rice, 2007).

1.5.2 CRISPR —Cas system in S.Aureus

Most strains of S.aureus contain only one CRISPR locus (Zhao, et al., 2018) but it is tempting to
make a speculation that CRISPR may be closely related to high environmental adaptability rates
in this human pathogen (Schroder, et al., 2013). According to a recent study, the number of
spacer sequences in each CRISPR locus is between 1 -15, the length being between 25 -31bp
whereas direct repeats being between 2 and 16. The study continues to show that less than 10 %
strains of S. aureus contained the two most essential Cas genes; that is —Cas1 and Cas2 genes for
the normal active CRISPR —Cas system (Zhao et al., 2013).

CRISPR /Cas9 —mediated genome editing system is a novel development in the CRISPR —Cas
system of S. aureus. It accelerates the physiological studies, for example, drug resistance and
drug —target exploration in these bacteria (Chen et al., 2018). A CRISPR locus targeting a drug
resistance gene on the chromosome of a recipient bacterium was constructed and it was found
that a recipient bacterium with a drug resistance gene died as a result (Bakird, et al., 2012).
Targeting of S. aureus chromosome by it CRISPR type III-A can modulate deletion and
alteration of resistance or virulence genes in the bacterium such as Staphylococcal Cassette
Chromosome Mec (SSCmec) gene (Guan et al., 2017).

1.6 Vibrio Cholerae

Cholera 1s an acute watery diarrheal infection which is caused by ingesting water and food
substances that were previously contaminated with a bacterium Vibrio Cholerae. The patient is
highly dehydrated as a result, leading to his /her death if not given immediate treatment. As an
indicator of social inequality and underdevelopment, cholera is commonly found in places with
poor sanitation, overcrowding, wars and famine (World Health Organization).



1.6.2 CRISPR —Cas system in V. Cholerae

As a causative agent of a serious epidemic, V. Cholerae interacts with numerous phages in the
environment as well as Cholera patients. The role of CRISPR —Cas system in V. Cholerae (with
experimental evidence) as an immune system against bacteriophage invasion is yet to be
documented despite the in silico identification of intact CRISPR —Cas system . Spacer sequences
with identifiable targets tend to match sequences of V. Cholerae phages.

V. Cholerae does not rely entirely on the CRISPR —Cas system for phage resistance. The strains
have evolved to use Phage Inducible Chromosome Island (PICI) —like Elements (PLEs) to resist
the prevalent lytic phage ICP1. PLEs are mobile genetic elements that reside in the small
chromosomes of V. Cholerae but the mechanisms by which they inhibit the phage replication is
unknown (McKitterick, et al., 2019). This inhibition of phage replication promotes cell lysis to
prevent the production of new phage progenies (Naser et al., 2012).

However, V. Cholerae specific ICP1 phages have been found to carry a CRISPR —Cas system.
Most of the spacer sequences of these phages’ CRISPR arrays were found to be fully matching
on different regions of the 18kb PLE which is carried by V. Cholerae biotype O1 E1 Tor strains
(Seed, et al., 2012). Therefore, the function of PLEs to interfere with the phage replication in
such strains can be inactivated by the phage-encoded CRISPR —Cas system.

1.7 Objectives

With the recent advancements in CRISPR technology, studies have shown that CRISPR —Cas
system can be a useful typing tool in epidemiology and outbreak investigation especially when
the technique is optimized into an advanced technique called CRISPR High —Resolution Melt
Analysis (Louwen et al., 2014).

This study focuses on exploring the pattern by which Self-targeting Spacers are acquired in each
of the 5 bacteria. The acquisition pattern can be useful in determining how often incorporating
chromosomal derived spacers occurs and its application in designing strategies against such
bacteria. Exploring the function of Self-targeting Spacers can as well be a strategy against these
infectious bacteria by developing means of beating the bacterial mechanisms to escape
autoimmunity.

Since all the 5 bacteria are highly infectious in our population /country, autoimmunity can be a
useful strategy to save the population of the scary increasing rates of drug resistance among
common infectious bacteria.
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CHAPTER -2

MATERIALS AND METHODS

2.1 Gathering genome assemblies

A total of 22613 genomes for 5 bacteria were retrieved from NCBI’s Assembly database as of
25th August 2019 in compressed form. Of these, 7558 were for K. pneumoniae, 10409 for S.
aureus, 1557 for C. jejuni, 2146 for C. difficile, and 943 genomes for V. Cholerae. The assembly
level for all the retrieved genome assemblies was —Complete genome”, with full genome
representation of a given strain.

