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ABSTRACT 

Prokaryotes are under constant threat from foreign genetic elements such as viruses and 
plasmids. To defend themselves against these genetic invaders prokaryotes have evolved extensive 
defense mechanisms, including CRISPR-Cas systems and prokaryotic Argonautes. Both systems 
utilize guide nucleic acids to precisely target complementary foreign nucleic acids, showcasing the 
versatility of nucleic acid-guided genetic regulation. CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeat) loci are repeat sequences that contain fragments of previously 
encountered genetic parasites. These loci are frequently flanked by CRISPR-associated (cas) genes 
essential for providing immunity against these invaders. In addition to the cas genes, CRISPRs 
often feature leader sequences positioned upstream of CRISPR loci, playing a crucial role in 
transcription and adaptation. While the diversity of CRISPR loci and cas genes has been 
extensively investigated, the diversity of CRISPR leaders has not been evaluated with the same 
level of rigor. Comprehensive bioinformatic evaluations have depicted diverse CRISPR-Cas 
system types throughout bacterial and archaeal genomes, highlighting the dynamic evolution 
between phages and bacteria. Although the CRISPR-Cas system's versatility has been co-opted for 
gene editing and diagnostics, current identification methods are limited. This study focusses on the 
diversity of CRISPR leader sequences and how the conserved sequence motifs can be used in 
enhancing detection capabilities, presenting potential biotechnological innovations. Similar to 
CRISPRs, Argonaute proteins rely on guide nucleic acids to identify complementary target 
sequences. Prokaryotic Argonautes (pAgos) are phylogenetically diverse which have often been 
overlooked. This research uncovers the rich diversity of pAgos, particularly focusing on their 
association with various genes and their associated effector proteins. This intricate relationship 
suggests a potentially multifaceted role for some pAgos in prokaryotic defense mechanisms. 
  



xii 
 

PREFACE AND OUTLINE 

Bacteriophages are the most abundant biological entities on earth. Due to the abundance 

and the diversity of phages, bacteria are under constant threat of infection. It has been estimated 

that approximately 1023 bacterial cell gets infected every second. To defend themselves against 

these threats, bacteria have evolved an arsenal of defense mechanisms that inhibit the phage life 

cycle. 

Prokaryotic defense systems can be divided into three general strategies: (i) preventing cell 

entry that can be accomplished through mechanisms such as by alteration of entry receptor or 

prevention of viral genome injection, (ii) abortive infection that can be achieved by either altruistic 

suicide of the cell or leading to the dormancy of infected cells to protect the rest of the colony, and 

(iii) cellular immunity that targets phage nucleic acids, which includes both innate (i.e., 

Restriction-Modification systems, Argonautes) and adaptive immunity (CRISPR-Cas). 

Restriction-modification (R-M) and abortive infection (Abi) systems were the focus of early 

bacterial defense research until the discovery of CRISPR-Cas systems, which revealed adaptive 

immunity in prokaryotes akin to that in eukaryotes. However, CRISPR-Cas systems appear to be 

unique to prokaryotes, marking a significant departure from the simpler defense mechanisms 

previously understood. 

CRISPR-Cas systems are unique in their ability to provide inheritable and adaptable 

defense against invaders. CRISPR arrays consist of short spacer fragments of foreign DNA 

inserted between palindromic repeats. One side of the CRISPR loci contains an A-T rich region 

called CRISPR leader. Next to this locus lie the CRISPR-associated (cas) genes that code for the 

protein machinery of the CRISPR systems. CRISPR-Cas systems provide immunity through three 
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universally conserved stages. Adaptation occurs during a phage infection when short segments of 

foreign DNA are integrated as new spacers into the CRISPR locus. This unique storage step is 

orchestrated by the nearly universal Cas1 and Cas2 proteins. Intriguingly, Cas1-2 integrase does 

not randomly select any repeat within the loci for the site of the integration of a protospacer. 

Instead, Cas1-2 integrates the DNA at the first repeat, creating a chronological archive of past 

phage infections. During the second stage, the CRISPR locus is transcribed into a single RNA 

strand that is processed by Cas proteins into individual crRNAs (CRISPR RNAs). Sequence motifs 

in the CRISPR leader function as genetic landmark to regulate integration at the first CRISPR 

repeat, transcription of the CRISPR locus, and processing of the first crRNA. In the final stage of 

CRISPR immunity, the surveillance complexes carrying a guide crRNA identify targets that are 

complementary to the guide. Target recognition activates intrinsic nuclease activity in the 

surveillance complex or recruits a trans-acting nuclease.  

Large scale bioinformatic analyses have identified thousands of CRISPR-Cas systems in 

the sequences of bacterial and archaeal genomes, which can be broadly classified into two classes, 

six types, and over 33 subtypes. Each CRISPR system type is characterized by unique biochemical 

activities, highlighting the evolutionary arms race between phages and bacteria. Over the past 

decade the wide array of biochemical activities of CRISPR-Cas systems has been repurposed for 

revolutionary applications in gene editing, diagnostics, and DNA and RNA recording devices. This 

surge in applications has spurred a demand for enhanced CRISPR detection tools to uncover the 

natural diversity of bacterial and archaeal adaptive immune systems, paving the way for innovative 

biotech applications.  



xiv 
 

Current CRISPR-Cas discovery methods rely on either the identification and annotation of 

the repetitive CRISPR array sequence (repeat-based annotation), or of subtype-specific cas genes 

(cas-based annotation). These traditional annotation methods only comprise two-thirds of the 

available information of a CRISPR-Cas system, neglecting the information of CRISPR leaders. 

However, repeat-based CRISPR annotation struggles to annotate unusual CRISPR loci, such as 

short or degenerate CRISPRs. Whereas Cas-based annotations have no utility for annotating the 

roughly 25% of bacterial and archaeal CRISPRs that are found far away from cas genes. This 

dissertation highlights my scientific contributions to our understanding of CRISPR leaders, 

develop bioinformatic tools and how the information of leaders can be incorporated into CRISPR 

detection tools. 

At the beginning of my doctoral research, the importance of the CRISPR leader was not 

clear. It was known to be involved in transcription but how it regulated the evolution of the 

CRISPR loci was just starting to be uncovered. Previous work performed in the Doudna group and 

others showed that several leader sequences of CRISPR arrays of Pseudomonadota phylum 

contain a DNA sequence recognized by a host-specific DNA-binding protein (Integration Host 

Factor - IHF) that arranges the upstream of CRISPR loci for the spacer integration at the first repeat 

in the array. However, the distribution and variety of sequence motifs in CRISPR leaders were not 

thoroughly understood. Analysis of CRISPR leader sequences across a broad spectrum of bacterial 

and archaeal genomes has shed light on the functional diversity within these pivotal regions. 

Moreover, incorporating data from CRISPR leaders improves the identification and annotation of 

CRISPR systems in microbial genomes. 



xv 
 

Later work in the course of my Ph.D. focused on a different defense system that involves 

Argonaute proteins. Like CRISPRs, Argonautes proteins rely on guide nucleic acids to identify 

complementary foreign nucleic acid. Argonaute (Ago) proteins are found in all three domains of 

life. In Eukaryotes, Argonautes play a central role in small RNA-guided gene silencing processes 

collectively known as RNA interference (RNAi). RNAi is involved in many cellular functions such 

as antiviral defense, gene regulation, DNA repair, alternative splicing, DNA methylation and 

transposon regulation. Eukaryotic Argonaute (eAgo) proteins make up the catalytic core of the 

RNAi pathways and are loaded with small interfering RNAs (siRNAs) or microRNAs (miRNAs) 

that act as guides to identify RNA targets through sequence complementarity. This leads to either 

target cleavage through intrinsic endonuclease activity, or to silencing of the RNA target by 

blocking translation. Members of the Argonaute protein family are also present in prokaryotes. A 

recent comprehensive genomic and phylogenetic analysis identified prokaryotic Argonaute (pAgo) 

proteins in 17 % of bacterial and 25 % of archaeal genera. The prokaryotic Argonautes are more 

diverse compared to the eukaryotic Argonautes.  

Prokaryotic Argonautes (pAgos) are broken up into three distinct clades based on the 

domains they possess: long-A, long-B, and short pAgos. Similar to eukaryotic Argonautes 

(eAgos), long-A pAgos have a bilobed architecture consisting of four domains separated by two 

linkers: N-terminal, L1 (Linker 1), PAZ (PIWI-Argonaute- Zwille), L2 (Linker 2), MID (Middle) 

and PIWI (P-element induced Wimpy testis). Long-B pAgos contain the same domains as Long-

A pAgos but have mutations in their PIWI domains that render their nuclease inactive. Short pAgos 

possess only the MID and PIWI domains and, similar to long-B, have no active nuclease. However, 

many pAgos with inactive nucleases are linked to genes containing putative nucleases. 
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Characterized pAgos predominantly fall into the category of long pAgos; however, this overlooks 

the significant diversity present among short pAgos. Previous studies have identified a proposed 

“analog of PAZ” (APAZ) domain that is present in many short pAgos as well as in neighboring 

genes to short pAgos that harbor various effector domains unique to the short pAgo clade. This 

diversity in the short pAgos highlights a potential sensor/effector mechanism, where the MID and 

PIWI domain containing short pAgos has a role as sensor that activates the APAZ-effectors. In the 

last chapter, I have systematically investigated the diversity of pAgos, especially short pAgos, 

identify flanking APAZ genes and predict the function of various APAZ-Effectors. Large-scale 

bioinformatic analysis of pAgos and their associated APAZ genes unravels previously undermined 

APAZ effectors that expands the repertoire of pAgos. 

Chapter 1 provides an overview of the significance and mechanisms of the CRISPR-Cas 

and Argonaute systems. It highlights the revolutionary roles of these systems in genetic regulation 

and manipulation. The chapter emphasizes the essential function of RNA guides in ensuring 

precise and targeted genetic interactions in both systems. Further, it provides a short review on 

RNA-mediated regulation, focusing on the roles of miRNAs and siRNAs associated with 

Argonautes and the CRISPR-Cas-mediated defense mechanism.  

Chapter 2 of this dissertation introduces the type I-F CRISPR-Cas system of Pseudomonas 

aeruginosa and its role in providing immunity against DNA phages. This chapter is pivotal as it 

examines a hypothesized RNA-targeting mechanism within the type I-F system, which could 

significantly expand our understanding of CRISPR-Cas versatility beyond DNA interference. 

Experiments detailed in this chapter aim to test this novel RNA-targeting mechanism by 

investigating the interactions between the crRNA-guided surveillance complex and RNA targets 
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of MS2 phage genome. The results indicate a specificity for DNA targets, suggesting that while 

RNA-targeting by type I-F systems has potential, it may not be a prevalent defense strategy against 

RNA phages. 

Chapter 3 investigates the distribution and phasing of sequence motifs in I-F, I-E, I-C and 

II-C CRISPR leaders and shows that these motifs are critical to new sequence adaptation. Using 

bioinformatic and phylogenetic approaches, we show that many CRISPR loci have leaders with 

sequence motifs that are recognized by Integration Host Factor (IHF) proteins. These leaders 

additionally contain upstream sequence motifs that had not been previously reported. In the I-E 

system of Escherichia coli, IHF bends the leader DNA into a horseshoe shape during adaptation, 

facilitating the recruitment of upstream sequence motifs that are recognized by Cas1-2 integrase. 

Since the spacing of leader motifs are conserved, we hypothesized that the phasing of upstream 

leader motifs would influence how these motifs are presented to and recognized by CRISPR-

associated adaptation proteins. In vitro spacer integration assays support these predictions, since 

perturbations to the conserved spacing between CRISPR leader motifs reduces the ability of Cas1-

2 to integrate new spacers. Additionally, we observed that more than half of the type I-E CRISPR 

leaders did not have IHF-binding sites, but instead had novel DNA sequence motifs. We realized 

that all the systems with predicted IHF binding sites are found in the bacterial phylum 

Pseudomonadota, which encode for IHF protein. Whereas these CRISPR leaders lack IHF binding 

sites come from the phylum Actinomycetota, which indicates that leader sequences might co-

evolve with CRISPR-Cas systems and host factors. 

Chapter 4 focusses on the diversity of “leader” sequences of CRISPRs and how the 

conserved sequence motifs in these regions can be used in enhancing detection capabilities. An 
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expansive dataset, comprising leaders of 24,940 CRISPRs sourced from 25,900 microbial 

genomes, serves as the cornerstone for the study. Through rigorous analyses, we investigated 

conserved sequence motifs in the leaders of CRISPRs, underpinning the intricate dynamics of 

CRISPR regulation. The chapter methodically categorizes these leader sequences, employing a 

dual-layered approach: one grounded in 16S rRNA-based taxonomy and the other rooted in 

CRISPR subtyping. Throughout this systematic classification, we identified 77 distinct motifs, 

spanning types I, II, III, and V CRISPR leaders. A notable revelation is the alignment of several of 

these leader motifs with sequences previously implicated in CRISPR-centric processes such as 

integration, transcription, and processing. This resemblance suggests a regulatory role for the 

leader motifs within the CRISPR biological framework. The research presented within the chapter 

also showcases the instrumental role of the identified leader motifs in refining CRISPR detection 

and classification methods. These motifs emerge as powerful tools for the detection and annotation 

of CRISPRs.  

Chapter 5 critically examines the controversial findings of van Riet et al., who reported 

the existence of CRISPR-like sequences within the human genome, referred to as "hCRISPRs." 

Employing a range of bioinformatic tools and methodologies, we aimed to investigate the presence 

of CRISPRs in the human genome. Initially, we utilized a systematic exploration of the human 

reference genome using several CRISPR detection tools. Our findings initially suggested the 

presence of numerous CRISPR-like sequences, partially aligning with those reported by van Riet 

et al. However, subsequent analyses highlighted inconsistencies when compared to the well-

characterized CRISPR systems in bacteria and archaea. To assess the validity of these arrays, we 

applied confidence scores generated by these tools. A mere fraction of the detected arrays was 
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deemed of high confidence, a total of 72 putative loci, leading to further scrutiny of the repeat-

spacer-repeat CRISPR structure. A subsequent comparison of the lengths of identified repeat 

sequences against established bacterial and archaeal CRISPRs displayed significant variations, 

raising further questions about the legitimacy of the asserted hCRISPRs. Despite utilizing various 

bioinformatic tools, no substantial matches to cas genes within the human genome were found. 

Upon extending our investigation to the comprehensive Telomere-to-Telomere assembly, we 

identified numerous potential CRISPR arrays. However, none displayed the characteristic features 

of a true CRISPR system, casting doubt on the existence of "hCRISPRs" in the human genome. 

Chapter 6 provides a comprehensive examination of the complexities of Argonaute 

proteins, with a focus on the less-explored prokaryotic Argonautes. While eukaryotic Argonautes 

play a well-established role in RNA interference (RNAi), prokaryotic Argonautes remain poorly 

defined. We applied bioinformatics methods to investigate the sequence diversity short prokaryotic 

Argonautes (pAgos) and their associated APAZ genes. Preliminary insights reveal that these 

proteins not only exhibit unique genetic associations, but they also have strong affiliations with 

various APAZ-effectors. These data suggest short pAgos play a role in immune defense in 

prokaryotes through diverse mechanisms. Through this in-depth exploration, Chapter 6 aspires to 

bridge the existing knowledge gap surrounding short pAgos, elucidating their significance in 

prokaryotic defenses and underscoring their potential for innovative biotechnological applications. 
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CHAPTER ONE 

INTRODUCTION 

In the tapestry of molecular biology, certain discoveries emerge as threads of gold, 

illuminating new paths and reshaping the landscape. Prominent among these are the CRISPR-Cas 

and Argonaute systems. The CRISPR-Cas system, originally an adaptive bacterial immune 

mechanism, has transformed into a groundbreaking tool for gene editing. Its profound impact was 

acknowledged with the award of the Nobel Prize in Chemistry to Emmanuelle Charpentier and 

Jennifer Doudna for their pioneering work1. Similarly, the Argonaute proteins, which lie at the 

heart of RNA interference, emerged as monumental figures in genetic regulation and manipulation, 

with Andrew Z. Fire and Craig C. Mello being honored with the Nobel Prize for elucidating its 

mechanisms2, 3. Central to the success and versatility of both the CRISPR-Cas and Argonaute 

systems is the role of RNA guides, ensuring targeted and specific genetic interactions, 

underscoring the transformative power of RNA in shaping the future of genetic research and 

applications. 

RNA Guides: Achieving Target Recognition Through CRISPR and Argonautes 

RNA plays a pivotal role within the cell as it orchestrates a multitude of mechanistically 

unique processes4. Transfer RNAs (tRNAs) involved in the process of protein synthesis, while 

small nuclear RNAs (snRNAs) have key roles in the splicing of messenger RNA (mRNA). 

Additionally, small nucleolar RNAs (snoRNAs) serve as guides for RNA modifications. 

Furthermore, there are numerous and diverse classes of non-coding RNAs, which play crucial roles 
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in directing gene regulation or defending the genome to maintain its integrity through a several 

features4, 5.  

 

Figure 1.1. The biogenesis, loading and targeting of RNA in distinct RNA-based systems.  
(a) MicroRNAs (miRNAs) are generally transcribed by RNA polymerase II (step 1) to produce 
primary miRNAs (pri-miRNAs) (step 2); these are cleaved by Drosha in the nucleus to produce a 
stem-loop structure called the pre-miRNA (step 3), which is exported to the cytoplasm and 
processed by Dicer to form the mature miRNA duplex (step 4), a single strand of which is loaded 
onto an Argonaute (AGO) protein as part of the miRNA-induced silencing complex (miRISC) 
(step 5). miRISC binds to target mRNAs through partial complementary base-pairing (step 6), 
which leads to changes in mRNA stability and/or translational repression or, in cases of high 
complementarity mRNA cleavage. (b) Small interfering RNAs (siRNAs) are generated from 



3 
 
double-stranded RNA (dsRNA) precursors (step 1 and 2), which are cleaved by Dicer into siRNA 
duplexes (step 3) and loaded onto AGO proteins as part of the siRISC (step 4). The siRISC binds 
to target mRNAs by highly complementary base-pairing (step 5), which leads to transcript 
cleavage. (c) The CRISPR RNA (crRNA) locus contains repeat sequences that are interspersed 
with sequences from foreign DNA. It is transcribed by RNA polymerase (step 1) to produce a pre-
crRNA. The pre-crRNA is processed by Cas proteins or host ribonucleases to produce the mature 
crRNA (step 3). The mature crRNA is loaded into surveillance complex (Cas proteins) with 
nuclease activity (step 4), from which it binds to a complementary foreign DNA containing a 
protospacer-adjacent motif (PAM; red) (step 5), resulting in DNA cleavage and destruction (not 
shown). 

One of the key functions of RNA involves its ability to regulate nucleic acids in a sequence-

specific manner by base-pairing with specific RNA or DNA targets. It can also be rapidly 

synthesized or processed in response to a signal and it is functional without the need to be 

translated. Moreover, it has been observed that regulatory RNA molecules have the ability to 

undergo co-degradation alongside their target molecules upon binding, hence facilitating prompt 

reactions to a change in cellular status. These responses possess unique quantitative attributes that 

differentiate them from the protein-based mechanisms of cellular regulation5, 6. In the vast 

landscape of RNA-mediated regulation, two systems stand out as pioneers in RNA-based target 

recognition: the miRNA and siRNAs, intricately associated with Argonautes (Ago), and the 

formidable CRISPR-Cas-mediated defense mechanism (Figure 1.1). 

RNA-based Recognition by miRNAs and siRNAs in Argonautes 

The discovery of micro RNAs (miRNAs) and small interfering RNAs (siRNAs) 

revolutionized the idea that RNA is a regulatory molecule in eukaryotic organisms. Computational 

and experimental approaches suggest that eukaryotic genomes encode hundreds of miRNAs7, 8, 

and it is estimated that the most conserved miRNAs control the expression of approximately two-

thirds of human genes9. Although the origin and precursors of miRNAs and siRNAs differ, they 
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share in part common biogenesis pathways and they are both loaded onto Argonaute (Ago) 

proteins, which they guide to mRNA targets for RNA silencing10, 11. 

miRNAs are sRNAs of ∼21–23 nucleotides in length that are encoded by the genome and 

some viruses. The majority of miRNAs originate from independent loci, although some are 

processed from within introns. Their primary transcripts contain stem–loop structures, and 

consecutive endonuclease cleavages by two enzymes belong to RNase III protein family, Drosha 

in the nucleus and Dicer in the cytoplasm, together generate a miRNA duplex containing a 5′ 

monophosphate and a 3′ hydroxyl. The mature miRNA strand is loaded into the Ago protein within 

the RNA-induced silencing complex (RISC)11, 12 (Figure 1.1a). The miRNA within RISC 

associates with target mRNAs through base-pairing, leading to translational repression and/or 

mRNA destabilization13 or, in some cases when the miRNA is highly complementary to its target, 

mRNA cleavage (Figure 1.1a, b). 

siRNAs differ from miRNAs in that they are excised from long, fully complementary, 

double-stranded RNAs; these can originate from transgenes, viral infections and repetitive 

elements11. After the siRNA precursors are cleaved by Dicer into duplexes of ∼21 nucleotides they 

are loaded into the RISC (Figure 1.1b), from which they recognize and associate with target 

transcripts through base-pairing. In both miRNA and siRNA carrying RISC, the base pairing starts 

with the recognition of seed region consists of eight nucleobases. The seed region facilitates the 

base pairing by pre-ordering these nucleobases in a helical configuration which gives this part of 

the sequence a thermodynamic advantage for interacting with the target sequence. This 

complementary between the seed region and target enables to investigate the rest of the target, 
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which leads to the endonucleolytic cleavage of the complementary sequence by Ago within RISC 

as a result of high levels of complementarity12. 

Initial insights into the molecular basis behind the importance of the seed sequence were 

obtained from crystal structures of the bacterial Ago protein from Thermus thermophilus (TtAgo). 