2.2 Identification of CRISPR spacers

CRISPR spacers were identified by using a command-line based CRISPR identification program
called MinCED. Mining CRISPRs in Environmental Database (MinCED) is a program for
finding CRISPRs in full genomes or environmental datasets for example assembled contigs from
metagenomes. The program runs depending on different options (Skennerton, 2012) that is;

+inced [option] file.fna [Output.file]

CRISPR spacers were identified from encoding genomes by using a minced option called
—Spacers”, that is;

minced — Spacers file.fna Out.fna.spacers

2.3 Identification of Self —targeting spacers

Self —targeting spacers were identified by comparing the obtained spacers with their genomes of
origin, using a command-based BLAST. BLAST (Basic Local Alignment Search Tool) is a
bioinformatics tool, whose algorithm is used to compare primary biological sequence
information such as amino-acid or nucleotide sequences. With this tool, a researcher compares a
given sequence (query sequence) with a database of sequences to identify sequences that
resemble the researcher’s query sequence, depending on a certain threshold value.

Genomes sequences with spacers for each of the 5 bacteria were used to make a blast database
by calling -makeblastdb” option of BLAST, that is;

inakeblastdb —in file.fna — dbtype nucl

BLAST was called for search with spacer sequences being the query sequences, that is;

1lastn — query out.fna.spacers — db (db_name) — outfmt 6
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From the output results, self-targeting spacers were identified as those which produced more than
one —hit” to its genome. This means that such spacers matched not only their original location
but also other locations within the same genome.

2.4 Genome annotation

Gene location and function for each of the spacer contained genomes were identified by using a
prokaryotic genome annotation pipeline called prokka. Prokka is a rapid prokaryotic genome
annotation software tool which produces standards-compliant output files, that is;

Hrokka file.fna - - outdir My_dir - - locustag My tag

2.5 Identification of Phage Sequences

Phage sequences from the spacer contained genomes were identified by a command-line based
phage identification tool called PhiSpy. PhiSpy is a computer program initially written by Sajia
Akhter, a Ph.D student at Edwards Bioinformatics Lab; to identify prophages in complete
bacterial genome sequences. From genome annotation results, GenBank files (.gbk file) were
converted to SEED using the following command;

python genbank_to_seed.py file.gbk Out.seed

PhiSpy was then run; using the SEED converted files;

J/PhiSpy — i Out.seed — 0 My_Output — t 25

The results were compared and visualized graphically by using a statistical software called
R/R-Studio
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CHAPTER -3

RESULTS

3.1 Encoding CRISPR/ Cas system

Although it has been proved to be an adaptive immunity against invading mobile elements, the
CRISPR-Cas system is not encoded by all bacteria, despite the phage and other mobile genetic
elements threats. The results show that the system is encoded in only 34.7 % genomes in this
study (Figure 3.1). Of all the 5 bacteria, C. difficile strains encode the system more than in any
other bacteria with 99.6 % genomes found to contain CRISPR spacers. Unlike in other 4
bacteria, encoding CRISPR-Cas system among V. Cholerae strains was found to be lower with
only 134 0f 943 (14.2%) genomes found to contain CRISPR spacers.

Figure 3.1 Presence of CRISPR Spacers in the Analyzed genomes

3.2 CRISPR spacers and Self-targeting spacers

A total of 277741 spacers were obtained from the 5 bacterial. Because the CRISPR-Cas system
is encoded more than it is in other 4 bacteria, C. difficile strains contributed the highest number
of spacers with close to 70% of all spacers coming from C. difficile genomes (Figure 3.2).

The study showed that less than 5% of the obtained spacers were self-targeting (Figure 3.3). All
spacers were scanned for full chromosomal matching by blasting them against their respective
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genomes. A spacer that had more than one hit against on its genome indicated that there was a
possibility to find its sequence not only in the CRISPR array but also in other locations on the
chromosome and so this spacer was regarded as a self-targeting spacer.

Figure 3.2 Spacer containing Genomes in each bacterium

The self-targeting nature of spacers was found more in S. aureus genomes compared to other
bacterial genomes. The study showed that 23.6% of spacers obtained from S. aureus genomes
were self-targeting (Figure 3.4). For every spacer containing genome in S. aureus strains, the
likelihood such genomes to contain self-targeting spacers was found to be 73.6%. This indicates
it is more likely to incorporate chromosomal derived spacers in CRISPR encoding S.
aureus strains. The probability of finding a random C. difficile genome with a self-targeting
spacer was found to be higher than in the other 4 bacteria. The study showed that 65% of all C.
difficile genomes in NCBI’s database at the time of the study contained at least a self-targeting
spacer (Figure 3.5). This indicates that incorporating chromosomal derived spacers in such
strains is higher and so and the strains have got a strong escape mechanism for the like fitness
cost of carrying spacers that target their chromosome. The study also found that a single genome
could contain more than one self-targeting spacer, indicating that CRISPR/ Cas system can
launch multiple attacks to its encoding cell if there are no mechanisms put in place to escape
autoimmunity.
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Figure 3.3 Presence of Self-targeting spacers in different bacterial Genomes

Figure 3.4 Self-targeting spacers as a percentage of all obtained spacers from each bacterium
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Figure 3.5 Self-targeting containing genomes as a percentage of all genomes of each bacterium

3.3 Self-targeting spacer distribution and acquisition

A higher number of self-targeting spacers were found located in the proximal end to the leader
sequence than the distal end. This means that self-targeting spacers are mostly of a recent
acquisition event due to the chronological acquisition pattern of spacers into the CRISPR array.
Self-targeting spacers in the proximal end were found to be with low targeting properties (those
targeting the chromosomal DNA once or twice) while those with higher targeting properties are
were found in the distal end. Although they are more concentrated proximal to the leader
sequence, self-targeting spacers are normally distributed throughout the CRISPR array in these 5

bacteria under this study. The maximum number of times a spacer can target its genome was
found to be 8 (Figure 3.6).
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Figure 3.6 Distribution of Self-targeting spacers in different bacteria
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3.4 The possible function of self-targeting spacers

A total of 12530 self-targeting spacers were found among genomes of the 5 bacteria under this
study, most of which were found matching on phage sequences or bacterial proteins. 57.5% of
these self-targeting spacers were found to be targeting prophages, 41% targeting bacterial
proteins and 1.6% of them were unaccountable. In terms of percentages, V. cholerae contained
the highest unaccounted for self-targeting spacers with 36.8% while in terms of numbers, K.
pneumoniae contained the highest with 89 of 4602 (1.9%) unaccounted for self-targeting
spacers.

The adaptive immunity of the CRISPR/Cas system was found functional among these 5 bacteria.
7218 of 21530 (57.6%) self-targeting spacers were found to be targeting invading mobile
elements (mainly phages and prophages). The immunity was found to be highly functional in K.
pneumoniae strains with 2793 of 4602 (60.7%) self-targeting spacers in such strains found to be
targeting phages. The study also showed that much of the self-targeting spacers in C.
difficile (59%) targeted phages than it was for other bacteria (Figure 3.7).

Figure 3.7 Self-targeting spacers targets in each bacterium
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5135 of 12530 (41%) of self-targeting spacers were found to be targeting bacterial proteins. This
showed that fitness costs as a result of self-targeting spacers is likely to be more in C.
jejuni strains in which 85 of 120 (70.8%) of self-targeting spacers were found to be targeting
bacterial proteins. C. difficile genomes contained the highest number of targeted proteins by self-
targeting spacers with 2056 of 5098 (40.5%) spacers matching on bacterial gene sequences.

Self-targeting spacers were found to be targeting either known or hypothetical proteins although
the study showed that hypothetical proteins were more targeted than known proteins (Figure
3.8). S. aureus genomes contain the highest number of targeted hypothetical proteins with 91.9%
of targeted proteins in such genomes being hypothetical. This can be attributed to fewer genomic
studies in S. aureus to reveal much of the gene products in this bacterial species. On the other
hand, C. difficile genomes had the highest number of known targeted proteins with 27.6% of
targeted proteins in such genomes being known. It was also found that a particular protein;
Serine-aspartate repeat-containing protein was targeted in several genomes than other proteins
and this trend did not occur in any of the other 4 bacteria.

Figure 3.8 Nature of targeted proteins by Self-targeting spacers in each bacterium
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As it was the case for self-targeting spacers, genomes could contain more than one targeted
protein too. Apart from V. cholerae genomes, it was found in the other 4 bacterial genomes that a
single protein could be targeted by more than one self-targeting spacer. This could be attributed
to the alternative splicing nature of gene expression for which an incorporated chromosomal
derived spacer could be encoding for multiple proteins as a result of differential splicing. In C.
jejuni genomes, each self-targeting spacer was against one known protein (21 spacers against 21
proteins) but this was not the case for hypothetical proteins in the same genomes. The results
also showed that targeted proteins among S. aureus genomes were the same. This indicated a
possibility of a common chromosomal region among all S. aureus species which is being
incorporated into their CRISPR arrays.