Even though these structures used guide DNAs, they revealed how guide strands mediate RNA 

recognition14-16 (Figure 1.2a). TtAgo containing a 5′-phosphorylated 21-nucleotide DNA guide 

strand maintained the same overall bi-lobal structure containing four domains: MID, PIWI, N and 

PAZ domains (Figure 1.2a).  

 

Figure 1.2. Presentation of seed sequences in guide strands and target cleavage by Ago.  
(a-b) Guide-loaded Ago performs search for a complementary target through base-pairing with the 
seed region of the guide strand, followed by duplex propagation through the central part and the 
3′-supplementary site of the guide. (c-d) Conformational mobility of the PAZ domain (shown by 
arc-shaped arrows) facilitates correct base-pairing, through controlled release of the guide 3′-end 
and active site closure. (e-f) Conformational changes in the active site allow binding of catalytic 
metal ions, followed by cleavage of the target strand and its stepwise release from the complex. 
The guide strand is blue, the target strand is black; only the target strand of DNA substrate is 
shown. 
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The DNA guide is nestled within a basic channel spanning the lobes that harbor the PAZ 

domain and the PIWI domain, and there are extensive contacts between its backbone phosphates 

and basic residues in the domains and linkers present in the protein.17 The trajectory of the guide 

is defined by the anchoring of its 5′ monophosphate into a pocket within the MID domain and of 

its 3′ end in the PAZ domain. The conformation of the seed sequence at nucleotides 2–6 reveals 

how its presentation within the TtAgo ribonucleoprotein (RNP) is important for RNA recognition. 

Specifically, in agreement with earlier biochemical and biophysical studies18, these nucleotides are 

stacked forming an A-form helix with their Watson-Crick edges exposed to the solvent, a 

favorable, pre-organized conformation for interacting with a target mRNA (Figure 1.2a-c). 

Subsequent nucleotides are threaded through a narrow channel in the TtAgo protein and are 

therefore inaccessible to mRNA. Introducing a kink into the guide strand by positioning two 

Arginine residues between nucleotides 10 and 11 renders the binary TtAgo protein–guide complex 

catalytically inactive and prevents the formation of the undistorted helical conformation that is 

required for mRNA cleavage14, 15, 17. However, on the addition of a 20-nucleotide target RNA to 

the TtAgo protein–guide complex, the seed region forms an A-form DNA–RNA helix with the 

target and undergoes a conformational change that relieves the 3’ end of the guide from PAZ 

domain, enabling cleavage of the target mRNA14, 15, 17 (Figure 1.2d-f). The importance of mRNA–

seed sequence complementarity is highlighted by the fact that cleavage is impaired on the 

introduction of mismatches or insertions within the seed region in the guide DNA15. Therefore, the 

pre-organization of the seed in an A-form helix within TtAgo facilitates its interaction with the 

target mRNA and offsets the entropy penalty of binding target mRNA, enhancing the interaction 

affinity up to 300-fold19. 
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RNA-based Recognition by crRNAs in CRISPR-Cas Systems 

Many bacteria and most archaea contain an RNA-mediated interfering mechanism that 

provides adaptive immunity against bacteriophages and plasmids20. This mechanism uses CRISPR 

RNAs (crRNAs) generated from genomic CRISPR loci for the sequence-specific detection and 

elimination of invading viruses and plasmids. crRNA sequences originate from previous invading 

nucleic acids and act as guides for various CRISPR-associated Cas proteins, thus providing an 

inherited adaptive immunity against re-infections. CRISPR loci can be classified into six main 

systems, depending on their Cas protein composition21, but all contain a nuclease and a guide 

RNA. Type I, type III and type IV systems (Class I) use crRNA that is incorporated into a multi-

subunit complex to execute their interference activity while type II, type V and type VI systems 

(Class II) contains single Cas protein to function as RNA-guided endonucleases. This chapter focus 

on the type I-F system to explain the mechanism of RNA recognition by the Csy (surveillance) 

complex and cleavage achieved by Cas2/3 endonuclease. 

CRISPR–Cas adaptive immunity consists of three phases: immunization, where new 

spacer sequences from invading nucleic acids are incorporated into the first repeat of CRISPR 

array (depicted by CRISPR leader) to function as a molecular memory of prior infections; 

expression, which involves the transcription and processing of crRNAs; and interference, whereby 

the crRNAs are used as guides to identify foreign nucleic acids and facilitate their cleavage and 

clearance by associated nucleases20. 
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Figure 1.3. The key steps of CRISPR-Cas immunity.  
Adaptation: insertion of new spacers into the CRISPR locus. crRNA biogenesis: transcription of 
the CRISPR locus and processing of CRISPR RNA. Interference: detection and degradation of 
mobile genetic elements by CRISPR RNA and Cas protein(s). 

RNA plays a fundamental part in the expression and interference phases, where the 

CRISPR loci is transcribed into pre-crRNA containing repeats and spacers. The subsequent 

processing of this transcript achieved by Cas6 protein22 (Figure 1.1c and 1.3). The resulting 

mature crRNA contains 8 nucleotide partial repeat, 32 nucleotide spacer-derived guide sequence 

and a 20-nucleotide repeat sequence with the stem-loop structure23. Six copies of Cas7 proteins 

form a backbone that covers crRNA with Cas5 and Cas8 attached to the 5’ of crRNA. The unique 
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hand-like structure of the Cas7 protein interacts with the crRNA, introducing two consecutive ~90° 

turns in its backbone24, 25. These chicanes in the crRNA occur at a regular 6-nt periodicity; each 

chicane is separated by five bases presented to the solvent in pseudo A-form, while the sixth base 

is flipped out and covered by the thumb of an adjacent Cas7 molecule23, 25. This pre-organized 

helical conformation places the crRNA in a configuration that is thermodynamically favorable for 

guide–target duplex formation. 

Identifying targets is a stepwise process involving not only base-pairing between DNA and 

the crRNA sequence but also recognition of a short sequence motif called the protospacer-adjacent 

motif (PAM) on the non-complementary strand of the DNA by the surveillance complex26. The 

PAM is required for RNP to recognize and stably bind to DNA (Figure 1.4a, b); for example, a 5′-

NGG sequence (where 'N' is any nucleobase) immediately flanking the protospacer. PAM 

recognition induces local distortion of the DNA duplex that facilitates crRNA-guided hybridization 

to the complementary DNA target, which displaces the non-complementary DNA strand (R-

loop)26. This recognition of the PAM sequence and the A-form helical arrangement of the seed 

sequence (8 nucleotide followed after PAM sequence) are coupled to conformational changes that 

enable surveillance complex to recognize targets while results in an elongation of the Cas7 

backbone (Figure 1.4c)27. The elongated conformation also creates a gap between the head and 

the tail of the complex that is necessary for a ~180° rotation of the helical bundle of Cas8 (Figure 

1.4d). This rotation leads to recruitment of the trans-acting nuclease/helicase Cas2/3 for the target 

DNA degradation23, 28 (Figure 1.4e, f). Similar to Agos, the complementarity between target DNA 

and seed sequence is crucial, where mismatches or between the seed region and the target DNA 

impair cleavage27. 
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Figure 1.4. Presentation of target binding in guide strands, conformational change of surveillance 
complex (Csy complex) and target cleavage by recruited Cas2/3 trans-acting nuclease/helicase.  
(a-b) Guide-loaded Csy complex performs search for a 5’-NGG-3’ PAM and complementary target 
through base-pairing with the seed region of the guide strand, followed by duplex propagation 
through the central part and the 3′-supplementary site of the guide. (c-d) Conformational mobility 
of the Cas7 backbones creates a gap between the head and the tail of the complex that is necessary 
for a ~180° rotation of the helical bundle of Cas8. (e-f) Conformational changes of the Cas8 helical 
bundles recruits Cas2/3 trans-acting nuclease/helicase followed by cleavage of the target strand. 
The guide strand is blue, the target strand is black. 

Summary 

A combination of structural, biochemical, biophysical, and genome-wide approaches has 

provided extensive insights into how short RNA sequences can identify targets in the cell1, 3, 17, 20. 

This has revealed shared principles, which are especially clear for the miRNA, siRNA, and crRNA 

utilizing regulatory/defense systems. Moreover, a need has risen to investigate the diversity of 

these systems with a possibility to identify different candidates that can be used as biotechnology 
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tools21. In this dissertation, I embarked on a comprehensive analysis of the CRISPR-Cas systems, 

emphasizing their molecular mechanisms, evolutionary patterns, and interactions within microbial 

genomes. Through a synthesis of experimental results and bioinformatic analyses, I shed light on 

the crucial role of sequence motifs in CRISPR leader sequences and their impact on adaptation 

and immunity. Furthermore, I critically examined the controversial presence of CRISPR loci in the 

human genome, providing clarity on its legitimacy. Concluding the journey, I systematically 

investigated into the lesser-known world of prokaryotic Argonaute proteins, unveiling their 

potential significance in microbial defense systems and potential biotechnological applications.  
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Manuscript 

The type I-F CRISPR-Cas system from Pseudomonas aeruginosa (PA14) provides 

sequence specific elimination of invading DNA1, 2. Recently, a paper published in Cell Research 

reported that this system targets mRNA through a non-canonical mechanism3. Here, we implement 

the proposed design rules for generating CRISPR-RNA (crRNA)-guides that target RNA and test 

whether the proposed RNA-targeting activity provides immunity against RNA phage infection. 

Our experiments reveal that the type I-F CRISPR system provides protection from DNA, but not 

RNA phages. 

The proposed mechanism of RNA targeting is distinct from dsDNA targeting. Rather than 

detection of a dsDNA PAM via protein mediated recognition of specific nucleobases4, 5 , Li et al. 

suggest that single-stranded RNA recognition proceeds via recognition of a “PAM-like” motif (5’-

GGN-3’) on the opposite side of the complex and that this is followed by detection of a 12-nt 

“core” sequence (Figure 2.1a)3. To assess the versatility of these RNA targeting rules, we designed 

I-F CRISPRs to target the RNA genome of MS2 phage6.  

We designed three synthetic CRISPR arrays that each contain spacers designed to target 

six different regions in the MS2 RNA phage genome (Figure S2.1). Spacers in the first CRISPR 

(CRISPR-1) were designed to target sequences with a “PAM-like” NGG motif, a “core” sequence, 

and mismatches along the target sequence identical to those identified by Li et al.3 (Figure 2.1b). 

Spacers in the second CRISPR (CRISPR-2), were designed to target the same RNA sequences, but 

the crRNA-guide is 100% complementary to the RNA target (i.e., no mismatches). Spacers in the 

third CRISPR (CRISPR-3) were designed according to established dsDNA targeting rules. 

Secondary structures in the MS2 genome are likely to be important for RNA targeting, so the six 
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spacers included in each CRISPR were designed to target locations with varying degrees of 

predicted secondary structure. These structures are similar to secondary structures predicted for 

the LasR mRNA, which is purported to be targeted for degradation by the type I-F CRISPR system 

in PA143. 
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Figure 2.1. Testing the efficiency of type I-F CRISPR defense against RNA and DNA phages. 
(a) The type I-F CRISPR-Cas system of P. aeruginosa (PA14) contains six cas genes flanked by 
two CRISPR loci. DNA binding by the crRNA-guided surveillance complex (Csy complex) relies 
on recognition of a double-stranded PAM followed by a complementary protospacer. Base pairing 
occurs in discrete increments of five. Every sixth nucleobase is covered by a beta-hairpin on Cas7 
and these bases do not contribute to target interactions4, 5. Target binding drives a conformational 
change in the Csy complex that recruits the Cas2/3 nuclease for target cleavage. In contrast to 
dsDNA binding, the proposed RNA-binding model requires the recognition of a single-stranded 
“PAM-like” sequence followed by a 12-nt core sequence. (b) Schematics of CRISPRs 1, 2, and 3. 
CRISPR-1 (top) represents the model proposed by Li et al.3. CRISPR-2 (middle) targets the same 
sequences as CRISPR-1, but the crRNA-guide is completely complementarity. CRISPR-3 
(bottom) was designed using well-established rules for dsDNA-binding mechanism. (c) Ten-fold 
of dilutions of MS2 phage (top) or Lambda (λ) phage (bottom) on a lawn of wild-type E. coli 
NB(DE3) cells or NB(DE3) expressing the type I-F CRISPR system. (d) The efficiency of 
plaquing (EOP) of MS2 phage (left) and lambda phage (right). Efficiency of plaquing (EOP) was 
calculated as the ratio of plaque forming unites (PFUs) on I-F CRISPR expressing cells divided 
by the number of PFUs on control cells. 

To measure the efficiency of phage defense, we performed a series of plaque assays (Figure 

2.1c). None of the CRISPRs designed to target MS2 provided protection. To confirm that our 

experimental system is functional, we replaced the MS2 targeting CRISPR, with a CRISPR 

designed to target Lambda (λ) phage (CRISPR-λ). Cells that express Csy, Cas2/3 and a synthetic 

CRISPR designed to target λ-phage, resulted in a 5-log reduction of plaques, as compared to non-

targeting controls (i.e., CRISPR-DMS3) (Figure 2.1d).  

Importantly, the work presented here was not designed to replicate the previously published 

work by Li et al., but rather our intention was to determine if the non-canonical crRNA-guided 

recognition rules describe by these authors could be generally applied for programable defense 

against RNA phages. Unlike the type III CRISPR systems described by Silas et al., the type I-F 

systems do not contain a reverse transcriptase, which would be necessary to incorporate new 

spacers from RNA-based parasites7. Here, we by-pass new spacer acquisition, by creating 

synthetic CRISPRs designed to target the MS2 genome. Regardless of the design rule (canonical 
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or non-conical), none of the MS2 targeting CRISPRs were capable of knocking down RNA phage 

infection. This biological result is supported by recent structural, biochemical, and biological 

assays which all show that Cas2/3 nuclease recruitment requires a conformational change in the 

Csy complex that is dependent on displacement of a non-complementary strand during crRNA-

guided base pairing to the target DNA4. We acknowledge that CRISPR mechanisms are 

remarkably diverse and we remain open to alternative mechanisms for target recognition and 

Cas2/3 recruitment, however Høyland-Kroghsbo et al. recently repeated the work by Li et al. but 

did not find evidence for RNA targeting in PA148. Collectively, these results suggest that type I-F 

CRISPR systems are capable of crRNA-guided detection and destruction of dsDNA, but not RNA. 

Methods and Materials 

Strains, Plasmids and Growth Conditions 

NovaBlue (DE3) [endA1 hsdR17 (rK12- mK12+) supE44 thi-1 recA1 gyrA96 relA1 lac (DE3) 

F' proA+B+ lacIq ZΔM15::Tn10(TetR)] cells were cultured at 37oC in liquid LB or on LB agar, 

supplemented with 0.1% glucose, 2mM CaCl2 and 0.01 mg/ml thiamine. Plasmids used for Csy 

and Cas1-2/3 expression are available at AddGene (89232 and 89240, respectively)1, 9. CRISPR-

DMS3 is available at AddGene (89244)9, while the other CRISPRs were designed, synthesized, 

and cloned into a PMK vector (Figure S2.1). CRISPR-λ contains four spacer sequences that target 

four Lambda phage genes (J, O, R and E). Growth media is supplemented with ampicillin to 

maintain the pCys1-4, spectinomycin to maintain pCas1-2/3, and kanamycin to maintain 

pCRISPR. Additionally, tetracycline is provided in the growth media for the selection of F’ 

episome in NovaBlue (DE3). In NovaBlue (DE3) cells, the induction of expression vectors was 

achieved on LB Agar plates with 0.001mM isopropyl-D-1-thiogalactopyranoside (IPTG).  
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Synthetic CRISPR Array Construction 

Three different CRISPR arrays was assembled that each contains six spacer sequences to 

target MS2 phage. Overlapping oligonucleotides (Eurofins Genomics) were annealed and 

extended at 72oC with Q5 polymerase to synthesize small fragments containing repeat-spacer-

repeat. Small fragments were combined using overlap PCR extension and the final CRISPR was 

cloned using SacI and EcoRI sites (Figure S2.1). Each clone was sequenced (Genscript). Each 

CRISPR contains six spacers (32-bps) flanked by 28-bp repeats. Spacers were selected from a 

variety of locations on the MS2 genes based on the availability of the PAM or PAM-like region. 

CRISPRs were designed using the canonical model or non-canonical binding models proposed by 

Li et al3.  

Phage Replication and Plaque Assays 

E. coli BL21 (DE3) and K12 ER2738 used to propogagte Lambda_vir and MS2 phages, 

respectively. K12 ER2738 contains an F’ episome under tetracycline selection, which provides 

receptor for the MS2 phage attachment. 100mls of E. coli BL21 (DE3) and K12 ER2738 cells 

were grown to OD600 of 0.5 and then infected with 100µl of corresponding phage. Cultures 

containing phage were agitated overnight at 37oC. Cell lysates were collected by centrifugation 

(4000g for 30 minutes). A 0.2µm filter was used particulates from cell lysate. 100mls of the cell 

lysates were concentrated into 5ml and tittered by plaque assay. Tittering was performed using 

100µl of E. coli cells grown to OD600 of 0.5. These cells were mixed with 100µl of phage or 10-

fold dilutions of each phage, incubated for 30 mins and shaken every 10 mins. 5mls of molten 

0.8% LB/agarose was added to the cell slurry and the soft agar was poured over the top of an LB-

agar plate. Plates were incubated at 37oC overnight and plaques were counted the following day. 
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Spot Plaque Assay 

E. coli NovaBlue (DE3) cells were cultivated with appropriate antibiotics to maintain 

plasmids and challenge with Lambda_vir (dsDNA) (University of Laval, reference phage HER 

37) or MS2 (+ssRNA) phages (ATCC 15597). NovaBlue (DE3) cells were grown to an OD600 of 

0.9 and 400µl of the bacterial culture is mixed with molten 0.8% LB/agarose and poured over a 

solid agar. 5µl of each phage dilution were spotted on the top agar and the plates were incubated 

at 37oC overnight. Plates were evaluated the following day. 

Quantification and Statistical Analysis 

Efficiency of plaquing (EOP) is reported as a ratio of PFUs formed on the experimental 

(i.e. CRISPR containing) strain divided by the number of PFUs on a wild-type. Plaque assays were 

performed in triplicate and the EOP is the ± standard deviation. 
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Figure S2.1. CRISPR design.  
(a) Plasmid map of pMK vector containing six spacer sequences designed to target the RNA 
genome of MS2 phage. Each CRISPR array contains six (32-bps) spacers flanked by 28-bp repeats, 
cloned into the pMK backbone using SacI and EcoRI restriction sites. (b) Schematic of each 
crRNA mapped onto the target sequence. The flanking PAM-like (red) or PAM (green) sequences 
are indicated and corresponding “core” or “seed” sequences are highlighted with a gray column. 
Each of the six spacers in CRISPR-1 and -2 target identical sequences that are flanked by a PAM-
like motif, while CRISPR-3 spacers target proximal protospacers with a PAM. CRISPR-λ contains 
four spacer sequences that target four Lambda phage genes (J, O, R and E). CRISPR-DMS3 
(negative control) contains seven identical spacers that target gene 24 in the DMS3 genome. (c) 
Sequences of the synthetic CRISPR loci. Spacers are separated by repeats (yellow). 
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Abstract 

CRISPR-associated proteins (Cas1 and Cas2) integrate foreign DNA at the “leader” end of 

CRISPR loci. Several CRISPR leader sequences are reported to contain a binding site for a DNA 

bending protein called Integration Host Factor (IHF). IHF-induced DNA bending kinks the leader 

of type I-E CRISPRs, recruiting an upstream sequence motif that helps dock Cas1-2 onto the first 

repeat of the CRISPR locus. To determine the prevalence of IHF-directed CRISPR adaptation, we 

analyzed 15,274 bacterial and archaeal CRISPR leaders. These experiments reveal multiple IHF 

binding sites and diverse upstream sequence motifs in a subset of the I-C, I-E, I-F and II-C CRISPR 

leaders. We identify subtype-specific motifs and show that the phase of these motifs is critical for 

CRISPR adaptation. Collectively, this work clarifies the prevalence and mechanism(s) of IHF-

dependent CRISPR adaptation and suggests that leader sequences and adaptation proteins may 

coevolve under the selective pressures of foreign genetic elements like plasmids or phages. 
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Introduction 

The repeat-spacer-repeat architecture characteristic of all CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats) loci was first observed in 19871. However, the biological 

function of CRISPRs remained obscure until 2005, when three groups independently reported that 

CRISPR loci frequently contain “spacers” derived from foreign genetic elements2–4. By comparing 

CRISPR loci from closely related isolates of Yersinia pestis, Pourcel et al. noted that new phage-

derived spacers are preferentially added to one end of the CRISPR4, which is often flanked by an 

adenine- and thymine-rich (AT-rich) sequence, previously termed the “leader”5. Collectively, these 

computational observations indicated that CRISPRs are part of an adaptive immune system that 

maintains a chronological record of previously encountered foreign genetic parasites6,7. A role for 

CRISPR loci and Cas proteins in adaptive immunity was first established by phage challenge 

experiments performed by Barrangou et al.8. Polarized integration is crucial in most systems, since 

spacers at the leader-end of the CRISPR have been shown to provide greater levels of immunity9.  

Structural and biochemical experiments aimed at understanding the mechanism(s) of 

polarized adaptation have resulted in two models for preferential integration of new spacer at the 

“leader-end”7. In type II systems, the Cas1 proteins have been shown to recognize the leader-repeat 

junction, while type I-E and I-F systems have been shown to rely on a DNA bending protein called 

Integration Host Factor (IHF)9–15. In the type I-E CRISPR system of Escherichia coli (K12), IHF 

binds to a roughly 30-base pair sequence motif that begins 6-base pairs upstream of the first 

repeat10. IHF-binding kinks DNA in the leader, creating a horseshoe shaped structure that stabilizes 

the Cas1-2 integrase complex bound to the first repeat of the CRISPR locus11. One of the Cas1 

dimers is wedged into the “toe” of the DNA horseshoe, resulting in specific contacts between the 
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Cas1 and IHF proteins, as well as sequence specific interactions between one lobe of Cas1 and an 

upstream sequence motif11,16.  