3.4.1 Escape mechanism from autoimmunity — lack of Cas genes

Of the four proposed mechanisms of how prokaryotes may escape from autoimmunity by self-
targeting spacers (Stern et al., 2010), this study mainly focused on the lack of Cas genes in a self-
targeting spacer containing genome. Although they are believed to be detrimental (Vercoe et al.,
2013), the occurrence of self-targeting spacers among these 5 bacteria was not a rare
phenomenon with 5% of the obtained spacers being self-targeting, therefore a need for escape
mechanisms against the likely risks. Most of the proteins which were found to be targeted are
very important for bacterial survival (Tables 3A and B) therefore, there must be a mechanism to
save such bacterial strains at risk.
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Table 3 A: Targeted proteins by Self-targeting spacers in K. pneumoniae, S. aureus and V.

cholerae genomes

Name of Organism and Targeted proteins

Klebsiella P.

Targeted gene protein

16S ribosomal RNA

IS66 family transposase ISEc22

IS110_family transposase ISKpn2

16S ribosomal RNA (partial)

putative HTH-type transcriptional regulator
Tyrosine recombinase XerD

Lipoprotein_YIpA

Plasmid segregation protein ParM
Plasmid-derived_single-stranded DNA-binding_protein
Pilin

Fertility inhibition_protein

Nucleoid occlusion_protein
Coupling_protein_TraD

Protein_PsiB

Antitoxin_HigA1
Histidine-binding_periplasmic_protein
Colicin_V_secretion_protein CvaA
3-oxoacyl-[acyl-carrier-protein] reductase FabG
Prophage integrase IntA

putative licABCH_operon_regulator

Lysozyme RrrD

Beta-galactosidase

CRISPR-associated endonuclease/helicase Cas3
Glutathione import ATP-binding protein_GsiA
2%2C3-bisphosphoglycerate-independent phosphoglycerate mutase

S. Aureus

Serine-aspartate repeat-containing_protein E
Serine-aspartate repeat-containing_protein_ D
Serine-aspartate repeat-containing_protein_C
Clumping_factor B
Bone_sialoprotein-binding_protein
Clumping_factor A

V. Cholerae

S-adenosylmethionine synthase
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Table 3 B: Targeted proteins by Self-targeting spacers in C. difficile and C. jejuni genomes

C. difficile

Targeted gene protein

D-alanine--D-alanine ligase

Tyrosine recombinase XerC

Phosphoadenosine phosphosulfate reductase
Inositol 2-dehydrogenase/D-chiro-inositol 3-dehydrogenase
Demethyllactenocin mycarosyltransferase
DNA_polymerase I

Gamma-D-glutamyl-L-lysine dipeptidyl-peptidase
Error-prone DNA polymerase
HTH-type_transcriptional regulator CysL
HTH-type_transcriptional regulator ImmR
Ribosome hibernation promotion factor

Alcohol dehydrogenase 2

Hemin_transport system permease protein HmuU
PTS system_fructose-specific EIIABC_ component
D-aminoacylase

Single-stranded DNA-binding_protein A
Transcription_antiterminator LicT

Nicotinate phosphoribosyltransferase

putative FMN/FAD exporter YeeO

Flagellar secretion chaperone FIliS
Tyrosine_recombinase XerD

16S ribosomal RNA
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Chromosome partition protein Smc
Methicillin_resistance mecR1 protein
50S_ribosomal protein L1

putative_protein_YgbN

ICEBsl1 _excisionase
Chromosome_partition_protein_Smc
5'-nucleotidase

DNA mismatch repair protein MutS

HTH-type transcriptional activator RhaR
Putative ATP-dependent DNA helicase YjcD
DNA polymerase IIl subunit_alpha
Lipoate-protein_ligase LplJ
NADP-reducing_hydrogenase subunit HndD
Glutamate 2%?2C3-aminomutase
1-deoxy-D-xylulose 5-phosphate reductoisomerase
Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta
Replicative DNA helicase