We recently noticed that the IHF binding site in the leader sequence of the type I-F CRISPR 

locus from Pseudomonas aeruginosa (PA14) is 8-base pairs further from the leader-repeat junction 

than what was originally observed in the type I-E systems of Escherichia coli (Figure 3.1). We 

hypothesized that this seemingly subtle difference has important mechanistic implications for 

CRISPR adaptation. The helical structure of double stranded DNA (dsDNA), contains ~11-base 

pairs per 360-degree rotation17,18. Thus, the addition of 8-base pairs not only shifts the IHF binding 

site ~27 Å away from the leader-repeat junction, which would preclude previously observed Cas1-

IHF interactions, but this insertion also introduces a ~260-degree rotation of the upstream DNA. 

This rotation would position one tip of the “DNA horseshoe” on the opposite side of the Cas1-2 

integration complex from what has been previously observed for the E. coli integration complex11.  

Here we analyze 14,095 bacterial and 1,179 archaeal CRISPR leaders for conserved 

sequence motifs. This analysis reveals discretely distributed IHF binding sites and upstream motifs 

in a subset of I-C, I-E, I-F and II-C CRISPR loci. These leaders frequently contain multiple IHF 

binding sites and subtype-specific upstream motifs. The sequence, spacing, and orientation 

between motifs vary within and between subtypes, resulting in the detection of approximately 20 

distinct leader architectures (Figure S3.1). Differences in leaders between closely related strains 

frequently involve insertions or deletions (indels) of 10-12 bps, which preserves the phase of these 

motifs, suggesting that phase is more important than distance per se. Additionally, we use in vitro 

adaptation assays to test the importance of both the sequence and the phase of leader motifs on 

new spacer integration in the type I-F system from P. aeruginosa. Overall, our data suggest that 
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the mechanisms of polarized CRISPR adaptation are diverse, but all systems that rely on IHF are 

expected to be phase-dependent. 

 

Figure 3.1. Spacing of sequence motifs in CRISPR leaders has mechanistic implications for the 
mechanism of spacer integration.  
(A) Schemes of two CRISPR loci from E. coli BL21 (type I-E, top) and P. aeruginosa PA14 (type 
I-F, bottom), and sequences of the first CRISPR repeat and the upstream IHF binding site in the 
leaders. Repeating DNA motifs (diamonds) in the CRISPR locus are interspersed with unique 
spacer sequences (rectangles). The IHF binding site in the I-F system from P. aeruginosa PA14 is 
8 bps further away from the leader-repeat junction, as compared to the I-E CRISPR locus. (B) 
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Structure of the previously determined type I-E integration intermediate (PDB: 5WFE). The Cas1-
2 heterohexamer (blue and yellow) is in the process of integrating a protospacer (green) at the first 
CRISPR repeat (yellow). IHF kinking of DNA at the IHF binding site recruits an upstream motif 
(UM, dark blue) to interact with one lobe of a Cas1 subunit, while the second Cas1 subunit in the 
same dimer makes protein-protein contacts with IHF11. Models of the 8 bp insertion present in P. 
aeruginosa CRISPR locus II illustrate how this insertion is predicted to disrupt both of these 
interactions by shifting IHF 27Å away from the integration complex and rotating the upstream 
motif (UM) 260°. Cas3 domains of the I-F Cas2/3 fusion are shown semi-transparently for clarity. 
See also Figure S1 and S3. 

Results 

Identification and Distribution of IHF and Upstream Motifs 

IHF binding sites have been identified in the leader sequences of a few type I-E systems 

and in the type I-F system from Pectobacterium atrosepticum10,12,19. To broadly determine the 

prevalence and distribution of IHF binding sites in CRISPR leaders, we queried all complete 

bacterial and archaeal genome sequences available at NCBI for CRISPR loci and associated leader 

sequences using CRISPRDetect20. In total, we identified 15,274 CRISPR loci, representing most 

of the major subtypes (Table 3.1). We queried 200 base pairs upstream of each CRISPR using 

previously established position weight matrices for IHF binding sites21,22. Sequences identified 

with this position weight matrix were used to construct more detailed position weight matrices, 

which were then used to iterate the search. In total, we identified 8,631 putative IHF binding sites 

in 15,274 leader sequences. Next, we culled the list of leaders by eliminating redundant sequences 

that were greater than 95% identical. This eliminates closely related genomes from a few 

organisms which were oversampled in our initial dataset (e.g., E. coli), and enables a more accurate 

representation of the phylogenetic distribution of IHF binding sites in leader sequences. In this 

subset of 6,533 non-redundant leaders, IHF binding sites were found in 24% of I-C (n=176), 26% 

of I-E (n=336), 83% of I-F (n=444), and 32% of II-C (n=108) leaders (Table 3.1). Interestingly, 
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most I-F leaders (53%) and several I-E, II-C and I-C leaders (6%, 6%, and 3%, respectively) 

contain more than one IHF binding site. We differentiate “proximal IHF” from “distal IHF” 

binding sites according to their position relative to the leader-repeat junction. 

   Number of leaders 
  Redundant Non-Redundant 

 Subtype All All One or more 
IHF sites 

Two or more 
IHF sites 

Type I I-A 296 187 27 3 
I-B 1516 761 238 36 
I-C 1324 754 178 24 
I-D 152 117 14 2 
I-E 5068 1329 335 84 
I-F 1683 536 444 279 
I-U 157 109 5 0 
I-V 2 2 0 0 

Type II II-A 823 178 39 4 
II-B 34 9 5 0 
II-C 662 337 103 17 

Type III III-A 853 242 93 11 
III-B 409 309 96 12 
III-C 29 23 6 0 
III-D 179 145 31 5 

Type V V-A 28 14 6 1 
V-B 3 3 0 0 

Type VI VI-A 2 2 1 0 
VI-B 56 16 9 2 
VI-C 2 1 0 0 

 NA 1996 1459 315 32 
Total  15274 6533 1945 512 

Table 3.1. Subtype distribution of microbial CRISPRs and identified IHF binding sties.  
15,274 CRISPR loci were identified in bacterial and archaeal genomes. Closely related microbial 
genomes, which causes an over-representation of certain CRISPR subtypes (I-B, I-C, I-E, I-F, II-
A, II-C, III-A) (“Redundant” column), were systematically removed (“Non-Redundant” columns). 
The number of non-redundant CRISPR leaders in containing at least one, or at least two unique 
IHF binding sites is reported. See also Figure S3.1. 

According to the previously established model for type I adaptation, the DNA bending 

behavior of IHF presents an upstream sequence motif that is recognized by specific amino acids 
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on Cas1 (i.e., R131 and R132)11. In support of this model, the proximal IHF binding sites in I-E 

leaders are tightly distributed around a midpoint of 20-base pairs from the leader-repeat junction, 

and I-C and II-C leaders possess similar IHF sites at midpoints of 22 and 21-base pairs from the 

leader-repeat junction (Figure S3.1). However, the additional 8-base pairs that separate the IHF 

binding site from the leader-repeat junction in P. aeruginosa PA14, as compared to E. coli BL21, 

is preserved in a comparison of all type I-E and I-F leaders that contain IHF binding sites (Figure 

S3.1). This ~8-base pair insertion is unique to the type I-F systems and may be an evolutionary 

adaptation necessary to accommodate the Cas3 domain, which is uniquely fused to the Cas2 

protein in I-F CRISPR system (Figure 3.1)23–25. In addition to making room for Cas3, this insertion 

also rotates the upstream DNA by ~260-degree. This rotation suggests that either the Cas1-2/3 

integration complex relies on a distinct mechanism for recognizing an upstream sequence motif, 

or that I-F systems do not rely on upstream sequence motifs. To distinguish between these two 

possibilities and to identify conserved upstream sequence motifs in other IHF containing leaders, 

we performed a de novo motif search using a combination of MEME and FIMO22,26. MEME 

identified the upstream motif previously reported for type I-E systems11,19, as well as several new 

motifs (Figure 3.2). The sequence and location of these motifs are characteristic of specific 

subtypes. In addition to the upstream motifs and proximal IHF binding sites, MEME also identified 

additional upstream IHF binding sites and additional, distally located upstream motifs that are 

either direct repeats or inverted repeats of the proximal upstream motif (Figure 3.2). The spacing 

between these motifs sometimes vary between leaders, but changes in the spacing are almost 

always restricted to increments of 10-12 base pairs, indicating that phase is conserved (Figure 
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S3.1). The I-C distal direct repeat and inverted repeat of the upstream motif are exceptions to this 

rule, which are often shifted by 8-base pairs (Figure S3.1). 

 

Figure 3.2. IHF-directed CRISPR adaptation is widespread.  
(A) Phylogenetic tree generated from alignment of 200 bp of I-C, II-C, I-F and I-E CRISPR leaders 
and the first repeat. (B) Distributions of motifs within I-C, II-C, I-F and I-E CRISPR leaders. Each 
dot represents the midpoint of IHF binding sites (red), subtype specific upstream motifs (UMs) 
(dark blue), I-EA (cyan), or I-EB (teal), Leader Anchoring Motif (orange). Many of the leaders 
shown possess proximal IHF and UMs found between 0-70 bp upstream of the leader-repeat 
junction (LRJ), and distal IHF and UMs found 70-200 bp upstream of the LRJ. (C) Schematic of 
the prominent architecture for motifs within I-C, II-C, I-F and I-E CRISPR leaders. Position weight 
matrices are shown for subtype specific upstream motifs, and motifs found in I-E leaders that do 
not contain IHF binding sites. See also Figure S3.1. 

While IHF has been shown to be critical for polarized CRISPR adaptation in the type I-E 

system from E. coli10,11, we found that roughly 75% of I-E leaders do not contain a canonical IHF 

binding site. 20% of I-E leaders instead contain a “leader-anchoring motif” that directly abuts the 
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first repeat, in a similar manner to the “leader-anchoring site” reported for several of the type II 

systems (Figure 3.2)9,13–15. While proximity of I-E leader-anchoring motifs to the leader-repeat 

junction is similar to those in type II systems, the sequences themselves are notably different. The 

type I-E leader-anchoring motifs contain an off-center TCA sequence, and a 5’ to 3’ TTR triplet on 

the opposite strand, which are hallmarks of IHF and Hbb DNA binding sites (Figure S3.2)27–31, 

though these motifs are not detectable using any of the previously established position weight 

matrices for IHF binding sites (Figure 3.2). The IHF-like leader-anchoring motif may associate 

with DNA bending proteins that recruit upstream motifs. In fact, MEME identifies two motifs (I-

EA and I-EB) that are unique to I-E leaders that contain “IHF-like leader-anchoring motifs” (Figure 

3.2). If the “IHF-like leader-anchoring motif” is in fact a DNA bending sequence that functions to 

recruit the unique upstream motifs (i.e., I-EA or I-EB), then the proximity of this motif relative to 

the leader-repeat junction, would change the phase of the upstream motif relative to what has been 

observed for the IHF containing leader from E. coli. Thus, we hypothesized that Cas1 proteins 

associated with these systems may not rely on arginines 131 and 132 (R131 and R132), which are 

critical for upstream motif recognition by Cas1 in IHF-dependent CRISPRs from E. coli11. To test 

this hypothesis, we aligned 368 Cas1 sequences from CRISPR systems that contain “IHF-like 

leader-anchoring motifs”. Unlike I-E Cas1 proteins that are associated with IHF containing leaders, 

these Cas1 proteins do not maintain R131 and R132, suggesting that the mechanism of adaptation 

in these CRISPRs is distinct (Table 3.2). These findings suggest these two types of I-E CRISPR 

systems may be phylogenetically distinct, indeed IHF-regulated I-E CRISPRs are found in bacteria 

belonging to the Phylum Proteobacteria, while leader-anchoring motif-regulated I-E CRISPRs are 

found in Actinobacteria. Collectively, these results reveal diverse upstream architectures that 
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include motifs anticipated to interact with DNA bending proteins (e.g., IHF, Hbb, or others) and 

DNA bending is anticipated to recruit upstream sequences that are critical for polarized adaptation 

in approximately 56% of all 15,274 CRISPR loci that we analyzed.  

   R131 R132 

Subtype Leader motifs Number of 
Cas1s 

Identity Similarity Identity Similarity 

I-E IHF or UM 454 57.5% 68% 71.6% 72.9% 

I-E LAM, I-EA, I-EB 368 3.7% 5.4% 11.2% 13.8% 

I-F IHF or UM 499 11% 11% 11.9% 22.4% 

Table 3.2. Cas1 residues that interact with canonical I-E UM are only conserved in Cas1s 
associated with IHF-regulated I-E CRISPRs. 

IHF-binding Sites and Upstream Motif are Critical for Efficient Integration 

To determine if the IHF binding sites and upstream motifs play a direct role in I-F CRISPR 

adaptation, we performed in vitro integration assays using the leader sequence derived from the 

CRISPR2 locus of P. aeruginosa PA14. According to our bioinformatic analysis, this leader 

contains both proximal and distal IHF binding sites, as well as proximal and distal upstream motifs 

(Figure 3.2 and 3.3). To determine which of these motifs participate in new spacer integration, we 

compared integration efficiencies measured for the wildtype leader sequence, to leaders where we 

either replaced the proximal IHF binding site with an IHF consensus sequence from E. coli (Opt. 

IHF prox), mutated key positions in the proximal IHF binding site (Mut. IHF prox), scrambled the 

proximal upstream motif (Mut. UM prox), deleted the distal IHF site (Del. IHF distal) or scrambled 

the distal upstream motif (Mut. UM distal) (Figure 3.3C). 
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Figure 3.3. IHF binding sites and upstream motif are critical for efficient integration.  
(A) Scheme of I-F CRISPR system from P. aeruginosa PA14. Two CRISPR loci composed of 
repeats (diamonds) and spacers, flank six cas genes (arrows). Cas1-2/3 assembles into a 
heterohexameric complex (blue, yellow, and purple, respectively) that catalyzes the integration of 
new spacers into CRISPR loci. IHF is a heterodimer of two related proteins encoded by ihfA 
(brown) and ihfB (tan). (B) Scheme for in vitro integration of a prespacer DNA into 32P-labelled 
DNA derived from the CRISPR2 locus of P. aeruginosa PA14. Leader- and spacer-side 
transesterification reactions produce a large and a small 32P-labelled DNA fragment respectively, 
which are separated by denaturing gel electrophoresis. Proximal and distal IHF binding sites and 
upstream motifs (UMs) in the leader are annotated. (C) IHF binding sites (brown) or UMs (blue) 
are shown. Two variants (arrows) of the proximal IHF site were tested (i.e. Opt IHF prox and Mut 
IHF prox.), one variant of the proximal UM (Mut. UM prox.), one variant of the distal IHF (Del. 
IHF idstal) and one variant of the distal UM (Mut. UM distal) were tested. (D) Representative 
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images of integration assays resolved on denaturing gels. Reactions were performed either in the 
presence of IHF alone (left), Cas1-2/3 alone (middle), or in the presence of both protein complexes 
(right). The expected positions of full-length CRISPR substrate (Del. IHF distal variant, 233 nts; 
WT and other variants, 255 nts), as well as leader side (Ls) (Del. IHF distal variant, 127 nts; WT 
and other variants, 151 nts) and spacer side (Ss) (all variants, 77 nts) integration products are 
indicated. (E) Quantification of leader- (dark gray) or spacer-side (light gray) integration. The 
average (±s.d.) of triplicate reactions is shown. Integration was confirmed via high-throughput 
sequencing (Figure S3.3). Uncropped images and replicate gels are provided (Figure S3.4). (F) 
Tally of the midpoints of IHF binding site (red) and I-F upstream motifs (blue) identified in 23 
non-redundant I-F3 CRISPR leaders36. The area of histograms fit to peaks of motif matches are 
reported to convey the percentage of leaders with a given motif. Most I-F3 (Tn7-associated) 
CRISPR leaders possess motifs needed for efficient spacer integration. See also Figure S3.3-S3.5. 

IHF-binding sites in the P. aeruginosa CRISPR2 leader deviate from the E. coli IHF 

consensus sequence at the 5’ “A-tract” and central “WATCAR” regions, despite P. aeruginosa and 

E. coli IHF proteins sharing greater than 70% sequence identity (Figure S3.2)27–29. To determine 

whether an “optimized” IHF site would result in more efficient spacer integration, we replaced the 

IHF binding site in the I-F leader with the consensus IHF binding sequence from E. coli. These 

two sequences differ at 15 positions over 29 bps. Although optimization of the IHF binding site 

(Opt. IHF prox) resulted in slightly increased leader-side integration (1.4-fold), there is a 

concomitant decrease in spacer-side integration (1.5-fold) (Figure 3.3D, 3.3E). To verify that the 

IHF binding sequence is important for integration, we mutated six bases that are critical for IHF 

recognition (Figure 3.3C)27,28,32. These mutations (Mut. IHF prox) result in large decreases for 

both leader- and spacer-side integration (8.7 and 14.7-fold respectively) (Figure 3.3D, 3.3E, 

Figure S3.3 and S3.4), which supports previous work from the Fineran lab demonstrating that the 

IHF protein is necessary for adaptation in the I-F system from P. atrosepticum12. While it is 

expected that IHF is involved in DNA bending, there have been no prior reports of an upstream 

motif in I-F CRISPR leaders. To determine if the proximal upstream motif sequence we identified 

is important for CRISPR adaptation, we scrambled the sequence (Mut. UM prox). This mutation 



41 
 
results in a large decrease in both leader- and spacer-side integration efficiency (2.6- and 8.3-fold 

respectively) (Figure 3.3C, 3.3D, 3.3E, Figure S3.3 and S3.4). 

Fagerlund et al previously detected several IHF-like sequences upstream of the I-F 

CRISPR locus in P. atrosepticum12, but the importance of these distal sequences has gone untested. 

We hypothesized the distal IHF binding site and the distal upstream motif, which both occur at 

high frequency, would be functionally important for CRISPR adaptation. To test this hypothesis, 

we deleted the distal IHF site (Del. IHF distal) or scrambled the distal upstream motif (Mut. UM 

distal). Deletion of the distal IHF site reduces leader-side integration by 2.2-fold while changes to 

spacer side integration are within experimental error (Figure 3.3D and 3.3E). In contrast, 

scrambling the distal upstream motif sequence does not impact leader-side integration but reduces 

spacer-side integration by 2.5-fold. Collectively, these results suggest that the distal IHF and 

upstream motif sequences participate in new spacer integration.  

Tn7-associated I-F3 Leaders Contain Motifs Needed for Efficient Integration 

Recently, Petassi et al reported that Tn7-associated I-F3 CRISPR systems are accompanied 

by short CRISPRs33. The spacers in I-F3 CRISPRs have recently been shown to guide transposition 

in a sequence-specific manner34,35. To determine whether I-F3 CRISPR loci may continue to 

acquire new spacers that would enable the Tn7-like system to adapt to transpose into novel 

locations, we analyzed a subset of I-F3 leaders using custom position weight matrices for IHF 

binding sites and I-F upstream motifs developed above. In 23 non-redundant I-F3 leaders, 65% 

and 85% possess proximal and distal IHF binding sites (respectively), and 56-58% possess 

proximal and distal I-F upstream motifs (Figure 3.3F). Further, all four leader motifs are found in 

the same positions as in canonical I-F leaders (Figure 3.2). Since most I-F3 systems are not 
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associated with operons that encode cas1 or cas2/3, it has been hypothesized the integration 

complex may be provided in trans36. The conservation of IHF binding sites and upstream motifs 

in a subset of the I-F3 leaders, suggests that trans-acting Cas1-2/3 integration complexes may be 

compatible with these leaders. One barrier to the spread of mobile genetic elements is compatibility 

with host factors. Our in vitro integration results show that P. aeruginosa IHF can recognize an E. 

coli consensus IHF binding site (Figure 3.3C, 3.3D, 3.3E), corroborating previous reports that E. 

coli IHF may complement the integration of new spacers into I-F CRISPR loci by Cas1-2/337,38. 

Further, these observations suggest that I-C, II-C, I-E, I-F and Tn7-associated I-F3 CRISPR 

systems may exchange efficiently between microbes that encode IHF. 

Phased Leader Motifs Facilitate CRISPR Adaptation 

The insertion of 1, 2, or 5-base pairs between the leader-repeat junction and the IHF binding 

site was previously shown to progressively inhibit new spacer integration into a I-E CRISPR 

locus11. These results were used to highlight the importance of the IHF-Cas1 interaction, which 

we have no reason to question. However, we hypothesized that these mutations would also alter 

the position of the upstream motif and that phase of the upstream motif might be more important 

than distance per se. To test this hypothesis, we measured the integration efficiency of new spacers 

into a fragment of a CRISPR from strain 14 of P. aeruginosa (PA14). Variants of the PA14 leader 

were designed to either preserve (e.g., +10 bp) or disrupt (e.g., +5 bp) phasing between either the 

leader-repeat junction and the proximal IHF, or the proximal IHF site and the proximal upstream 

motif, or both (Figure 3.4A). 
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Figure 3.4. Phase-dependent CRISPR adaptation.  
(A) Schematic of insertion and deletion (indel) variants generated to test the impact of distance 
and phase of leader motifs relative to the CRISPR locus. (B) I-F CRISPR integration is insensitive 
to indels that maintain phase, (10-base pairs), while indels of less than a full helical turn (five to 
seven base pairs) result in integration defects. Representative images of integration assays resolved 
on denaturing gels. Reactions were performed either in the presence of IHF alone (left), Cas1-2/3 
alone (middle), or in the presence of both protein complexes (right). The expected positions of 
full-length substrate (249-275 nts depending on indel), as well as leader-side (145-161 nts 
depending on indel) and spacer-side (77 nts for all variants) integration products are indicated. (C) 
Schemes of putative IHF-bound conformations of wildtype and mutant leaders. Estimated 
rotations of DNA, relative to wildtype, are indicated. (D) Quantification of prespacer integration 
into all leader indel variants, either at leader- (dark gray) or spacer-side (light gray). The average 
(±s.d.) of triplicate reactions is shown. Leader- and spacer-side integration data were independently 
fit to sine waves (R2=0.95 and R2=0.75), of wavelengths 10.8 ± 0.4 and 11.3 ± 0.7 bp, respectively. 
Integration was confirmed via high-throughput sequencing (Figure S3.3). Uncropped images and 
replicate gels are provided (Figure S3.6). See also Figure S3.3 and S3.6. 



44 
 

In the absence of IHF, the Cas1-2/3 proteins from P. aeruginosa inefficiently integrate 

prespacers into multiple sites along the leader (Figure 3.3D, 3.4B). In contrast, the addition of IHF 

to these reactions facilitates Cas1-2/3–mediated integration of prespacers at the leader- and spacer- 

side of the first repeat (Figure 3.3D, 3.4B). High-throughput sequencing of the integration 

reactions performed using primers at either end of the CRISPR DNA confirm that IHF decreases 

off-target spacer integration from 75.2% to 9.0% (Figure S3.3). Additionally, we observed that 

leader-side integration is more efficient than spacer-side integration and that 49.8% of 

unambiguously integrated prespacer substrates are trimmed prior to integration (Figure S3.3; see 

methods for explanation of ambiguous spacer integration events). These results are similar to those 

previously reported for E. coli I-E and P. atrosepticum I-F systems12,16,39. 

To specifically test the importance of phase, we designed a series of I-F leader mutants that 

maintain the motif, but perturb the phase of the proximal IHF and proximal upstream motifs to 

varying degrees (-6D, -5D, +1D, +5D) (Figure 3.4A). Consistent with our hypothesis, indels 

between the proximal IHF site and the leader-repeat junction, or the proximal IHF site and 

proximal upstream motif, both inhibit new spacer integration. The degree to which these changes 

impact the efficiency of integration correlates with changes to the phase. In other words, the more 

out of phase, the lower the efficiency of integration. Importantly, insertions that restore the original 

phase (i.e., +10D, +10U), also restore integration activity (Figure 3.4). Collectively, the data show 

that integration efficiencies oscillate with a wavelength of ~11 bp, corresponding to a complete 

turn of double stranded DNA helix (Figure 3.4D)17,18. These experiments indicate that the phase 

of leader motifs, rather than their distance from the leader-repeat junction, is critical for efficient 

integration of new spacers at the leader end of the CRISPR locus. 
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Discussion 

Since the discovery of regulatory elements in DNA40, there has been an interest in 

determining the “grammatical rules” of sequence motifs that regulate the storage and retrieval of 

genetic information. The regulatory influence of a sequence motif is determined by its location 

and orientation to other cis or trans acting sequence motifs, which often assemble into structures 

that regulate the activity of neighboring genetic elements41–43. 

Specific and efficient integration of new spacers into CRISPR loci is the crucial first step 

in the adaptive immune response of bacteria and archaea. Here we identify leader sequences and 

structural elements that regulate CRISPR adaptation. These “grammatical rules” help explain the 

mechanisms by which CRISPRs evolve and may be important for the design of CRISPR-based 

data recording applications44,45. Moreover, we anticipate that motifs identified here may be used 

to improve computational methods designed to identify and assign CRISPR loci to particular 

subtypes.  

While new spacers are generally added to one end of the CRISPR, there are several known 

examples of non-random integration of spacers outside the CRISPR locus10,12,14,46. To determine 

whether off-target integration observed in E. coli could be explained by the presence of specific 

motifs, we queried 200 bps flanking both sides of 697 integration sites to identify I-E repeats, IHF 

binding sites, and upstream motifs using FIMO22,46. Only 73 of these sites possess a significant 

match to a I-E repeat, 31 possess an IHF-like binding site, and 44 possessed a canonical I-E 

upstream motif. Importantly, none of these sites contain all three motifs. While the mechanistic 

basis for integration at these non-CRISPR sites remains unclear, the overexpression of Cas1 and 

Cas2 may explain some of the promiscuity reported in these experiments46.  
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Previous studies have demonstrated that some type I CRISPRs rely on leader proximal and 

distal motifs11,12,16,19,47–49. Conversely, in type II systems, Cas1-2 directly recognizes a leader 

anchoring motif located directly adjacent to the first repeat9,13–15,50. Our work suggests that the 

mechanisms for adaptation may be more complex and that some II-C CRISPRs may require IHF, 

while 20% of type I-E CRISPRs appear to rely on a leader anchoring motif that is unique in 

sequence but similar in position to what has been observed for the type II systems (Figure 3.2). 

Bioinformatic analyses suggest IHF is predominantly restricted to Proteobacteria, although 

similar type II DNA-binding proteins may be found in other microbes30,51. Perhaps as expected, 

CRISPR leaders in which we identified phased IHF binding sites and upstream motifs (I-E, I-F, I-

C and II-C) are highly represented in Proteobacteria52. Further, the split between I-E leaders that 

contain IHF sites versus those that contain leader-anchoring motifs roughly coincides with a split 

between I-E CRISPRs originating from Proteobacteria versus those originating from 

Actinobacteria. These observations point to a continuing co-evolution of CRISPR adaptation 

complexes with host machinery to support the fidelity of new spacer integration. 

Leader sequences are diverse and variations in leader architectures may tune adaptation 

rates. In fact, many microbes possess multiple CRISPR loci, which evolve at different rates52–54. 

For example, I-F cas genes in P. aeruginosa are flanked by a short CRISPR locus (CRISPR1) that 

evolves slowly and a longer CRISPR locus (CRISPR2) that has been shown to evolve more rapidly 

(Figure S3.5)54,55. P. atrosepticum SCRI1043 similarly possesses three CRISPR loci that evolve 

at different rates53. In corroboration with the biochemical data presented here, the fastest evolving 

I-F CRISPR loci in P. aeruginosa PA14 and P. atrosepticum SCRI1043 contain leaders with 

proximal and distal IHF binding sites, as well as upstream motifs. Whereas slower evolving 
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CRISPR loci in these bacteria lack the proximal IHF binding site in their respective leaders (Figure 

S3.5). Collectively, these data suggest that CRISPR loci with leaders containing the full 

complement of motifs may adapt rapidly. Although rapidly evolving CRISPR loci may enable a 

quick response to a new pathogen, the dsDNA breaks associated with the integration of a new 

spacer may cause such loci to be prone to lose previously acquired spacers via homologous 

recombination between repeats or other DNA repair pathways56,57. Thus, there may be a selective 

pressure that maintains CRISPR loci that have been tuned for either fast or slow adaptation. 

The work presented here started with the observation that there are 8 additional base pairs 

between the leader-repeat junction and the first repeat of the CRISPR in P. aeruginosa (PA14), as 

compared to the CRISPRs in E. coli. This 8 bp insertion is not unique to the CRISPR in P. 

aeruginosa (PA14) but is instead conserved in I-F systems (Figure S3.1). While we show that IHF 

binding sites are common in I-E and I-F systems they are certainly not the rule. In fact, 75% of 

non-redundant I-E leaders do not contain IHF binding sites. Rather, 20% of I-E systems contain a 

leader-anchoring motif and one or two different unique upstream sequence motifs (Figure 3.2). 

These observations led us to look more broadly for IHF binding sites and unique upstream motifs, 

revealing that many leaders contain multiple IHF binding sites and diverse upstream sequence 

motifs that are characteristic of the I-C, I-E, I-F and II-C leaders. The conservation of relative 

distances between motifs suggested that phase, rather than distance, might be critical for efficient 

adaption in IHF-dependent systems. We tested the importance of phase in the I-F system and 

demonstrate insertions that are in phase with the DNA helix, restore efficient adaption (Figure 

3.4). While leaders are expected to be critical for adaption in most systems, most leaders are also 

expected to control CRISPR expression58–60. Ultimately, we expect that the motifs identified here 
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are only the tip of the iceberg and that additional bioinformatic studies will provide ongoing 

insights that will lead to a more comprehensive understanding of how leader sequences integrate 

signals for expression and adaptation of CRISPRs. 
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Supplemental Figures 

 

Figure S3.1. Naturally occurring indels preserve the phase of leader motifs, Related to Figures 
3.2-3.4 and Table 3.1.  
(A) Tally of the midpoints of motifs found in I-C, II-C, I-F, I-EIHF, I-ENon-IHF leaders. Phased motifs 
are fit to gaussian curves. (B) Autocorrelation plots of the midpoints of motifs found in I-C, II-C, 
I-F, I-EIHF, I-ENon-IHF leaders. Common indels appear as peaks in the autocorrelation function. 
Motifs that are frequently shifted by 10-11 bp relative to the LRJ are retained in phase with the 
DNA helical repeat. (C) Schematics of observed leader motif architectures within each CRISPR 
subtype. IHF binding sites (IHF) are shown as red rectangles, upstream motifs (UMs) are shown 
in as blue ovals. The UM motif is often repeated, as a direct repeat (DR) and/or an inverted repeat 
(IR). The sequences of the UMs and the relative distances between leader motifs varies between 
leader subtypes. Many I-F leaders possess all four motifs, whereas most I-E leaders possess only 
the proximal UM and IHF site. I-C and II-C leaders with the full complement of leader motifs are 
rare, and not among the top five most prevalent leader architectures (below dotted line).  
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Figure S3.2. DNA-interacting residues are conserved between E. coli and P. aeruginosa IHF 
proteins. Related to Figure 3.3.  
(A) Pairwise alignments of E. coli and P. aeruginosa IHFα (top), and IHFβ (bottom). Identical 
residues (green) and non-identical residues (orange) are indicated. (B) Cartoon representations of 
E. coli IHF bound to cognate DNA (PDB:1IHF). DNA consensus sites (purple) are labelled. Non-
consensus DNA regions are shown in light grey. Both IHF monomers are shown in green. Residues 
that are not identical in P. aeruginosa IHF monomers are shown (orange), none of which are 
expected to affect clamping of the A-tract, clamping of the TTR motif, kinking of DNA, or 
recognition of the TT and WATCAR motifs. 
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Figure S3.3. High-throughput sequencing and quantification of prespacer integration events. 
Related to Figures 3.3 and 3.4.  
(A) Graphical representation of Cas1-2/3-mediated integration events of a 40 bp dsDNA prespacer 
into a wildtype fragment of the CRISPR2 locus from P. aeruginosa PA14, in the absence of IHF 
(WT, No IHF protein), or in the presence of IHF (WT). Integration into variants containing leader 
mutations was also analyzed. “-5D” signifies deletion of 5 bp downstream of IHF proximal site. 
“+5D” signifies the addition of 5 bp downstream of IHF proximal site. “+10D” signifies the 
addition of 10 bp downstream of IHF proximal site “+10D,+10U” signifies the addition of 10 bp 
both downstream and upstream of the IHF proximal site. “Mut. UM prox” is used to describe a 
CRISPR containing a scrambled proximal upstream motif. Prespacers with confirmed integration 
positions (blue) represent the minority of mapped reads, since most integration positions cover two 
to three nucleotides that could have come from either the prespacer or the CRISPR substrate (red 
boxes). Based on this uncertainty, we refer to these insertions as “ambiguous”. (B) Data from panel 
A is quantified (right). Reads were counted as “ambiguous” insertion events at leader-repeat or 
spacer-repeat boundaries if the window of possible integration positions for that read covers one 
of the boundaries shown (left). (C) Ambiguous integration events arise because prespacers can be 
trimmed by Cas1-2/3 or contaminating nucleases prior to integrationS2,S3. An example of an 
ambiguous integration event at the leader-repeat1 boundary is shown. (D) Quantification of 
trimming events in prespacers confirmed integration positions into WT CRISPR substrate. Half of 
the prespacers analyzed are trimmed (49.8%), but there is no preference for cleavage at a PAM-
spacer boundary (position shown in blue) indicating that under the conditions tested, prespacer 
maturation may be stochastic.  
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Figure S3.4. IHF binds I-F leaders to recruit an upstream motif needed for efficient prespacer 
integration. Related to Figure 3.3.  
Uncropped images of denaturing gel electrophoresis of integration reactions into a 32P-labelled 
CRISPR fragment substrate. Reactions were performed in the absence of Cas1-2/3 (left), in the 
presence of all components (middle), or in the absence of IHF (right). Each row of gels depicts a 
replicate. 
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Figure S3.5. Summary of differential evolution rates between co-existing CRISPR loci. Related 
to Figure 3.3.  
(A) CRISPR loci found in P. aeruginosa PA14 and P. atrosepticum SCRI1043 fall into three 
categories based on the number of spacers, and rates of evolution. These categories correspond 
with three different CRISPR architectures. Rapidly evolving CRISPRs from these bacteria possess 
leaders with a proximal IHF site (midpoint 28 bp from the L-R junction), and a conserved upstream 
motif (midpoint 63 bp from the L-R junction) (top). IHF folds the leaders of these loci, to recruit 
an upstream motif to a specific surface of Cas1-2/3, facilitating efficient integration. Slower 
evolving CRISPRs do not have recognizable IHF binding sites in their leaders but do retain a 
correctly positioned upstream motif (middle). Integration at these loci is less efficient, and 
proceeds via an IHF-independent pathway. The slowest evolving CRISPR between these model 
organisms has the correct motifs in its leader, but integration may be blocked by a rare mutation 
within the inverted repeat of the first CRISPR repeat (bottom). Mutations in these regions of the 
CRISPR repeat are known to strongly inhibit integration. (B) Inverted repeat within I-F CRISPR 
repeat is highly conserved. Sequence logo of the first repeat in I-F CRISPRs. The highly conserved 
inverted repeats, necessary for efficient spacer integration, are boxed. The position of the C18T 
mutation that occurs in the first repeat of the P. atrosepticum CRISPR3 locus is indicated with an 
asterisk. 
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Figure S3.6. Leader motifs involved in CRISPR evolution are phase sensitive. Related to Figure 
3.4.  
Uncropped images of denaturing gel electrophoresis of integration reactions into a 32P-labelled 
CRISPR fragment substrate. Reactions were performed in the absence of Cas1-2/3 (left), in the 
absence of IHF (middle), or in the presence of all components (right). “X” marks lanes containing 
reactions that were not examined further and are not discussed in this paper. Each row of gels 
depicts a replicate.  
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Materials and Methods 

Bacterial Strains 

Escherichia coli DH5α (Thermo Fisher Scientific) cells were used to amplify plasmids 

used in this paper. E. coli BL21 DE3 (NEB) cells were used to express proteins used in this paper. 

E. coli were grown in LB (Lennox) media at either 37°C, or 16°C after induction of protein 

expression with 0.5 mM IPTG (isopropyl-β-D-thiogalactoside), shaking in baffled conical flasks 

at 200 rpm. The type I-F CRISPR system Cas proteins and CRISPR loci were cloned from P. 

aeruginosa UCBPP-PA14.  

Modelling the I-F CRISPR Integration Intermediate Complex 

I-F CRISPR leaders contain an 8 bp insertion between the leader-repeat junction and the 

proximal IHF site relative to IHF site-containing I-E CRISPR leaders. To model the impact of this 

insertion, 8 bp of idealized B-form dsDNA containing 11 bp/turn was built using the 3D-DART 

web server61. This 8 bp duplex was inserted immediately downstream of the IHF proximal binding 

site in the I-E Cas1-2-IHF-CRISPR holo-complex structure (PDB: 5WFE) using PyMOL v1.8.2.3 

(Schrödinger, LLC). Next, components of the I-F Cas1-2/3 adapation complex were docked onto 

the I-E Cas1-2 adaptation complex. Docking was performed by superimposing the I-F Cas1 dimers 

(PDB: 3GOD) onto each I-E Cas1 dimer (PDB: 5WFE) using the “cealign” command in PyMOL 

v1.8.2.3 (Schrödinger, LLC). The Cas1 homodimers superimpose with a root mean squared 

deviation of 1.3 Å over 144 α-carbon atoms. I-F Cas2/3 proteins (PDB: 5B7I) were similarly 

modeled by superimposing one copy of the I-F Cas2 domain of Cas2/3 onto each of the I-E Cas2 

subunits. The Cas2 subunits superimpose with a root mean squared deviation of 1.2 Å over 36 α-

carbon atoms. Images of the resulting models were rendered using ChimeraX v1.162,63.  
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Building a Database of CRISPR Leaders 

A total of 15,567 complete bacterial genomes and 2,658 complete bacterial chromosomes 

were downloaded from the NCBI RefSeq Assembly database on June 10th of 2019. In addition, 

351 complete archaeal genomes and 25 complete archaeal chromosomes were downloaded from 

the NCBI GenBank Assembly database on the same day. CRISPRDetect v2.420 was used to 

identify CRISPR loci in all downloaded genomes. Search parameters were set using the following 

command, “-word_length 11 -minimum_word_repeatation 3 -max_gap_between_crisprs 125 -

repeat_length_cutoff 17 -minimum_repeat_length 23 -minimum_no_of_repeats 3 -

check_direction 1 -array_quality_score_cutoff 3”. The first repeat and 200 nucleotides upstream 

of each CRISPR locus (leader) were collected for downstream analyses. Regions corresponding to 

both sides of the CRISPR were downloaded when CRISPRDetect was not able to reliably 

determine the directionality (i.e., distinguish the leader from the trailer). Leaders were assigned to 

a particular CRISPR subtype by CRISPRDetect v2.4, or by proximity to subtype-specific cas 

genes. The remaining 13% of CRISPR loci (1,996 loci) could not be annotated by CRISPRDetect 

and lacked nearby cas genes. 

Identification of Conserved DNA Motifs in CRISPR Leaders 

CRISPR leaders were analyzed using the MEME webserver with default settings64. Custom 

position weight matrices for I-E leader IHF binding sites, I-F leader IHF binding sites, I-E leader 

upstream motifs, I-F leader upstream motifs, I-C upstream motifs, II-C upstream motifs, I-EA, I-

EB, and the I-E leader-anchoring motif, and the FIMO-identified sequences found in CRISPR 

leaders have been submitted to the PRODORIC2 webserver and are available in 

https://doi.org/10.1016/j.cub.2021.05.068. A local copy of FIMO22 was used to find significant 
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matches to each of the position weight matrices. A minimum p-value threshold of 1E-4 was used 

to define significant position weight matrices matches. The position weight matrix for the I-F 

leader IHF binding site does not represent the entire protein-occluded region of DNA. Therefore, 

tallies for the I-F IHF binding site were extended to represent the 29 bps of DNA that are occluded 

by bound IHF28, in order to calculate IHF binding site midpoints. This analysis allows for 

comparison of IHF binding site distributions between CRISPR leaders, and for comparison in the 

position of motifs mapped to the sense and anti-sense strands. Sequence logos for matched DNA 

sequences were generated with a local copy of WebLogo 3.765.  

The microbial genome dataset used here was downloaded from the NCBI RefSeq database 

on June 10th of 2019. As of April 1st of 2021, an additional 8,703 bacterial genomes, 1,277 bacterial 

chromosomes, 67 archaeal genomes and 6 archaeal chromosomes have been added to the NCBI 

RefSeq database. These additions represent about a third of the total number of currently available 

genomes and chromosomes, with large numbers of genomes orignating from uncultured bacteria 

and the Phyla Planctomycetes, Ignavibacteria and Candidatus Saccharibacteria. The exclusion of 

these new genomes is not expected to change the conclusions of this paper, which focuses on 

CRISPR subtypes (I-E, I-F, I-C and II-C) predominantly found in Actinobacteria, Proteobacteria 

and Firmicutes66. However, we expect that additional bioinformatic studies will uncover more 

leader motifs that regulate CRISPR adaptation or transcription.  

Phylogenetic Analyses 

CRISPR leaders containing sequences matching any of the position weight matrices 

described in this paper, were fetched using a Python v2.7 script that uses the Bio SeqIO package. 

A non-redundant list of CRISPR leaders was generated using CD-HIT v4.8.167,68 with a 95% 
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identity cutoff. Non-redundant CRISPR leaders were then aligned with a local version of MAFFT 

v7.42969, using the following command-line options: “--genafpair --maxiterate 1000 --thread 100 

--threadit 100 --threadtb 100”. The resulting alignment was then analyzed with MaxAlign v1.170 

to find and remove misaligned or non-homologous sequences which introduced a large number of 

gaps in the alignment. The list of remaining leader sequences were then realigned as above. A 

maximum-likelihood phylogenetic tree was then generated from realigned leader sequences, using 

FastTree 2.1.1171. The tree was generated using the following parameters “-quote -gamma -spr 4 -

mlacc 2 -slownni -nt”. Trees were visualized in RStudio by overlaying the data of motif distances 

using ggtree72–74 ggplot275 and tidyverse76. 

Plasmid Construction 

The cas1 and cas2/3 genes from P. aeruginosa UCBPP-PA14 have been previously cloned 

into a spectinomycin-resistant p2S LIC vector25 (Addgene, #89240). The ihfA and ihfB genes from 

P. aeruginosa UCBPP-PA14 were PCR-amplified to construct an N-terminal 6x-Histidine tagged 

variant of IHFα, an untagged IHFβ and an N-terminal Strep-II tagged variant of IHFβ. HRV3C 

protease cleavage sites were included between the affinity tags and the protein sequence of interest. 

6x-His-IHFα and untagged IHFβ were cloned into MCS1 and MCS2 of pACYCDuet-1, 

respectively. This plasmid (pHisIHFαIHFβ) has been deposited with Addgene (#149384). StrepII-

IHFβ was cloned into pET28a (pStrepIHFβ) and has been deposited with Addgene (#149385). 