Glutamate 2%?2C3-aminomutase

Putative SPBc2 prophage-derived_single-strand DNA-
specific_exonuclease YorK

DNA_topoisomerase 3
IS1595 family transposase ISCco3

16S ribosomal RNA

25




C. jejuni

Targeted gene protein

23S ribosomal RNA
Type IIS restriction enzyme Eco571

Type IV secretion system protein virB4

Type IV secretion system protein PtIH

Motility protein B

Exoenzyme S synthesis regulatory protein ExsA
GTP-binding protein TypA/BipA

Type IV secretion system protein PtIH

tRNA uridine 5-
carboxymethylaminomethyl modification enzyme MnmG
Type IV secretion_system protein_virB4
GTP-binding_protein_ TypA/BipA

Prophage integrase IntS

Alanine--tRNA ligase

Glutamate racemase
Carboxynorspermidine/carboxyspermidine decarboxylase
L-asparaginase 2

Putative DNA repair_helicase RadD
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To identify whether lack of Cas genes is an escape mechanism among these 5 bacteria, all
targeted proteins genomes were annotated for Cas proteins. The results showed that the
percentage of targeted proteins genomes with Cas proteins was higher than those without Cas
proteins (86% and 14% respectively). The percentage of known targeted protein genomes
containing Cas proteins was found to be higher (73%) than the case for the same genomes
without Cas proteins. This indicated that such bacterial strains depend on other escape
mechanisms rather than lack of Cas gene clusters. This could be evidenced from the study in K.
pneumoniae and C. difficile for which only 2.6% and 20% respectively of their targeted protein
genomes contained Cas proteins (Figure 3.9).

Figure 3.9 Cas proteins in targeted protein genomes in each bacterium

Unlike in these 2 bacteria, all targeted protein genomes in S. aureus were found not to contain
any Cas proteins. It indicated that lack of Cas genes in self-targeting spacer containing genomes
can be a reliable mechanism in S. aureus strains to escape autoimmunity. However, all targeted
protein genomes in C. jejuni were found to contain Cas proteins, indicating that autoimmunity in
self-targeting spacer containing strains of C. jejuni is escaped by other mechanisms rather than
lack of Cas gene clusters. Unlike in C. jejuni, the presence of Cas proteins in targeted protein
genomes of other bacteria was found not to be 100%. This meant that in such bacterial strains,
lack of Cas genes and/or other mechanisms could help in escaping the risks of autoimmunity.
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CHAPTER -4

DISCUSSION

The study aimed at giving insights about the pattern by which the CRISPR-Cas system acquires
self-targeting spacers among 5 bacteria and the function of such spacers as autoimmunity.
Although it is believed to be an acquired anti-viral system (Stern, et al., 2010), only 34.7% of the
bacterial genomes in this study were found to contain CRISPR spacers. Some bacterial genomes
were found to contain more spacers than others something that was observed to be a result of the
environment such bacteria are commonly found. Genomes whose bacteria species are very
common in the environment were found to contain more spacers. This indicates that such
bacteria are at the risk of viral attack, hence highlighting the importance of the CRISPR-Cas
system as immunity against viral infection in bacteria.

The study showed that CRISPR spacers are mainly derived from invading mobile elements like
viruses and their addition in CRISPR arrays provides a genetic memory which is a pre-requisite
for subsequent neutralization of invading nucleic acids (Boudry et al., 2015). Spacers were found
to be acquired in a chronological order which revealed phylogenetic relations between the strains
of different bacteria and also being a good technique for genotyping (Louwen, et al., 2014;
Andersen et al., 2016). Some CRISPR types and subtypes are known to contain an unusually
high number of arrays (Boudry, et al., 2015). In this study, the high of spacers in the genomes
of C. difficile can be attributed to the unique CRISPR subtype I —B which is characterized by a
high number of arrays.

However, there was a high ratio of self-targeting spacers among these 5 bacteria that were found
to match fully to self-chromosomes. Although integrating a self-targeting spacer is regarded as
an accidental leaky incorporation event of self-nucleic acid (Stern et al., 2010), the study showed
that the event is somewhat frequent in some bacteria; making it a less accidental event especially
in genomes with a higher number of self-targeting spacers.