The P. aeruginosa UCBPP-PA14 CRISPR2 locus (position 2935917-2937205, in the genome 

NC_008463), as well upstream leader DNA (311 bp) and downstream terminus DNA (303 bp) 

were PCR-amplified and cloned into pHERD30T77, (pCRISPR2_wt, Addgene #149386). Leader 

sequence variants were generated via site directed mutagenesis using pCRISPR2 as template, 
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followed by ligation of the linearized plasmids. All variants are deposited at Addgene, and are 

listed in the Key Resources Table (pCRISPR2_-6D, #149387; pCRISPR2_-5D, #149388; 

pCRISPR2_+1D, #149389, pCRISPR2_+5D, #149390; pCRISPR2_+10D, #149391; 

pCRISPR_+10D+7U, #149393; pCRISPR_+10D+10U, #149394; pCRISPR2_IHF_Opt, 

#149395; pCRISPR2_IHF_Mut, #149396; pCRISPR2_motif_scram, #149397; 

pCRISPR2_IHFdist_rm, #162318; pCRISPR2_IRdist_scram, #162319). 

IHF Expression and Purification 

E. coli BL21(DE3) cells were co-transformed with both pHisIHFα-IHFβ and pStrepIHFβ. 

Cells were grown in LB-Miller media (10 g/L Tryptone, 10 g/L NaCl, 5 g/L yeast extract), 

supplemented with 34 μg/mL Chloramphenicol and 50 μg/mL Kanamycin, at 37°C and 200 rpm 

to an OD600 of 0.45. Cultures were then cooled on ice for one hour, without agitation, before the 

addition of 0.2 mM IPTG. Cells were then grown for an additional 18 hours at 16°C, before 

centrifugation at 5000 g for 10 minutes. Cell pellets were suspended in Lysis Buffer (25 mM 

HEPES-NaOH pH 7.5, 500 mM NaCl, 10 mM Imidazole, 1mM TCEP, 5% Glycerol) 

supplemented with 0.3x HaltTM Protease Inhibitor Cocktail (ThermoFisher), and sonication at 30% 

amplitude for a total on-time of 6 minutes (1 second on-time with 3 seconds off), at 4°C. Lysate 

was clarified by two successive centrifugations at 12,000 rpm for 15 minutes each at 4°C. Clarified 

lysate was then flowed over HisTrap HP resin (Cytiva), to affinity purify His-tagged IHF 

heterodimers. HisTrap HP resin was washed with 20 column volumes of IHF Lysis Buffer 

containing 50 mM Imidazole. His-tagged IHF heterodimers were then eluted from the HisTrap HP 

resin with Lysis Buffer containing 500 mM Imidazole. IHF was then concentrated at 4°C (Corning 

Spin-X concentrators). 6x-Histidine and StrepII tags were cleaved from IHFα and IHFβ monomers 
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respectively, in the presence of PreScision protease, overnight at 4°C while dialyzing into Lysis 

Buffer containing no Imidazole. Remaining 6x-His-IHFα and PreScision protease were removed 

by affinity chromatography using HisTrap HP resin (Cytiva). The IHF heterodimer was 

concentrated and diluted in buffer to reduce the NaCl concentration to 200 mM. Untagged IHF 

heterodimer was then purified by affinity chromatography on Heparin Sepharose (GE Healthcare), 

which was washed with 10 column volumes of Heparin Wash Buffer (25 mM HEPES-NaOH pH 

7.5, 200 mM NaCl, 5% Glycerol). IHF was eluted from HiTrap Heparin HP resin (Cytiva) with a 

linear gradient to Heparin Wash Buffer containing 2 M NaCl. Fractions containing IHF 

heterodimer were concentrated at 4°C (Corning Spin-X concentrators), before purification on a 

Superdex 75 size-exclusion column (Cytiva) in Heparin Wash Buffer. 

Cas1-2/3 Expression and Purification 

E. coli BL21(DE3) cells were transformed with pCas1Cas23 and grown 2x 1 L LB-Miller 

media (10 g/L Tryptone, 10 g/L NaCl, 5 g/L yeast extract), supplemented with 50 μg/mL 

Spectinomycin, at 37°C and 200 rpm to an OD600 of 0.45. Cultures were then cooled on ice for 

two hours, without agitation, before being induced with 0.2 mM IPTG. Cells were then grown for 

an additional 18 hours at 16°C, before being centrifuged at 5000 g for 10 minutes. Each cell pellet, 

originating from 1 L of culture, was resuspended in 20 mLs of Cas1-2/3 Lysis Buffer (50 mM 

HEPES pH 7.5, 500 mM KCl, 10% Glycerol) supplemented with 0.3x HaltTM Protease Inhibitor 

Cocktail (ThermoFisher). Cells were lysed via sonication, and lysate was clarified as above. 

StrepII-tagged Cas1-Cas2/3 was affinity purified on StrepTrap HP resin (GE Healthcare) and 

eluted with Cas1-2/3 Lysis Buffer containing 3 mM desthiobiotin (Sigma-Aldrich). Eluate was 

concentrated at 4°C (Corning Spin-X concentrators), before purification over a Superdex 200 size-
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exclusion column (Cytiva) equilibrated in 10 mM HEPES pH 7.5, 500 mM KCl, and 10% 

Glycerol.  

Nucleic Acid Preparation 

To generate a splayed prespacer with a double-stranded core, sense (5'- 

[Alexa546]TACATGCTCTAGCAAAACGACTTGCACAACGAGG) and antisense (5'- 

AAATTAAGTGCAAGTCGTTTTGCTAGAGCTACAT) DNA strands (Europhins) were 

resuspended in Hybridization Buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl2) and 

mixed in equimolar amounts. The bases corresponding to the double-stranded core are underlined. 

These ssDNAs were annealed to each other by denaturation at 95°C for 5 minutes, followed by 

slowly cooling to room temperature over 1 hour. Annealed splayed prespacer was purified by 

electrophoresis through a 8% (w/v) (29:1 mono:bis) polyacrylamide in 1x TBE (100 mM Tris-

Borate pH 8.3, 2 mM EDTA) at 4°C. A band corresponding to splayed prespacer was excised from 

the gel and purified by ethanol precipitation. A 40 bp dsDNA prespacer was made in a similar 

manner from sense (5’-TCTACATGGTCTAGGAAAAGGACTTGGACAAGGAGGTATA-3’) 

and antisense (5’- TATACCTCCTTGTCCAAGTCCTTTTCCTAGACCATGTAGA-3’) strands 

(Europhins). 

To make 32P-labelled CRISPR integration substrates, primers (Forward primer: 

CCAATTGCCCGAAGCTTC-3’; Reverse primer: 5’-TCCAGAAGTCACCACCCG-3’) 

(Europhins) complementary to far upstream in the leader and to within the 2nd spacer of the 

CRISPR loci were used to amplify a DNA fragment containing most of the leader and the 

beginning of the CRISPR locus, from pCRISPR plasmid variants (deposited with Addgene) as 

templates. These PCR products were purified on a 2% (w/v) agarose native gel and extracted with 
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a gel DNA recovery kit (Zymo Research). 1 pmole of dsDNA, corresponding to 2 pmoles of 5’ 

ends, was end-labelled on both strands with 4 pmoles of [γ-32P]ATP (PerkinElmer) by 

polynucleotide kinase (NEB) in 1x PNK buffer at 37°C for 45 minutes. PNK was heat-denatured 

by incubation at 65°C for 20 minutes. Spin column purification (G-25, GE Healthcare) was used 

to remove unincorporated radioactive nucleotides and to buffer exchange DNAs into 1x TE (10 

mM Tris-HCl pH 8, 1 mM EDTA). 

In vitro Integration Assays 

Integration reactions were performed using 300 nM of splayed prespacer (purified as 

described above), 200 nM Cas1-2/3, ~1 nM of 32P-labelled CRISPR variant fragment and 350 nM 

IHF, in Integration Buffer (20 mM HEPES pH 7.5, 150 mM Potassium acetate, 5 mM MnCl2, 1 

mM DTT, 5% Glycerol), for 1 hour at 37°C. Reactions were stopped by the addition of SDS to 1% 

and subsequent phenol-chloroform extraction. The nucleic acid containing layer was mixed 1:1 

with 2x formamide loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 

0.05% xylene cyanol) and denatured at 95°C for 5 minutes, before resolving full-length 32P-

labelled CRISPR strands from those fragmented by an integration event on a 8% (w/v) (29:1 

mono:bis) polyacrylamide Urea gel in 1x TBE. Gels were dried and quantified using a Typhoon 

phosphorimager (GE Healthcare). The intensity of full-length CRISPR variant, leader-side 

integration fragments, spacer-side integration fragments, non-specific integration events, and 

background readings were quantified with Multi Gauge v3 (Fujifilm). We then calculated the no 

integration, leader-side integration, spacer-side integration and non-specific integration events, as 

percentages of total events.  
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High-throughput Sequencing of In vitro Integration Products 

Integration reactions were performed using 200 nM of a 40 bp dsDNA prespacer (purified 

as above), 200 nM Cas1-2/3, 1 nM of CRISPR variant fragment, and 350 nM IHF, in Reaction 

Buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MnCl2, 1 mM DTT, 5% Glycerol), for 1 

hour at 37°C. Reactions were then phenol-chloroform extracted, and then further purified with a 

DNA Clean and Concentrator Kit (Zymo Research). 1 μL of eluted DNA was used as a PCR 

template. Combinations of four primers (P1, 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAG 

ACAGACCACCCGGCTTTCTTAG-3’; P2, 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAG 

ACAGCCAATTGCCCGAAGCTTC-3’; P3, 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGA 

GACAGTGGTCTAGGAAAAGGACTTGGAC-3’; P4, 5’-GTCTCGTGGGCTCGGAGATGTG 

TATAAGAGACAGCTCCTTGTCCAAGTCCTTTTCC-3’) were used to amplify all possible 

integration products and to simultaneously add Illumina adaptor sequences, using Q5 DNA 

polymerase (NEB). These PCR products were purified on a 1% (w/v) agarose gel and extracted 

with a gel DNA recovery kit (Zymo Research). DNA barcoding and paired-end sequencing were 

performed at the University of Montana Genomics Core, on an Illumina MiSeq 300 V2. Paired 

end reads were merged in PEAR78 and aligned to integrated and CRISPR substrates in BLAST+79. 

Downstream sequence analysis was performed in RStudio. The region flanking an integration site 

often contained 1-3 nucleotides of homology to the end of a prespacer substrate, making it 

impossible to distinguish if the matching nucleotides came from the prespacer molecule or the 

CRISPR locus-containing substrate. In the latter event, the prespacer may have been trimmed prior 

to integration as was seen for about half of the spacers with a clearly discernible integration site. 

These integration events were therefore marked as ‘ambiguous’, with the range of true integration 

points spanning up to a three-nucleotide window (Figure S3.3). 
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Quantification and Statistical Analysis 

A threshold p-value of 1E-4 was used to report significant matches of motif position weight 

matrices to leader sequences by FIMO22. Autocorrelation analysis of leader motifs was performed 

in OriginPro (OriginLab). Quantification of gel bands for integration experiments was performed 

in Multi Gauge (FUJIFILM) image analysis software, from 3 independent reactions and denaturing 

PAGE gel images. The mean ± 1 standard deviation is reported. In Figure 3.3, errors were 

propagated to report the fold integration measured in CRISPR variants relative to wildtype. In 

Figure 3.4 the raw mean was plotted ± 1 standard deviation and the data was fit to a sine wave of 

equation: 𝑦 = 𝑦! + 𝐴 × sin	(𝜋
"#"!
$
) (in which y0 is the y-axis offset, A is the amplitude, w is the 

period, and xc is the phase shift). The R2 of the fits were 0.95 for the leader-side integration data 

and 0.75 for the spacer-side integration data. 
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Abstract 

Bacteria and archaea acquire resistance to genetic parasites by preferentially integrating 

short fragments of foreign DNA at one end of a CRISPR. “Leader” DNA upstream of the CRISPR 

regulates the integration of new foreign DNAs into the first CRISPR repeat, and the transcription 

of the CRISPR. We analyze the leaders of 24,940 CRISPRs from 25,900 microbial genomes to 

identify conserved sequence motifs. A global analysis of all leader sequences fails to identify 

universally conserved motifs. However, an analysis of leader sequences that have been grouped 

by 16S rRNA-based taxonomy and CRISPR subtype reveals 77 specific motifs in type I, II, III and 

V CRISPR leaders. Several leader motifs coincide with sequences previously reported to regulate 

CRISPR integration, transcription, and processing. Most identified leader motifs are novel with 

unknown function, although their conservation suggests important biological roles. We show that 

leader motifs improve detection and classification of CRISPR loci. 
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Introduction 

The repeat-spacer-repeat DNA sequence of CRISPRs (Clustered Regularly Interspaced 

Short Palindromic Repeats) first noted in 1987, stores DNA-based memories of past phage 

infections as unique “spacer” sequences (Figure 4.1a)1-4. CRISPR adaptive immunity begins with 

Cas (CRISPR-associated) proteins integrating new foreign DNA fragments at the first repeat of a 

CRISPR, as a new spacer sequence5, 6. The CRISPR locus is then transcribed into a single RNA 

strand that is processed by Cas proteins into individual crRNAs (CRISPR RNAs)7. Sequence 

motifs in the DNA upstream of the CRISPR (leader) regulate integration at the first CRISPR repeat, 

transcription of the CRISPR locus, and processing of the first crRNA8-15. Finally, the crRNAs 

guide Cas surveillance complexes (i.e., Cas9) to bind and degrade complementary DNA or RNA 

sequences, destroying the foreign genetic element7. 

Large scale bioinformatic analyses have identified thousands of CRISPR-Cas systems in 

bacterial and archaeal genomes, which can be broadly classified into six types, and over 33 

subtypes16. Each CRISPR system type is characterized by unique biochemical activities, 

highlighting the evolutionary arms race between phages and bacteria. Over the past decade the 

wide array of biochemical activities of CRISPR-Cas systems has been repurposed for 

revolutionary applications in gene editing, diagnostics, and DNA and RNA recording devices17, 18. 

Therefore, we anticipate that new CRISPR-Cas discovery methods will provide new insights into 

the natural diversity of bacterial and archaeal adaptive immune systems and will lead to novel 

biotech applications. Current CRISPR-Cas discovery methods rely on either the identification and 

annotation of the repetitive CRISPR array sequence, or of subtype-specific cas genes16, 19-22. 

However, repeat-based CRISPR annotation struggles to annotate short or degenerate CRISPRs, 
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such as the atypical CRISPRs found in Tn7-CAST (CRISPR-associated transposon) systems23, 24. 

Whereas Cas-based annotations have no utility for annotating the roughly 25% of bacterial and 

archaeal CRISPRs that are found far away from cas genes25. 

Most CRISPR adaptive immune systems consist of three types of DNA sequences: i) cas 

genes, ii) CRISPR array, iii) leader (Figure 4.1a), and yet the leader has not been previously 

utilized for CRISPR-Cas annotation16, 19-22. We previously analyzed 15,274 CRISPRs and 

identified conserved leader motifs that correlated with taxonomy and CRISPR subtype13. Type I-

C, I-E, I-F and II-C leaders that occurred in Pseudomonadota had IHF binding sites and subtype-

specific motifs, whereas type I-E leaders in Actinomycetota had novel motifs13. Based on these 

observations, we hypothesized that conserved CRISPR leader motifs could be used to annotate 

CRISPR-Cas systems. To test this hypothesis, we analyzed leader sequences from 24,940 high-

confidence CRISPRs originating from 25,502 bacterial and 398 archaeal genomes. This analysis 

reveals 77 leader motifs that are specific to microbial taxonomy and CRISPR subtype, and which 

occur at discrete distances from the leader-repeat junction. Some of these motifs coincide with 

sequences previously reported to regulate CRISPR integration, transcription, and processing, 

however most are novel conserved motifs that likely have critical roles in CRISPR biology10-15. 

We show that leader-based annotations perform as well as repeat-based annotations for high-

confidence CRISPRs, and leader-based annotations outperform repeat- and Cas-based annotations 

for short or degenerate CRISPRs. Overall, these data show that leader diversity mirrors CRISPR 

and Cas diversity, leader sequences co-evolve with CRISPR-Cas systems and host factors, and 

leader-based annotations improve CRISPR discovery. 
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Figure 4.1. Subtype and taxonomy-specific leader motifs are widespread in bacteria and archaea.  
(a) Schematic representation of CRISPR-Cas locus and bioinformatic software used to identify 
genetic features. Typical CRISPR-Cas locus in bacteria and archaea consist of three types of DNA 
sequences including cas genes, CRISPR array and CRISPR leader. (b) Distribution of 77 motifs 
predicted in CRISPR leaders. Maximum-likelihood phylogenetic tree of 16S rRNA sequences 
identified from 25,502 bacterial and 398 archaeal genomes. Genomes with multiple CRISPR 
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arrays are represented with duplication of terminal branches according to the number of CRISPR 
arrays found in genomes. A total of 41,007 branches are shown. Shaded gray lines in each subtype 
panel represent the presence of a subtype-specific CRISPR array in the corresponding genome that 
classified according to repeat and cas-based approaches. Each dot represents the midpoint of 
motifs identified from subtype/taxonomy paired leader sequences. Different colored dots represent 
different motifs. The size of each dot is adjusted according to the calculated final motif score (see 
methods). Many of the type I leaders (except I-U) are shown to possess leader motifs found 
between 0 and 200bp upstream of the leader-repeat junction (LRJ). Subtype- and taxon-specific 
are shown to be found in many type III leaders (III-A, III-B, III-C, and III-D) and some type II (II-
A and II-C) and type V (V-A and V-E) leaders. 

Results 

Identification and Taxonomic Distribution of 77 CRISPR Leader Motifs 

Previous studies have suggested that leader sequences co-evolve with subtype-specific Cas 

proteins and phyla-specific host factors to facilitate integration12, 14, 26. Therefore, we hypothesized 

that CRISPR leader sequences grouped by CRISPR subtype and host taxonomy would be enriched 

in specific motifs that would assist CRISPR annotation. To test this hypothesis, we first used 

existing repeat- and Cas-based annotations to generate a list of 19,767 high-confident CRISPRs 

from 38 bacterial and 7 archaeal phyla and 25,900 genomes (Figure 4.1a and Table S4.1). 

Although leaders can be up to 500 bp in length, the majority of CRISPR leaders appear to be 

shorter than 200 bps27. To limit introducing noise for most leaders, and to apply the same 

methodology to all sequences, we analyzed the first 200 bps upstream of 19,767 CRISPRs. The 

leader sequences were then grouped by CRISPR subtype and 16S rRNA-based taxonomy of the 

host genome, resulting in an initial list of 264 leader groups that contained at least one sequence, 

out of 1,075 possible subtype-taxonomy combinations. Next, we removed highly similar (>60% 

identity) leader sequences within each group, to assist the identification of conserved motifs. This 

curation step had the greatest effect on the I-E Gammaproteobacteria leaders, decreasing the 
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number of sequences in this group from 6,843 to 220, which was likely due to an 

overrepresentation of Escherichia coli genomes in the NCBI database. We then used MEME to 

identify 124 motifs in 107 groups of leaders that consisted of a minimum of six sequences28. We 

had previously noticed that leader motifs involved in integration appeared at strongly conserved 

positions within the leader13. Therefore, the list of 124 candidate motifs was inspected manually, 

and a final list of 77 motifs that occur in discrete locations upstream of the CRISPR was generated 

(Figure S4.1). The number of motifs identified per CRISPR type correlated with the abundance 

of leaders per CRISPR type, such that 45 motifs were identified from type I leaders, 19 motifs 

from type III, 11 motifs from type II, 2 motifs from type V, and 0 motifs from type IV and VI 

(Figure S4.2). 

To determine whether these motifs are restricted to subtype-taxa groups of leader 

sequences, we used FIMO to identify statistically significant matches to these motifs in the leaders 

of all 24,940 original CRISPRs (Figure 4.1b)29. This analysis reveals that the final list of 77 motifs 

is predominantly specific to subtype-taxa groups of sequences. Further, these 77 motifs occur in 

discrete locations upstream of the CRISPR, either invariant in their location (seen as columns of 

colored dots), or as shifting by a multiple of 10-11 bp (preserving the phase of the motif along the 

helical structure of dsDNA) (Figure 4.1b and Figure S4.1). 

Leader Motifs Complement Repeat- and Cas-based Annotations of CRISPRs 

Repeat- and Cas-based annotations identify the subtype of 19,767 out of the 24,940 

CRISPRs (79.24%) that were picked by CRISPRDetect. We hypothesized that leader motifs could 

be used to enhance the number and accuracy of CRISPR array subtype annotations. To test this 

hypothesis, we developed a scoring matrix that accounted for the presence of multiple motifs 
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expected to co-occur, the expected base pair position of a given motif based on the CRISPR leader 

training dataset, and the statistical significance of the motif match (Figure 4.2a). 

 

Figure 4.2. Leader motifs complement repeat- and Cas-based annotation of CRISPRs.  
(a) Scheme of repeat-, Cas-, and leader-based methods for annotating CRISPRs. (b) Performance 
of CRISPR annotation methods. The number of high confidence loci through leader-based 
annotation (score > 0.05) is increased in type I, II and III, while type V has more limitations with 
a few new array predictions. Leader-based CRISPR annotation coupled with traditional annotation 
methods classified 67.2% (7,055) of CRISPRs not annotated by repeat-based methods, and 
classified 33.5% (1,734) of CRISPRs not annotated by a combination of repeat- and cas-based 
methods. 
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Leader-based annotations outperformed repeat-based annotations for most CRISPR 

subtypes, and complemented repeat-based annotations to increase the number of classified 

CRISPRs by 2,042 (from 14,446 to 16,488). Further, leader motifs complemented the combined 

repeat- and Cas-based annotations to increase the number of classified CRISPRs by 1,734 (from 

19,767 to 21,501) (Figure 4.2b).  