A significant number of self-targeting spacers in each of these bacteria under this study was
found to be targeting mobile elements especially prophages. These prophages were lysogenic
viruses that attacked the bacteria and escaped the bacterial adaptive immunity hence got their
genetic material lysogenized into the bacterial chromosome. This explains why the highest
number of self-targeting spacers was found to match on prophage sequences than bacterial
proteins, especially in those bacteria which are commonly found in the environment. However,
in some bacteria, for example, S. aureus, the presence of spacers against chromosomal DNA
indicates horizontal gene transfer events of virulent mobile genetic elements (Guan et al., 2017).
Such elements, for example, Staphylococcal Cassette Chromosome Mec (SCCmec) can be
altered or deleted from the bacterial genome by spacers that target them, hence attributing some
of the obtained self-targeting spacers [ such bacteria for this function. In K.
pneumoniae, acquiring foreign genetic material is interfered with by CRISPR to maintain
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antibiotic susceptibility in the bacteria. This means that there will be higher chances of
incorporating chromosomal derived spacers hence explaining the higher number of self-targeting
spacers in K. pneumoniae genomes.

On top of being acquired, spacers can also be lost, especially those that pose a fitness cost to the
bacteria. The chronological acquisition indicated that such spacers in the proximal end to the
leader sequence were not only recently acquired but also posed the highest threat to the cell. This
explains why most self-targeting spacers were found to be in the proximal end than in the distal
end to the leader sequence. All the bacteria except S. aureus contained the essential Cas proteins
needed for spacer acquisition in their genomes; that is Casl and Cas2. However, studies have
shown that lack of these 2 Cas proteins did not affect the function of the CRISPR-Cas system
(Shen et al., 2017) hence concluding that the system functions normally in all the bacteria under
this study.

Self-targeting spacers were found to function as autoimmunity among all the bacteria in this
study. Although much of the targeted proteins were found to be hypothetical, a significant
number of essential proteins were found to be targeted. This means indicated the existence of
known or unknown escape mechanisms to compromise the detrimental nature of self-targeting
spacers. Among the 4 proposed putative protection mechanisms against autoimmunity, this study
focused on lack of Cas genes and how it fairs as one of the escape mechanisms. This study
provided some lines of evidence supporting the role played by lack of Cas genes in protecting
strains against autoimmunity.

Studies have shown that following the integration of self-targeting spacers, the CRISPR-Cas
system is inactivated if the bacteria are to survive. Some organisms were found to contain highly
degraded CRISPR system and so containing Cas pseudogenes (Stern et al., 2010). S.
aureus targeted protein genomes were found to be lacking Cas proteins. This means that it is a
reliable escape mechanism that cuts across all S. aureus strains and so other mechanisms are
nearly not needed.

All targeted protein genomes in C. jejuni contained Cas proteins. This indicated that acquiring
new spacers normally occurs in such strains but they depend on other strategies for
autoimmunity protection rather than lack of Cas genes. In K. pneumoniae, the study showed that
only 2.7% of the targeted protein genomes lacked Cas proteins. Previous studies had shown that
mutations in leader sequences, adjacent repeats and PAMs in most of the full matching spacers is
not an escape mechanism in K. pneumoniae strains (Shen et al., 2017). Given that it could be
tolerated, it indicated that K. pneumoniae strains rely on the other 2 escape mechanism from
autoimmunity or depend on different mechanisms which are yet to be known.

Other bacteria in the study were found to have some of their targeted protein genomes lacking
Cas proteins. This means that in such bacteria, lack of Cas genes can be an escape mechanism
but does not cut across all strains, therefore creating a need to rely on a combination of 2 or more

30



mechanisms in a given bacterial species. In S. aureus genomes, particular proteins were found to
be targeted in different genomes. These were cell surface associated proteins namely Serine-
aspartate repeat-containing protein C, E and D were found to be the most targeted proteins.

Apart from being detrimental, autoimmunity can be directed against drug resistance genes
among these 5 infectious bacteria. The study showed the possibility of autoimmunity occurring
among all the 5 bacteria yet there is a worrying increase in antibiotic resistance among them.
Studies have shown that redirecting CRISPR-Cas system towards autoimmunity can be an
effective genome editing tool (Maikova et al., 2019). This can be a great strategy to fight the
increasing drug resistance in common infectious bacteria through genetic engineering to direct
autoimmunity against drug resistance genes. Genome editing of this nature has already proved
successful in knocking out certain genes in C. difficile (Maikova et al., 2019).

Basing on their acquisition pattern, self-targeting spacers represent a recent acquisition event
implying that such spacers only survive for a short time among these 5 bacteria. On top of that,
such spacers are not inherited to the next progeny. As it has been found out that autoimmunity
occurs in all the 5 bacteria, genetic engineering can be used to redirect it against drug resistance
genes which may be a good strategy for fighting antibiotic resistance among common infectious
bacteria in our community.
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