To examine the accuracy of this CRISPR classification strategy, we measured the 

correlation of leader-based annotation to the original repeat- and Cas-based annotations of leaders. 

Leader-based annotations agreed with 82.74% and disagreed with 1.84% of repeat-based 

annotations. Leader motifs could not be used to annotate the remaining 15.42% of CRISPRs 

because of insufficient example CRISPRs in rare subtype-taxa groups (Figure S4.3b). An expected 

drawback was that leader-based annotations could not identify type III-C, V-A and V-E CRISPRs, 

due to an insufficient number of these loci in the leader motif identification training set. To our 

surprise, leader-based annotations show lower correlation (69.98%) with CRISPRs that had been 

annotated by both repeat similarity and proximity to cas genes (<20 Kb from a subtype-specific 

gene). This perceived misclassification by leader motifs may be real, or may be due to multiple 

Cas surveillance complexes sharing the same CRISPR locus, as is common for some co-occurring 

type I and III or IV systems30-34 (Figure S4.3a). As an additional control to measure the false-

positive rate of leader-based annotations, we generated three individual test sets of 1,000 randomly 

generated 200-bp long sequences. Less than 3% of all randomly generated sequences had a region 

with a significant match to a leader motif, and less than 0.6% of all randomly generated sequences 

had a significant match to a leader motif at the expected base pair position, resulting in a total of 

27 final false annotations from 3,000 random sequences (Figure S4.4). Collectively these data 
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show that CRISPR leader sequences contain information that can be used for accurate annotation 

of CRISPR arrays. 

CRISPR Leader Motifs Enable Annotation of Short and Degenerate Putative CRISPR Arrays 

A textbook example of a CRISPR is composed of many identical repeat sequences. 

However, many biologically relevant CRISPR loci are composed of few repeats, or repeats that 

are imperfect copies of each other, or both23, 24. We hypothesized that leader-based annotations 

could enhance our ability to distinguish short and degenerate CRISPR arrays from non-CRISPR 

repetitive elements. To test this hypothesis, we first modified CRISPRDetect to export putative 

CRISPR arrays that are typically scored as “questionable” and not shown to the user. In addition 

to 24,940 high-confidence CRISPRs, CRISPRDetect identified 82,116 putative CRISPRs. Of the 

82,116 putative CRISPRs, the repeat- and Cas-based annotations classify 1,911 CRISPRs, while 

leader-based annotations classify an additional 8,301 CRISPRs (10,212 total). 

We then examined which new CRISPRs are identified by this approach. Most of the newly 

identified CRISPR arrays are I-E, I-F, I-B and I-C subtypes, while only a few are type III-C, V-A 

and V-E subtypes, which coincides with the bias in the original CRISPR dataset used to train the 

leader-based annotation method (Figure 4.3). Most of the newly classified CRISPRs (8,523 of 

10,212) are short and consist of two or three repeats, and 5,987 of these CRISPRs are unique 

(Figure 4.4a). The leader-based annotation approach identifies CRISPRs that appear to have short 

repeats and long spacers (Figure 4.4b,c). However, closer inspection of these sequences reveals 

that the repeat sequences are degenerate, which causes CRISPRDetect to report a short consensus 

repeat sequence, and append the excluded repeat nucleotides onto the spacer sequences (Figure 

S4.5b,c). 
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Figure 4.3. Leader-based annotation improves the classification of short and degenerate CRISPR 
arrays. 
Leader-based annotation of 107,056 putative arrays predicted by an edited version of 
CRISPRDetect to identify short and degenerated arrays. Bar plot shows an increased detection of 
CRISPR arrays across several subtypes. The number of annotated arrays were increased from 
20,760 to 31,144 with the edited version of CRISPRDetect coupled with leader motif-assisted 
annotation. 

Leader-based annotations were trained on CRISPRs from bacterial and archaeal genomes, 

but we wondered whether these motifs could be used to classify viral CRISPR sequences. The 

ICP1 phage encodes a compact type I-F CRISPR system35. CRISPRDetect identifies 79 putative 

CRISPRs (24 unique leader and CRISPR sequences, and 5 unique leader sequences) in 69 ICP1 

phage genomes. 24 of these ICP1 phage CRISPR arrays are unique with different spacers, 

suggesting they are actively acquiring new spacer sequences. Repeat-based annotations classify 

26/79 of these CRISPRs as type I-F subtype. However, leader-based annotations correctly classify 
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71/79 of ICP1 phage CRISPRs as belonging to the type I-F subtype and the Pseudomonadota taxa 

(Table S4.3)35. These annotations are consistent with the ICP1 phage possessing a type I-F Cas 

integrase and surveillance complex, and to its host bacterium Vibrio cholera belonging to the 

phylum Pseudomonadota.  

 

Figure 4.4. Distribution of array, repeat and spacer lengths predicted by an edited version of 
CRISPRDetect coupled with leader-based annotation. 
 Arrays predicted by default CRISPRDetect parameters (orange) and edited CRISPRDetect 
parameters (teal) are shown. (a) Plot of the length of classified CRISPR arrays. CRISPRs shorter 
than 50 repeats are shown in the subpanel. (b) Plot of the length of repeats in classified CRISPRs. 
(c) Plot of the length of spacers in classified CRISPRs.  
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Collectively these analysis shows that leader-based annotations enable the annotation of 

CRISPR arrays that have few or imperfect repeat sequences, and can be used to annotate bacterial, 

archaeal and viral CRISPRs. 

Discussion 

Here we demonstrate that diverse CRISPRs have conserved leader sequence motifs that 

can be repurposed for accurate annotation of CRISPR loci. Many leader motifs are subtype-

specific, and therefore leader-based annotations effectively complement traditional repeat- and 

Cas-based annotations to classify short and degenerate CRISPRs, orphan CRISPRs that lack 

nearby cas genes, or CRISPRs that occur near multiple cas genes from different subtypes. 

Conversely, several leader motifs are taxa-specific because of host factor signatures, and therefore 

may be used to determine recent horizontal gene transfer events of CRISPR-containing DNAs, 

determine the taxonomy of CRISPR-containing genome fragments, or identify the host organism 

of CRISPR-containing viruses11, 13, 36. In a head-to-head comparison, leader-based annotation 

coupled to CRISPRDetect identification of putative CRISPR loci, outperformed other CRISPR 

annotation methods by uniquely identifying 6,452 CRISPRs (Figure S4.6). 

Leader motif discovery was most successful for CRISPR subtypes which were well-

represented in the training set of leaders used to identify motifs, namely I-A, I-B, I-C, I-D, I-E, I-

F, III-A, III-B, III-D, II-A and II-C. Our training set is lacking many examples of leaders from 

roughly 20 CRISPR subtypes, therefore we correspondingly did not identify leader motifs for most 

CRISPR subtypes. We anticipate that many more discoveries and improvements to leader-based 

annotations await as repeat- and cas-based annotations of CRISPRs improve. Further, to keep the 

methodology and analysis consistent, 200 bp of DNA was considered for every leader, although 



88 
 
there is evidence suggesting that archaeal leaders can range from 100-500 bp long27, 37. 

Nevertheless, the analysis described here provides the most detailed and broad report of taxa- and 

subtype-specific leaders that we are aware of, reporting a total of 77 conserved motifs from 14 

CRISPR subtypes across 22 bacterial and 3 archaeal taxa. 

Beyond their utility in CRISPR classification, conserved leader sequence motifs play 

critical roles in CRISPR biology. An examination of the 77 leader motifs that we describe reveals 

several matches to DNA sequences that have been previously determined to be important for 

CRISPR integration, transcription, or processing (Table S4.4)10-15. Concerning integration, 

previous studies have shown that DNA binding sites for the taxa-specific host factor IHF, and for 

the subtype-specific CRISPR integrase complex, are required for integration at the first repeat of 

I-E and I-F CRISPRs11-14. These integration-critical leader motifs are represented in part (i.e., IE 

Gammaproteobacteria motif 4 which contains part of an IHF binding site), or in combination (i.e., 

IE Gammaproteobacteria motif 2 which contains an “Upstream Motif” and part of an IHF binding 

site) (Table S4.4). A recent report has revealed that Archaeal histones are required for efficient and 

preferential integration of new spacers at the first CRISPR repeat in Pyrococcus furiosus38. A 

single minimal 30 bp histone dimer binding site is represented in the motif “IIIB Euryarchaeota 

motif 2”, which matches to half of the most proximal histone tetramer binding site (Table S4.4)38. 

As for transcription, the archaeal proteins Transcription Factor B and TATA binding protein bind 

to BRE (B recognition element) and TATA-box DNA sequences to initiate transcription39. Previous 

studies have shown that leaders of I-A, I-B, I-D, III-B and III-D CRISPRs in Euryarchaeota and 

Thermoproteota have BRE and TATA-box motifs that are necessary for CRISPR transcription31, 

32, 40. The leader motif analysis captures some of these transcription-critical leader motifs in “IIIB 
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Euryarchaeota motif 1” which matches to the BRE and TATA-box, and “IIID Euryarchaeota motif 

1” which matches to the TATA-box (Table S4.4). Finally, recent studies have shown that the 

transcribed region of the type II-A leader sequence in Firmicutes hybridizes with the first repeat 

and interacts with the second repeat, to promote processing of the first crRNA15. A portion of the 

leader critical for processing of the most recently acquired spacer is represented in “IIA Firmicutes 

motif 2” (Table S4.4). These examples highlight that identified motifs can coincide with a fragment 

of a larger biologically relevant sequence, or can represent multiple sequences. In sum, these 

comparisons show that the leader analysis workflow described here identifies biologically relevant 

DNA sequence motifs. 

Leader- and repeat-based annotations provide an accurate and informative classification of 

CRISPR integration, transcription, and processing. However, there Cas-based annotations may still 

be required in some cases to provide a holistic view of the biological role of a given CRISPR locus. 

For example, several Type IV-A CRISPRs have repeat and leader sequences with high sequence 

identity to co-occurring type I-E CRISPRs, and have recently been shown to co-opt the type I-E 

Cas1-2 integration complex for new spacer acquisition33, 34. Further, RNA-targeting type III-B Cas 

systems often repurpose the spacers from DNA-targeting type I-A CRISPRs to provide another 

layer of immune defense30, 31. The re-use of spacers from the same CRISPR locus by multiple 

different Cas surveillance complexes may be a common phenomenon to launch a multipronged 

attack against a phage and bypass anti-CRISPRs. 

Of the 77 conserved leader motifs that we identify, only nine have known biological roles 

(Table S4.4), highlighting a knowledge gap in our understanding of CRISPR, bacterial and 

archaeal biology. Therefore, the newly identified leader motifs reported here provide a springboard 



90 
 
for new studies that further increase our understanding of CRISPR biology, in the case of subtype-

specific motifs, or bacterial and archaeal biology, in the case of taxa-specific motifs. Finally, we 

show that leader-based annotations enhance the identification and annotation of CRISPRs from 

bacterial, archaea and viruses. 

Methods 

Building a Database of CRISPR Leaders 

A total of 25,502 complete bacterial and 398 archaeal genomes and chromosomes were 

downloaded from the NCBI RefSeq Assembly database (accessed on June 10th, 2021). 

CRISPRDetect v321 with default parameters was used to identify CRISPR loci within 58,864 

genomic and plasmid sequences, resulting in 24,940 high-confidence CRISPR loci predictions 

(array quality score >3). Two hundred nucleotides upstream of each CRISPR locus was extracted 

and both sides of the CRISPR locus were considered in cases where CRISPRDetect was unable to 

reliably determine directionality (n=374).  

Subtype Annotation of CRISPR Arrays in CRISPR Leader Database 

To classify 24,940 leaders into various CRISPR subtypes, CRISPRDetect was employed, 

as well as a further analysis to evaluate their proximity to subtype-specific cas genes. Subtype 

classification of CRISPR arrays by CRISPRDetect is determined when the repeats of an array 

match to repeats associated with a particular subtype. Using this approach, CRISPRDetect was 

used to annotate 57.9% (n=14,446) of the total CRISPRs. To assign subtype to the remaining 

10,494 unclassified CRISPR arrays we used PRODIGAL v2.6.341 to translate 20,000 nucleotides 

upstream and downstream of each unclassified CRISPR locus in all six frames. These open reading 
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frames were then queried for cas genes using MacsyFinder v1.0.542 with the following parameters: 

“macsyfinder --sequence-db <open_reading_frames> --db-type gembase -d 

<CRISPR_subtype_definitions> -p <HMM_profiles> -w 50 -vv all”. HMM profiles and 

classification definitions (CRISPR_subtype_definitions) used in MacsyFinder are acquired from 

the local version of CRISPRCasFinder (v4.2.20, CasFinder v2.0.3)20. Classification through the 

proximity to subtype-specific cas genes resulted in the annotation of 5,321 unclassified arrays, 

while the remaining 5,173 CRISPR arrays remained unclassified due to the lack of nearby cas 

genes. 

Identification of Host-taxonomy 

Taxonomizr v0.5.343 was used to identify the taxonomy of downloaded genomes. 

Taxonomy information was used to assign kingdom and phylum to each genome. 2,551 CRISPRs 

were found on plasmids. Taxonomic information for plasmids was assigned by linking the plasmid 

accession number to the corresponding host genome accession number. 

Identification of Conserved DNA Motifs in CRISPR Leaders 

CRISPR leaders were divided into subsets according to CRISPR subtype (type I-IV and 

subtypes A-G) and 16S rRNA-based taxonomy of the host (n=263 subsets). From each subset, a 

non-redundant list of 200 nt-long CRISPR leader DNA sequences was generated using UCLUST 

v11.0.66744 with a 60% similarity cutoff. This cutoff was emperically determined through an 

iterative process designed to optimize motif identification. Motif discovery was performed for 

each subset using a local copy of MEME45. The following parameters were used: “meme -mod anr 

-nmotifs 6 -minw 6 -maxw 40 -allw -objfun se -maxiter 1000 -shuf 2 -nostatus -bfile 

background_file -hsfrac cutoff_value. The background_file is generated via the first-order Markov 
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model with the following command: fasta-get-markov -dna -nostatus -nosummary -m 1”. The 

cutoff_value for hsfrac was set to 0.75, unless it was determined otherwise by MEME due to the 

low number of sequences available in the queried subset.  

The finite amount of sequence data and the many degrees of freedom in a motif probability 

matrix can lead to the prediction of motifs with deceptively low and significant E-values. 

Therefore, we generated several examples of randomly shuffled sequences for each subtype- and 

taxon-specific group of CRISPR, which were used as input data for motif prediction, to establish 

a significant E-value cutoff for motifs predicted for unshuffled subtype- and taxon-specific groups 

of sequences. This process was repeated ten times, with the average of the lowest E-values from 

each run being adopted as a threshold. Consequently, Position Weight Matrices (PWMs) 

anticipated from each subset exceeding this predetermined cutoff were dismissed, resulting in 124 

significant motifs. Next we manually inspected distribution of motifs within CRISPR subtype- and 

taxon-specific groups of leaders, and removed motifs that occurred in a broad number of positions 

upstream of the leader-repeat junction. The final 77 motifs, featuring narrow distributions in 

CRISPR leader sequences, were selected to compile a list of subtype and taxa-specific leader 

motifs. 

Scoring Matrix for Leader-motif-assisted CRISPR Annotation 

We incorporate 77 CRISPR leader motifs into previously established CRISPR prediction 

software to enhance the classification of CRISPR arrays missed by traditional detection methods. 

To minimize false positive detection of motifs in CRISPR leader sequences, a scoring system was 

developed that took into account the i) significance (p-value) of the matched sequence to the PWM 

of the motif, ii) frequency that a given motif was observed to occur in leaders during the motif 
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identification workflow, and iii) the number of subtype-specific motifs observed in a given 

CRISPR leader. A local copy of FIMO v5.0.529 was used to identify significant matches of each 

PWM in all CRISPR leaders (observed). To generate a reference dataset, an additional FIMO 

search was also performed using the non-redundant CRISPR leader subsets where the motif was 

initially identified (expected). The p-value of motif occurrence in a CRISPR leader (pobserved) was 

compared against the lowest p-value (pexpected) from the reference dataset. Next, a position score 

was calculated according to the distance between the leader-repeat-junction (LRJ) and the 

midpoint of the matching sequence (x). The number of motifs observed at the calculated position 

(dobserved,0<x<200) in the reference dataset was divided by the number of motifs observed with the 

most abundant distribution (dmax,0<x<200). The distribution fraction is multiplied by the fraction 

calculated according to the p-value to determine a motif-specific score (Equation 1).  

𝑺𝒄𝒐𝒓𝒆𝑴𝒐𝒕𝒊𝒇 = 𝒔𝒄𝒐𝒓𝒆𝒑𝒗𝒂𝒍 ∗ 𝒔𝒄𝒐𝒓𝒆𝒅𝒊𝒔𝒕 =
𝐥𝐨𝐠,𝒑𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅	.

𝐥𝐨𝐠 /𝒑𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅	0
∗
∑,𝒅𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅,𝟎4𝒙4𝟐𝟎𝟎.
∑,𝒅𝒎𝒂𝒙,𝟎4𝒙4𝟐𝟎𝟎𝟎.

 

Equation 1 

The calculated score was assigned to each motif occurrence in CRISPR leaders. In cases 

where a single CRISPR leader contains multiple motifs representing the same subtype, the final 

motif score was summed and used to assign a classification to the CRISPR arrays (Equation 2). 

Leaders with a final score lower than 0.05 remained unclassified to prevent misclassification of 

arrays. 

3 𝑺𝒄𝒐𝒓𝒆𝑴𝒐𝒕𝒊𝒇,𝒊	

𝒏𝒔𝒖𝒃𝒕𝒚𝒑𝒆(𝒎𝒐𝒕𝒊𝒇

𝒊8𝟏

 

Equation 2 
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16S Ribosomal RNA Analysis of Bacterial and Archaeal Genomes with CRISPR 

SSU-align v0.1.146 was used to predict 16S rRNA sequences from 25,502 complete 

bacterial genomes and 398 archaeal genomes. 16S rRNA sequences were then aligned with a local 

version of MAFFT v7.42947 using the following command-line options: “--globalpair --

maxiterate 1000”. 16S rRNA sequences were duplicated according to the number of CRISPR 

arrays predicted within the organisms (i.e., each CRISPR loci is associated with a 16S sequence). 

CRISPR arrays found in plasmids were also linked to the host 16S rRNA sequence. A maximum-

likelihood phylogenetic tree was then generated from the 41,007 16S rRNA sequences using 

FastTree v2.1.1048. The tree was generated using the following parameters “-quote -gamma -spr 

4 -mlacc 2 -slownni -nt”. Trees were visualized in RStudio by overlaying the data of motif 

distances using ggtree49, 50 and ggplot251. Midpoints of the predicted motifs are plotted as dots. 

Each dot representing the motif is sized according to the calculated motif score. 

Identification of Short and Degenerate Arrays 

An edited version of CRISPRDetect is used to capture putative CRISPR arrays that contain 

short and degenerate CRISPRs. The source code of CRISPRDetect was edited to export putative 

CRISPR arrays that are typically excluded because these arrays scored poorly, have short repeat 

sequences, or have long spacer sequences. The following CRISPRDetect parameters were used 

with the edited version of CRISPRDetect: “-word_length 11 -minimum_word_repeatation 2 -

max_gap_between_crisprs 125 -repeat_length_cutoff 17 -minimum_repeat_length 17 -

minimum_no_of_repeats 2 -check_direction 1 -left_flank_length 500 -right_flank_length 500 -

check_plasmid 1”. A total of 107,056 putative arrays predicted from the edited version of 

CRISPRDetect. These arrays were then subjected to traditional and leader-motif-assisted 
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annotation, resulting in the classification of 31,144 arrays into CRISPR subtypes. Compared with 

the hits obtained by the default version of CRISPRDetect, 10,212 arrays of the predicted 31,144 

arrays were previously eliminated by the default version or not identified as CRISPRs because 

they contain fewer than three repeats in the putative array. 
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Supplemental Tables and Figures 

Class Type Subtype 
CRISPR array Count 

CRISPRDetect Annotation CRISPRDetect Annotation w/ 
cas-gene proximity 

Class 1 

Type I 

I-A 98 352 
I-B 1,039 1,903 
I-C 1,569 1,982 
I-D 3 181 
I-E 7,853 8,207 
I-F 2,776 2,804 
I-U ND 274 

Type III 

III-A 14 1,241 
III-B 78 558 
III-C ND 40 
III-D ND 278 

Type IV IV-A ND 8 

Class 2 

Type II 
II-A 404 625 
II-B ND 41 
II-C 612 993 

Type V 

V-A ND 39 
V-B ND 6 
V-E ND 43 
V-F ND 14 
V-J ND 59 
V-K ND 3 

Type VI 

VI-A ND 10 
VI-B1 ND 93 
VI-B2 ND 2 
VI-C ND 7 

Unclassified N/A 10,494 5,177 
Total 24,940 24,940 

Table S4.1. Subtype distribution of microbial CRISPRs.  
24,904 CRISPR loci were identified in bacterial and archaeal genomes. CRISPRDetect annotation 
depends on array annotation according to matching repeat sequence the known CRISPR family 
repeats. Guilt-by-association analysis performed by searching cas genes with previously 
established cas-HMMs in six-frame translated 20kb upstream and downstream sequences of 
identified arrays to assign annotations to unclassified CRISPR arrays. (ND: Not Detected) 
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Table S4.2. Distribution of CRISPR leader sequences according to subtype and host taxonomy.  
Each subset of leader sequences was subjected to Uclust search with 0.6 threshold. This filtration 
resulted in removal of leader sequences that have 60% or higher similarity to avoid prediction of 
motifs biased to specific organism. It was assumed that conserved motifs found in remaining 
sequences should provide homology between leader sequences, while the regions outside the 
motifs are diverse. 
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Class Type Subtype 
CRISPRDetect_Edit annotation with cas-gene 

proximity and Leader-motif-assisted 
classification 

CLASS 1 

Type I 

IA 509 
IB 3036 
IC 2856 
ID 506 
IE 9914 
IF 4807 

IF3 96 
IU 356 

Type III 

IIIA 2167 
IIIB 2771 
IIIC 77 
IIID 928 
IIIF 4 

Type IV 
IVA 12 
IVB 2 

CLASS 2 

Type II 
IIA 1266 
IIB 42 
IIC 2172 

Type V 

VA 46 
VB 7 
VE 89 
VF 19 
VJ 70 
VK 4 

Type VI 

VIA 15 
VIB1 115 
VIB2 2 
VIC 11 

Table S4.3. Subtype distribution of CRISPR arrays predicted from the "Relaxed" search with 
CRISPRDetect and annotation with repeat-, cas- and leader-based methods. 
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Figure S4.1. Each predicted motif possesses narrow distribution in the group CRISPR leader 
sequences that they originally identified.  
Tally of the midpoints of motifs identified in CRISPR leaders belonging to different subtypes. 
Position weight matrices (PWMs) are shown for subtype and taxonomy-specific motifs found in 
CRISPR leaders. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.1 Continued. 
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Figure S4.2. PWMs predicted from de novo motif prediction analysis that represents different 
occurrences of IHF binding site in different subtypes.  
(a) Two examples of IHFdistal strand preference represented by two different PWMs specifically 
distinguish IHF sites observed in sense or anti-sense strands of I-F CRISPR leaders. (b) 
Representative PWMs of IHF binding site overserved in CRISPR leaders from different 
subtype/host-taxonomy pairs. 
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Figure S4.3. Comparison of the motif-assisted array predictions against the high-confidence 
predictions generated by traditional classification methods. 
(a) Each motif used for array prediction are searched with the CRISPR leader sequences that only 
subjected to classification by CRISPRDetect (repeat-based subtype annotation). Possible 
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misclassifications of leader sequences are highlighted with blue according to count of array 
predictions observed in different subtype datasets. Compared to misclassification results from 
repeat and cas-based method, leader-motif assisted annotation perform equivalent to repeat-based 
method whit few misclassifications. Rows and columns are greyed out in cases where the motif 
data or leader sequence data are unavailable. b) Identified subtype-specific motifs were searched 
within the CRISPR leader sequences that previously classified by CRISPRDetect coupled with 
cas-based array detection. HMM profiles of cas genes are used to search within the 20kb upstream 
and downstream of CRISPR arrays in addition to CRISPRDetect annotation. Misclassified leaders 
through leader-motif-assisted method are represented in each subtype and highlighted in blue 
according to count of array predictions observed.  
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Figure S4.4. Leader Motif-assisted Annotation in Non-leader Sequences yields less than 0.6% 
false-annotation.  
Overview of motif-assisted array annotation results in a subset of 1,000 randomly generated 200bp 
long sequences. Analysis performed in technical triplicates. (a) Identification of 77 previously 
predicted CRISPR leader motifs showed less than 4% error rate due to significant false-positive 
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sequence matches. (b) Discrete positioning requirement for each motif has applied to test whether 
false-positive matches contribute to labeling arrays as CRISPR. Among the all false-positive hits, 
only 21 motifs had significant distribution score that included in the false-array annotation. The 
overall false annotation rate was less than 0.6% in all subtype specific CRISPR leader callings. 
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Figure S4.5. CRISPR Subtype-specific distribution of array, repeat and spacer lengths predicted 
from edited version of CRISPRDetect coupled with leader motif-assisted annotation.  
Box plot of a) array lengths, b) repeat lengths, and c) spacer lengths for subtype categorized 
CRISPRs. Edited CRISPRDetect search coupled with leader-motif-assisted annotation captures 
shorter CRISPR arrays that previously filtered by the CRISPRDetect search with the default 
parameters.  
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Figure S4.6. The number of high-confidence CRISPR loci increases with motif-assisted CRISPR 
search.  
Leader-motif-assisted CRISPRDetect recall level in comparison with other tools on the annotated 
arrays dataset. This dataset was compiled out of 25,502 bacterial and 398 archaeal complete 
genomes obtained from NCBI (July 2021). Only 47.2% of the CRISPR arrays (18,284 arrays) are 
predicted by all tools. 16.7% of arrays (6,452 arrays) are only predicted by the edited version of 
CRISPRDetect search that subjected to leader-motif-assisted annotation.  
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Table S4.4. Detected Leader motifs with previously known functions.  
The table presents identified motifs in the CRISPR leader sequences that have been previously 
associated with specific biological functions including CRISPR adaptation and transcription 
machineries. Each row displays a position weight matrix (PWM) representation of the leader 
motifs, accompanied by a representative example sequence, accession of the leader sequence and 
the position of the demonstrated motif relative to the leader-repeat junction (LRJ). In instances 
where a single PWM captures two distinct leader motifs, both motifs are illustrated in the same 
row, with each motif distinctly bracketed. The associated biological functions, whether related to 
CRISPR adaptation or transcription of the CRISPR loci, are specified in the adjacent column.  
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Abstract 

Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated 

genes (cas) are essential components of adaptive immune systems that protects bacteria and 

archaea from viral infection. CRISPR-Cas systems are found in about 40% of bacterial and 85% 

of archaeal genomes, but not in eukaryotic genomes. Recently, a paper published in 

Communications Biology reported the identification of 12,572 putative CRISPRs in the human 

genome, which they call “hCRISPR”. Here, we attempt to reproduce this analysis and show that 

repetitive elements identified as putative CRISPR loci in the human genome contain neither the 

repeat-spacer-repeat architecture nor the cas genes characteristic of functional CRISPR systems.  
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Introduction 

Repetitive DNA sequences are diverse and abundant in a broad range of species, from 

bacteria to mammals, where they participate in many different biological functions1. CRISPRs 

belong to a specific family of DNA repeats found in bacteria and archaea that all share a common 

architecture2, 3. Each CRISPR locus consists of a series of short repeat sequences (20-50 bps) 

separated by unique spacer sequences of a similar length (Figure 5.1A)4. The repeat sequences 

within a CRISPR locus are generally conserved but repeats between  different CRISPR loci can 

vary in both sequence and length2. The diversity of these elements makes them challenging to 

confidently identify, especially when the number of repeat sequences within a locus is small. 

 

Figure 5.1. Comparison of architectural features in CRISPRs and hCRISPRs.  
A) Structure of typical CRISPR-Cas locus in bacteria and archaea. B) Structure of a recently 
reported “hCRISPR”.  

The discovery of CRISPR-based adaptive immunity and the ongoing adaptation of these 

systems for applications in genome editing has engaged scientists from nearly every discipline and 

many perspectives. Thus, the recent paper by van Riet et al., which reported the discovery of more 

than 12,500 CRISPR loci in the human reference genome (GRCh38.p13; GCF_000001405.39), 

comes as a surprise5. They report that hCRISPRs are similar to prokaryotic CRISPRs in terms of 
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array architecture, repeat length, repeat sequence, and that hCRISPR are flanked by CRISPR-

associated (cas) genes (Figure 5.1B)5. Moreover, they claim that hCRISPRs are found across all 

human chromosomes and that the distribution is directly correlated to chromosome length. 

Collectively, these claims indicate that CRISPR loci are preserved in the human genome and their 

association with cas genes implies a functional connection that will have profound biological and 

biotechnological implications. Here, we attempt to reproduce this analysis and show that repetitive 

elements identified in the human genome contain neither the repeat-spacer-repeat architecture nor 

the cas genes characteristic of functional CRISPR systems.  

Methods 

CRISPR Predictions 

The human reference genome (GRCh38.p13; GCF_000001405.39) was downloaded from 

the NCBI RefSeq Assembly database (193 sequences) (August 22nd, 2022)6. Local versions of 

CRISPRCasFinder7 (v4.2.20; CasFinder v2.0.3), CRISPRDetect8 (v3), and CRISPRCasTyper9 

(v1.6.4) were used to identify putative CRISPR arrays in the downloaded human reference 

genome. We used the following search command for CRISPRCasFinder “-minSP 21 -maxSP 72 -

fast”, and “-array_quality_score_cutoff 0 -minimum_word_repeatation 2 -

minimum_no_of_repeats 2” for CRISPRDetect. Default parameters were used for the 

CRISPRCasTyper. Predicted putative arrays from CRISPRCasFinder, CRISPRDetect, and 

CRISPRCasTyper were sorted based on the assigned confidence score. Evidence-level scores 3 or 

4 by CRISPRCasFinder, array quality score above 4 by CRISPRDetect, and probability score 

above 0.75 by CRISPRCasTyper were considered as high-confidence arrays. Results from each 

CRISPR detection tool were compared to identify shared hits. Twenty candidate arrays predicted 
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by CRISPRDetect were removed from the list of high-confidence arrays due to low confidence 

scores for these same arrays by CRISPRCasFinder. The remaining 72 arrays were then considered 

candidate arrays. Two of these arrays with the highest confidence scores from each of the three 

detection methods were manually inspected. 

In addition, the T2T assembly of the human genome with the Y chromosome 

(GCF_009914755.1 T2T-CHM13v2.0) was downloaded from the NCBI RefSeq Assembly 

database (January 10th, 2023)10. CRISPRDetect was used to predict putative CRISPR arrays in the 

T2T assembly of the human genome using the same search parameters described above. Predicted 

putative arrays by CRISPRDetect were sorted by quality score. 

Genomes of Aedes aegypti (GCF_002204515.2)11, Arabidopsis thaliana 

(GCF_000001735.4)12, Caenorhabditis elegans (GCF_000002985.6)13 were downloaded from the 

NCBI RefSeq Assembly database (August 22nd , 2022). CRISPRDetect was used to predict 

putative CRISPR arrays in the downloaded genomes with the same search parameters described 

above. Arrays identified by CRISPRDetect were sorted by quality score. 

The mitochondria genomes of Vicia faba (X59246.1)14 and the assembly of Acanthamoeba 

polyphaga mimivirus genome (GCF_000888735.1)15 were downloaded from the NCBI RefSeq 

database (January 12th, 2023). Previously reported CRISPR-like sequences from each genome 

were extracted and manually inspected. 

Identification of cas Genes in the Human Genome 

CRISPRCasFinder and CRISPRCasTyper were used to identify cas genes in the human 

reference genome. CRISPRCasFinder failed to predict any putative cas gene in the human 

reference genome. Putative cas genes predicted by CRISPRCasTyper were subjected to a filtering 
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step according to E-value (< 10-5) and sequence coverage cutoff (sequence coverage > 50%). In 

addition, translated CDS sequences of both the human reference genome (n=60,090) and the T2T 

assembly of the human genome (n=65,591) were downloaded from the NCBI RefSeq Assembly 

database6, 10. One hundred and twenty one cas gene HMM profiles from CRISPRCasdb were used 

to query the CDS sequences using MacsyFinder (v1.0.5; HMMER 3.2.1)16,17. Queries were 

performed using the following parameters: “macsyfinder --sequence-db <open_reading_frames> 

--db-type gembase -d <CRISPR_subtype_definitions> -p <HMM_profiles> -w 50 -vv all”. Results 

from the HMMER analysis were filtered with the same E-value threshold and sequence coverage 

criteria described above. 

Comparison of Repeat Length Distribution of CRISPRs from Prokaryotes and hCRISPRs 

The repeat sequences from 19,483 unique putative hCRISPR arrays were extracted using 

a Python v2.7 script that uses the Bio SeqIO package18. In addition, the repeats of bacterial and 

archaeal CRISPRs were downloaded from CRISPRCasdb (n=28,712). The distribution of repeat 

lengths was visualized in RStudio by comparing the list of repeats from CRISPRs and hCRISPRs 

using ggplot19. 

Results and Discussion 

To understand how the putative CRISPR arrays reported by van Riet et al., may have been 

missed by the rest of the scientific community and to learn what these new CRISPRs might teach 

us about the evolution and function of CRISPR systems, we searched the human reference genome 

(GRCh38.p13; GCF_000001405.39) for CRISPRs using a combination of CRISPRCasFinder7, 

CRISPRDetect8 and CRISPRCasTyper9 according to the search parameters defined by the 
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authors5. Collectively, we identified a total of 19,483 unique putative arrays in the human reference 

genome.  
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Figure 5.2. Repetitive elements in the human genome do not contain architectural features 
consistent with CRISPR loci.  
A) The human reference genome was queried using CRISPRCasFinder, CRISPRDetect and 
CRISPRCasTyper. A total of 19,483 unique putative arrays were predicted. 3,214 arrays were 
detected by both CRISPRCasFinder and CRISPRDetect, whereas only three of the arrays were 
predicted by both CRISPRDetect and CRISPRCasTyper. None of the arrays predicted by 
CRISPRCasFinder and CRISPRCasTyper were the same. B) CRISPRCasFinder predicted only 
three arrays with high confidence (evidence-level 3 or 4), while CRISPRDetect predicted 61 
candidate arrays (array quality score > 4) and CRISPRCasTyper assigned eight arrays as high 
confidence (probability > 75%). None of these predicted arrays are shared between all three 
CRISPR detection methods. C) Architecture of two arrays presented by van Riet et al. (top), 
followed by the top two most confident predictions from each of the three detection methods. The 
long array identified by van Riet et al. contains repeats that are only 29% identical and spacers that 
range in size. The other array is too short to predict with confidence. The top two arrays predicted 
by CRISPRCasFinder contain spacer sequences that are degenerate versions of the repeat. The 
other four arrays identified by CRISPRDetect and CRISPRCasTyper contain spacers that are 
related, resulting in arrays with tandem repeats. D) The direct repeats of bacterial and archaeal 
CRISPRs compared to lengths of the repeats in hCRISPR. All repeat sequences were extracted and 
the number of each repeat corresponding to a particular length is plotted for bacterial and archaeal 
genomes (top, n=28,712) and the human reference genome (bottom, n=19,483).  

Results from CRISPRCasFinder (n=12,616) and CRISPRCasTyper (n=28) were nearly 

identical to those reported by van Riet et al., while CRISPRDetect (n=10,056) identified 6,403 

additional arrays (Figure 5.2A). The exact search parameter used for CRISPRDetect were not 

provided by the authors (i.e., -array_quality_score_cutoff 0 -minimum_word_repeatation 2 -

minimum_no_of_repeats 2), so the additional CRISPR loci identified here are anticipated to reflect 

differences in the search criteria. 

CRISPR prediction tools assign confidence scores based on a combination of parameters. 

These parameters include the number of repeats in an array, conservation of repeat sequences, and 

the presence of non-identical spacer sequences7-9, 20. CRISPRDetect incorporates additional 

factors, such as the identification of previously described repeat sequences and detection of 

conserved cas genes (i.e., cas1 or cas2), which are used to calculate confidence scores. While 

confidence scores are not mentioned by van Riet et al.5, we sorted the arrays according to scores 



132 
 
calculated by each algorithm. CRISPRCasFinder identified a total of three arrays with high 

confidence scores, CRISPRDetect identified 61 arrays with high confidence, and 

CRISPRCasTyper assigned eight arrays with high confidence (Figure 5.2B).  

To further evaluate these predictions, we manually inspected the two examples presented 

by van Riet et al.5 (neither of which earned a high confidence score by any of the search methods), 

as well as two arrays with the highest confidence scores from each of the three detection methods 

(Figure 5.2C). The two hCRISPR examples presented by van Riet et al. include one long and one 

short locus (Figure 5.2C, top)5. The long array contains eight “repeat” sequences that are 29% 

identical to each other and are separated by unique spacers sequences that vary in length (8-75 

bps) (Figure 5.2). The short “hCRISPR” contains two identical 28 bp repeats and a single 39 bp 

spacer sequence. We cannot definitively eliminate the possibility that the short array (composed 

of two repeats) is a CRISPR, but no cas genes are found flanking the CRISPR, the repeats do not 

correspond to any of repeats in CRISPRCasdb16, and the spacer sequence only matches to itself. 

In addition to the two examples provided by van Riet et al., we selected two arrays with high 

confidence scores from each of the three different CRISPR detection algorithms (Figure 5.2C, 

middle). High confidence arrays identified by CRISPRCasFinder contain “spacer” sequences that 

are degenerate versions of the repeat sequences, whereas putative arrays identified using 

CRISPRDetect and CRISPRCasTyper all contain “spacer” sequences that are 60% to 72% 

identical to one another. Thus, these arrays contain an alternating series of two repeats (i.e., Repeat 

A and Repeat B), rather than repeats separated by unique spacer sequences (Figure 5.2C, bottom). 

To determine if the repeat sequences in the putative human CRISPR loci are similar in 

length to those typically found in prokaryotic CRISPRs, we downloaded the direct repeats of 
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bacterial and archaeal CRISPRs from CRISPRCasdb16 (n=28,712) and compared them to the 

distribution of repeat lengths from putative CRISPR loci in the human genome (Figure 5.2D). 

CRISPR repeats identified in bacterial and archaeal genomes are primarily 27-28 bp or 36-37 bp 

in length, while repeats identified in the human reference genome are primarily 23 bp and decrease 

in frequency as the repeat length increases. While the average length of the repeat sequences is 

similar (30 bp as identified by van Riet et al.), the distributions are very different. 

In addition to CRISPR detection, the authors also report the detection of cas genes in the 

flanking regions of 336 hCRISPRs5. However, neither the sequences for these ORFs nor 

significance values for these cas genes are provided. Our efforts to reproduce the identification of 

cas genes in the human reference genome using CRISPRCasFinder and CRISPRCasTyper failed. 

CRISPRCasFinder failed to predict any putative cas gene, while CRISPRCasTyper failed to 

predict significant hits (E-value < 10-5 and sequence coverage > 50%). To further verify these 

results, we downloaded 121 profile Hidden Markov Models (HMMs) for cas genes from 

CRISPRCasdb16 and queried the human genome using MacSyFinder (v1.0.5)21. Consistent with 

CRISPRCasFinder and CRISPRCasTyper, we find no significant hits (E-value < 10-5 and sequence 

coverage > 50%) to cas genes in the human genome. 

The human reference genome (GRCh38.p13) screened by van Riet et al. was originally 

assembled nearly 20 years ago6. While early drafts of the human genome provided critical new 

insight into human biology, these assemblies preferential excluded many repetitive sequences. 

However, the recently released Telomere-to-Telomere (T2T) assembly of the human genome, has 

resolved this problem10. Due to the repetitive nature of the human genome, we hypothesized the 

T2T genome might contain CRISPRs not found in earlier versions. To test this hypothesis, we 
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searched the T2T genome (GCF_009914755.1 T2T-CHM13v2.0) using the methods described 

above. Collectively, we identified a total of 10,481 putative CRISPR arrays in the T2T genome. 

CRISPRDetect identified 78 putative CRISPRs with high confidence (52 arrays were identical to 

those predicted in human reference genome); however, none of these arrays maintain the 

architectural characteristics of a CRISPR.  

Repetitive sequences make up ~50% of the human genome10, 22. This is not a unique feature 

of the human genome, but characteristic of many eukaryotic genomes, where repetitive elements 

make up 1-80% of genomes23-25. Several annotation tools have been developed to classify 

eukaryotic repetitive elements and notably, none have found evidence for CRISPRs26, 27. Using the 

same methods described here for finding CRISPRs in prokaryotic genomes, we found 3,498 

putative CRISPRs in the Aedes aegypti genome (310 Mb), 1,419 putative CRISPRs in the 

Arabidopsis thaliana genome (30 Mb), 490 putative CRISPRs in the Caenorhabditis elegans 

genome (15 Mb). In this small, non-representative sample of genomes, the number of putative 

CRISPRs identified correlates with the size of the genome, which is similar to the distribution of 

putative CRISPRs identified by van Riet et al. (“hCRISPRs are found across all chromosomes and 

their distribution is directly correlated to the chromosome length). 

Apart from the work by van Riet et al., CRISPR loci have been previously reported in the 

mitochondrial genome of a plant (Vicia faba) and the genome of a giant mimivirus that infects 

single-celled eukaryotes3, 15. However, neither of these repeats meet the CRISPR criteria described 

above (Figure S5.1)2, 28.   

Overall, the evidence for functional CRISPR-Cas systems in the human genome and other 

eukaryotic genomes remains unsupported. While the phylogenetic and functional diversity of 
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CRISPRs continue to expand, (to date) CRISPR-Cas adaptive immune systems remain restricted 

to prokaryotes.  
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Supplemental Information 

Manually inspected example arrays presented by van Riet et al. and the top two arrays from 

each of the three detection methods, including CRISPRCasFinder, CRISPRDetect and 

CRISPRCasTyper. 

• van Riet et al. 

>chr7_264 | NC_000007_264 | Start: 56832024 | Stop: 56832500 | Evidence Level: 2 | Num. of 

predicted repeat: 8 – Repeat, Consensus, Mismatch 

GCAGGAGCTGTGCCTGGAGAGGCCGACTTGAGGAAGTTTCCGGCACGGAGAGCC

TGTCGGGGGGCAGGAGCTGGGCCTGGAGAGGCCACCGTGAGGCGTGAGCTGGGC

CTAATGAGATTAGTGTGAGGCAGGATCTGGGCCTGTTGAAGCTGCTGGGAGGCAG

GCAGGACCTTGTTTGGGGAAGGCCTCTGTGAGGCAAAAGCTGGGCCTGGAGAGGC

CATTGTCACGCAGGAGCTGGGCCTGTCCAGGCCATTGGGAGGCAGAAGGTGGGCC

TGGAAAGCTTGACTTGAGGCAGTTTGGGGCCTACAAAGGCCAGTAGGAGCTGGGCA

GGAGCTGAGCCAAAAGAGGTTGTTCTGAGGCAGGAGTTGGACCTCCAGACACAGT

CAGAAGAAAGAGCACAGCCTGTAGAGGCCACCTGGGGGCAGCAGCTGGGCCTAGA

GATGCCAACGAAAGGCAGGAGCTGGGCCTTGAGAGGCT 

>chr7_20 | NC_000007_20 | Start: 1396756 | Stop: 1396850 | Evidence Level: 1 | Num. of 

predicted repeat: 2 – Repeat, Consensus 

TGCTATGGGCCCTTCCAGAGATTCCCCACCCAGCTCCCCTCCAATGGCCAATGTCC

ATGTCATGGTTTGCTATGGGCCCTTCCAGAGATTCCCCA 

• CRISPRCasFinder Predictions: 
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>chr13_392 | NC_000013_392 | Start: 109318667 | Stop: 109318921 | Evidence Level: 4 | Num. 

of predicted repeat: 5 – Repeat, Degenerate Repeat, Consensus, Mismatch 

TTACAGAGAGCTGATTGGCCCATTTTACAGAGAGCTGATTGGTCCATTTTACAGA

GAGCTGATTGGTCCATTTTGACAGGTGCTGATTGGTGAGTTTACAATCCCCGAGTT

AAACACAGAGTGCTGATTGGTGCAGTTACAATCCTCTAGCTAGACATAACAGTTCT

CCAAGTCCCCACCAGATTAGCTAGATACAGAGTGCTGATTGGTGCAGCCACAAACC

CCAAGCTAGACACAGAGTGCTGATTGGTGCAT 

>chrX_23 | NC_000023_23 | Start: 3170226 | Stop: 3170464 | Evidence Level: 3 | Num. of 

predicted repeat: 5 – Repeat, Degenerate Repeat, Consensus, Mismatch 

CACATCCTGCTGATTGGTCCATTTTACAGAGCACTGATTGGTCCATTTTACAGAG

TGCTGATTGGTCTGTTTTACAGAGTGCTAATTGGTCTGTTTCACAGAGTGCTTAT

TGGTGCGTTTCCAATCCTTTAGCTAGACACAAAAGTTCTGCAAGTCCCCACCCAATT

AGCTAGACACAGAGTGCTGATTGGTGCGTTTACAAACCTTTAGCTAGACACAGAG

TGCTGATTGGTGCATTT 

• CRISPRDetect Predictions: 

>chr18_255 | NC_000018.10 | Start: 78220037 | Stop: 78220212 | Score: 5.33 | Num. of predicted 

repeat: 3 – Repeat A, Repeat B, Consensus, Mismatch 

GTTCTCCTTTGCTCTGTAGAGTCCTATTCCTCTACCTCATCAGGTAGGTCTGTGT

GTGTGAGAATGTTTGTTCTCCTTTGCCCTGTAGAGTCCTATTCGTCTACCTTGTC

GTGTAGGTTTGTGTGTGGGCGAGTATTTGTTCTCCTTTGCCCTGTAGAGTCCTAT

TCCTCTACCT 
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>chr19_147 | NC_000019.10 | Start: 28434544 | Stop: 28434889 | Score: 4.59 | Num. of predicted 

repeat: 6 – Repeat A, Repeat B, Consensus, Mismatch 

AGGGGTTCTTGCCTCTCCCCCAGAAAAGCGGGACTTGCCTCTAAGGGTGAAGG

AGAAGGGGTTGAGAGGTTCTTGCCCCTCTCCCAGAAAAGCGGGACTTGCTGCT

GACGGTGAAGGACAAGGGTTTGAGGGGTTCTTGCCCCTCCCCCAGAAAAGTGA

GACTTGCTGCTAACAGTGAAGGACAAGATGTTGAGGGGTTCTTGCCCCTCCCCC

AGAAAAGTGGGACTTGCCATTAAGGGTGAAGGAGAAGGGGTTGAGGGGTTCTT

GCCCCTCCCCCAGAAAAGCAGAGAAGAGGTAGAGACATGGAGAGAAGGGGTTGG

GGTTCTTGCCCCTCCCCCAGAAAAG 

• CRISPRCasTyper Predictions: 

> chr14_2_1 | NC_000014.9 | Start: 30570622 | Stop: 30570874 | Probability: 0.999 | Num. of 

predicted repeat: 4 – Repeat A, Repeat B, Consensus 

GTGTGTATATATAGCACATATATATAACACACATATATGTATATATATACATATATAACA

TATATGGTGTGTATATATGGTGTGTATATATAGCACATATATATGGTGTGTGTATATAT

AGCACATATATATATGGTGTGTGTATATATATATGGTGTGTGTATATATAGCACATATA

TAT 

>chr2_2_1 | NC_000002.12 | Start: 47310846 | Stop: 47311074 | Probability: 0.997 | Num. of 

predicted repeat: 4 – Repeat A, Repeat B, Consensus, Mismatch 

ATATACACACACACATATATATTTAGAGAGAGAATATTGTGAGTGTGGTGTGTGTG

TGTGAGATATATTTACACACATACACACACATATATATAGAGAGAATATTATATGTG

CATGTGATGTGTGTCTGAGATATATTTACACACATATATATATAGAGAGAGAATATT
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ATGTGTGTGGTGTGTGTGTGTGAGAGATATTTATATACACACACATATATATATATAT

C 

 

Figure S5.1. Previously reported CRISPR-like elements.  
Previously reported CRISPR-like elements in the mitochondrial genome of a plant (Vicia faba) 
and the genome of a giant mimivirus (APMV). A) Array architecture of CRISPR-like sequence 
from V. faba mitochondrion consisted of five similar but non-identical repeats of 43 bp that were 
interspaced by four small spacers, one each of 31 and 25 bp and two of 16 bp. The two 16 bp 
spacer sequences were identical for 62% and the two longer spacer sequences were identical for 
50%. B) MIMIVIRE loci contains four 15 bp repeats with uneven spacing, located within the 
coding sequence of uncharacterized R349 ORF of the Mimivirus APMV. The 28 bp matching to 
the ORF4 gene in the Zamilon genome overlaps with the first repeat of the loci, rather than the 
spacer sequences. MIMIVIRE lacks Cas1 homolog and encodes only distant, generic homologs of 
Cas3 and Cas4 annotated as SNF2-containing domain and Lamda-type endonuclease, respectively. 
Neither the mitochondrial genome nor the genome of a giant mimivirus contain predicted CRISPR 
loci due to lack of CRISPR-like repeats and array architecture. 
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Abstract 

Argonaute (Ago) proteins are found in all three domains of life. In Eukaryotes, Argonautes are the 

catalytic engine of RNA interference (RNAi). Argonautes are also present in prokaryotes and show 

far greater phylogenetic diversity compared to eukaryotic Argonautes (eAgos). Prokaryotic 

Argonautes are broken up into three distinct clades: long-A, long-B, and short pAgos. Most of the 

pAgos that have been experimentally characterized are long-A pAgos, while short pAgos have 

been understudied. Short pAgos are structurally unique as they are composed of 2 of the 4 domains 

that long pAgos and eAgos possess. However, previous studies have identified a gene encoded 

nearby short pAgos that were hypothesized to be “analog of PAZ” (APAZ) genes. Many APAZ 

genes also contain unique fusions to enzymatically diverse ‘effector’ domains. This diversity in 

short pAgos highlights a potential sensor/effector mechanism, where the short pAgo acts as sensor 

that activates enzymatically diverse APAZ-Effectors. However, previous phylogenetic analyses 

were not comprehensive enough to capture the catalog the extent of APAZ-effector diversity. Here, 

we demonstrated the intricate domain architecture of 2,167 Agos and 779 APAZ genes revealing 

previously unappreciated domains that are associated with the prokaryotic argonautes and their 

APAZ genes. Additionally, we demonstrated that APAZ genes miss a PAZ domain fold while 

containing the N-terminal domains of a canonical Ago. This expansion provides a complete picture 

of the diversity of Argonautes and establishes a foundation for exploring their functional 

implications, potentially revolutionizing our understanding and applications in gene regulation and 

synthetic biology. 
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Introduction  

Argonaute proteins (Agos) are an ancient family of proteins that are conserved in all 

domains of life. In eukaryotes, argonautes are best known for their ability to use small RNA guides 

to recognize and cleave the complementary RNA targets. This process is referred to as RNA 

interference (RNAi) and is involved in regulating gene expression and protecting against parasitic 

genetic elements. Previous bioinformatic analyses of prokaryotic genomes revealed that Agos are 

present in both bacteria and archaea (17% and 25%, respectively)1, 2 and that are significantly more 

diverse in domain architecture than their eukaryotic counterparts3-5. Additionally, pAgos can use 

DNA or RNA guides to target RNA or DNA, which is in contrast to eAgos which are strictly RNA-

guided RNA-targeting systems. Despite this diversity and widespread conservation of Agos in 

prokaryotes, few pAgos have been functionally or biochemically characterized to date6-11. 

Prokaryotic argonautes are broken up into three distinct clades based on the domains they 

possess: long-A, long-B, and short pAgos1, 2, 12. Similar to eAgos, long-A pAgos contain an RNase 

H-like endonucleolytic PIWI domain with a conserved DEDX (X denotes D, H, or K) tetrad, a 

MID and PAZ domain responsible for anchoring the 5’ and 3’ ends of guides, respectively, an N 

domain involved in strand dissociation after target cleavage, and two linker domains (L1 and L2)2. 

Long-B pAgos have the same domain architecture as Long-A Agos but have mutations in their 

PIWI domains that abolish their nuclease activities13. Short pAgos possess only the MID and PIWI 

domains and, similar to long-B, have catalytically inactive PIWI domains2. However, many pAgos 

with inactive PIWI domains are adjoined to or located in the same operon as genes containing 

putative nucleases1, 12 that are hypothesized to play roles in either the generation of nucleic acid 

guides or in the cleavage of complementary targets. While published studies proposed that 
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eliminating foreign genetic elements through their nucleolytic cleavage may be the primary mode 

of action for pAgos, it has been hypothesized that these proteins might also be implicated in the 

regulation of other genetic processes, not necessarily requiring DNA cleavage14, 15.  

Most pAgos that have been studied are predominantly categorized within the “long” clades, 

while short pAgos have been understudied. Short pAgos are structurally unique as they lack the 

typical PAZ and N domains. However, many short pAgos are flanked by genes that encode a 

surrogate APAZ domain (analog of PAZ)2, 16, 17. Although the APAZ domain might not exhibit 

sequence-level homology with the conventional PAZ domains, it's suspected to mimic its structural 

attributes16. Notably, as reported by Ryazansky et al., APAZ domains are often fused to 

enzymatically diverse ‘effector’ domains2. These fusions are phylogenetically diverse and are 

hypothesized to provide unique functionality to their associated pAgos. The most common APAZ 

fusions include: SIR2 domains18, TIR domains19, and DUF4365 domains20 which are homologous 

to the RecB-like domain of the Mrr subfamily of PD-(D/E)XK nucleases2, 17. These diverse domain 

fusions highlight the potential versatility of short pAgos in prokaryotic systems. However, past 

phylogenetic analyses were not comprehensive enough to identify the full suite of APAZ-fused 

effectors. Here, we use both sequence specific models and structural prediction to comprehensively 

identify the domain architecture of 2,167 Agos. We also idneitfy779 APAZ genes with diverse 

fusions. The unveiling of these effector domains not only enriches our understanding of the 

versatile functionalities embedded within pAgos but also underscores the adaptive evolution of 

these proteins in response to varied environmental challenges. Recognizing these diverse domains 

is imperative as they potentially play pivotal roles in cellular mechanisms, defense strategies, and 

gene regulatory processes in prokaryotes. 
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Results and Discussion 

Expansion of Ago-associated Effector Domains 

To understand the diversity of Agos and their associated effector domains we sourced 

25,502 complete bacterial and 398 archaeal complete genomes from the NCBI Assembly database 

and identified potential Argonaute proteins within protein sequences that containing PIWI and 

MID domains. Using refined filtering techniques, a non-redundant list of 1,129 eukaryotic and 

1,038 prokaryotic argonaute proteins was generated. In parallel, we identified 779 APAZ genes 

within genomes containing argonautes. Both sets underwent phylogenetic tree construction to 

discern their evolutionary relationships (Figure 6.1A).  

Furthermore, we identified non-canonical fusion domains by querying all identified APAZ 

and Agos with a suite of HMMs. Using this technique, we identified eAgo associated Gly-rich and 

GAGE domains, long-B pAgo associated OB-fold, HTH (helix-turn-helix) and Alba2 domains, 

and short pAgo/APAZ associated SIR2, TIR (Toll-interleukin like receptor), DUF4365 domains, 

all of which have been previously identified (Figure 6.1B)2, 16, 18-21. Unsurprisingly, this technique 

was unable to identify a significant portion of Ago fusions, especially the N-terminal extensions 

of eAgos and APAZ genes. To address this pitfall, we predicted the structure of Ago and APAZ 

proteins through AlphaFold22, extracted the fusion domains and used FoldSeek23 to annotate fused 

domains. This method was able to identify additional CD-NTase (cGAS/DncV-like 

nucleotidyltransferase), HATPase (Histidine-kinase like ATPase), HNH endonuclease and Mrr-

like SMEK domains that were previously missed through HMM-based domain annotation 

methods (Figure 6.1B). Interestingly, this technique also identified SIR2- and TIR-fused APAZs 

that contain additional fusions to ATPases and SMEK domains, respectively, suggesting that these 
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fusions might have different functions compared to the short pAgos containing SIR2 or TIR 

domains alone. While CD-NTase and HATPase fusions suggest a regulatory function of short 

pAgos, the HNH endonuclease and Mrr-like SMEK domain fusions imply an alternative way of 

RNA or DNA targeting mechanisms through nuclease activity of effectors in the presence of 

inactive PIWI domains in short pAgos. 

CD-NTase (Cyclic di-nucleotide forming nucleotidyltransferase) domains are involved in 

the synthesis of cyclic di-nucleotides, which are secondary messengers in bacterial signaling 

pathways24. The fusion of CD-NTase domains to APAZ genes could represent an evolutionary 

strategy in prokaryotes, potentially allowing the APAZ-associated Argonaute proteins to contribute 

to cellular signaling and regulatory networks. Such a fusion could hypothetically endow the 

Argonaute-APAZ complex with the ability to detect specific nucleic acid sequences and, in 

response, synthesize cyclic di-nucleotides that act as intracellular signals. These signals could then 

modulate gene expression, activate immune responses, or trigger other defense mechanisms. This 

suggests a multifaceted role for these proteins, where they not only guide the cell in recognizing 

invasive genetic elements but also play a part in the broader regulatory response to such threats. 

This indicates that APAZ-associated Argonautes might act as sensors, linking nucleic acid 

detection to signal transduction, opens up new perspectives on the complexity of prokaryotic 

defense systems. It also raises the possibility that these proteins could be harnessed in 

biotechnology, providing a tool for the controlled activation of cellular pathways in response to 

designed nucleic acid inputs. This could have far-reaching implications for synthetic biology, 

where such systems might be used to engineer bacteria with sophisticated responses to 
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environmental cues or to create novel diagnostic tools that respond to the presence of specific 

genetic markers.  

 

Figure 6.1. Comparative Analysis of Argonaute Protein Architectures.  
(A) Phylogenetic representation of Argonaute proteins, categorized into eAgo and pAgo clusters: 
eAgo, pAgo, LongA, LongB, Short, and Unknown clades depicted to highlight previous 
nomenclature of Agos (B) Corresponding protein alignment visualizing the conservation across 
the sequences. Variations in color intensities illustrate amino acid conservation. (C) Domain 
architecture of the Argonaute proteins, detailing specific domains such as Gly-rich, GAGE, OB-
Fold, and HATPase, among others.  
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Similar to CD-NTase, HATPase domains are also involved in cellular signaling. HATPase 

(Histidine kinase-like ATPases) represent a class of ATP-binding modules that are pivotal in a 

variety of cellular processes, serving as engines for energy transduction and integral components 

of signal transduction pathways25-27. These domains are typically found within the cellular 

machinery that catalyzes ATP hydrolysis, converting chemical energy stored in ATP molecules into 

mechanical work or signal transduction cascades28. They are integral to the function of various 

protein families, including histidine kinases, DNA gyrase, Hsp90 chaperones, and MutL, among 

others29. As such, HATPase domains play a fundamental role in diverse cellular operations, from 

driving motor proteins and managing cellular stress responses to mediating the repair and 

replication of DNA. The fusion of an HATPase domain to APAZ genes may point towards a dual 

functional role for the APAZ-Ago complex, where it acts as a guide for nucleic acid interactions 

and simultaneously engages in cellular signaling upon target recognition. This fusion implies that 

the detection of specific genetic sequences could directly initiate signal transduction pathways, 

perhaps leading to phosphorylation events. Such a system would allow for immediate cellular 

responses to environmental stimuli or threats, integrating genetic surveillance with the modulation 

of signal transduction pathways. This multifaceted functionality would equip prokaryotes with the 

means to not only detect but also react to various cellular states or external pressures, enhancing 

their survival and adaptive capabilities.  

The integration of HNH endonuclease and Mrr-like SMEK domains with APAZ genes in 

short prokaryotic Argonautes could represent an evolutionary strategy to restore nuclease activity, 

compensating for the inactive PIWI domains in these proteins. HNH endonucleases are recognized 

for their nucleic acid cleavage while Mrr-like SMEK domains, part of the PD-(D/E)XK nuclease 
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family, are implicated in various DNA processing activities30, 31. The hypothesized role of these 

fused domains may not be to reinstate sequence-specific targeting but rather to invoke an abortive 

infection mechanism. This cellular defense response could lead to non-specific nucleic acid 

cleavage, disrupting cellular processes to prevent the spread of infection and protect the microbial 

community. Such a mechanism would reflect a sophisticated level of immune response, allowing 

prokaryotes to combat a wide range of genetic threats through a sacrificial yet effective approach. 

N-terminal of eAgos Usually Contains Unstructured Regions with NLS and NES Signals 

In contrast to the pAgos, we were unable to provide additional annotations the N-terminal 

extensions of eAgos due to their disordered nature with the exception of previously identified Gly-

rich and GAGE domains. Previous studies highlighted that eAgos from Arabidopsis thaliana 

(Ago1) consists of an unstructured N-terminal extensions prior to the N-domain that contains the 

amino acid sequences that are essentials for the nuclear localization signals (NLS) and nuclear 

export signals (NES) that facilitate the transportation of these argonaute proteins through the 

nuclear pore32. To investigate whether these unusual extensions in eAgos contain any localization 

signals, we extracted the amino acid sequences of eAgo N-terminal extensions and searched for 

NLS and NES signatures33, 34. From 1,129 sequences searched, we identified 315 NLS and 277 

NES sequences that highlights the variation in the eAgo N-terminals is a result of localization 

instead of unusual domain fusions contrary to the prokaryotic counterparts.  

The presence of nuclear localization signals (NLS) and nuclear export signals (NES) in 

eukaryotic Argonautes (eAgos) is indicative of their dynamic role within the cell. These signals 

are essential for the intracellular trafficking of eAgos, allowing them to shuttle between the nucleus 

and cytoplasm. This shuttling is crucial for the diverse functions that eAgos play in gene 
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regulation. In the nucleus, eAgos are involved in processes such as transcriptional gene silencing, 

whereas in the cytoplasm, they partake in post-transcriptional gene silencing by interacting with 

microRNAs and small interfering RNAs. 

Unlike prokaryotic Argonautes (pAgos), which often exhibit domain fusions that confer 

specific enzymatic activities, eAgos seems to rely on their inherent structural flexibility, often 

characterized by unstructured N-terminal extensions. These extensions allow eAgos to interact 

with various cellular components, facilitating their import into the nucleus where they can engage 

in the regulation of chromatin states or process pre-miRNAs. Upon completion of these tasks, 

NESs direct their export back into the cytoplasm to maintain a constant interplay between the 

different cellular compartments. 

APAZ: Absence of PAZ 

The term "APAZ" was originally coined based on the observed proximity of these genes to 

short pAgos, hinting at a potential analog to the PAZ domain2, 16. Similar to PAZ domains, the 

APAZ domains were predicted to bind guide nucleic acids and target the mobile genetic elements. 

While many reports focused on N-terminal domain fusions of APAZ genes (i.e., SIR2, TIR 

domains), the C-terminal domain of these fusions were remained understudied2, 16, 18-21. In the 

process of annotating Ago and APAZ fusions, we observed that APAZ genes structurally resembles 

the N, L1 and L2 domains of long pAgos, while they lack the fold of a PAZ domain entirely 

(Figure 6.1B,C). Furthermore, our analysis revealed that the loss of PAZ domain can be also seen 

in the pAgos that were previously annotated as long-B pAgos and continues throughout the short 

pAgo clades, highlighting that APAZ should stand from absence of PAZ instead of analogous of 

PAZ.  
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Figure 6.2. Structural variations in prokaryotic argonautes highlighting the presence or absence of 
the PAZ domain.  
(A) Resolved structure of TtAgo with highlighted domains: PIWI in red, MID in blue, PAZ in 
yellow, N in green and L1/L2 in grey. Superimposition of the PAZ domain of human Ago (hAgo2) 
with TtAgo from Thermus thermophilus of the long-A clade, demonstrating a consistent presence 
of the PAZ domain. (B) Comparative representation among AlphaFold predictions of long-B 
pAgos: MsAgo from Mesoflavibacter sp. displaying a truncated version and PhAgo from 
Pedobacter heparinus entirely lacking the PAZ domain. (C) Illustration of the defining absence of 
the PAZ domain in short pAgos, represented by PaAgo from Pseudomonas aeruginosa. AlphaFold 
prediction of PaAgo/APAZ-SMEK heterodimer that can be co-purified together (data not shown). 
APAZ gene of Pseudomonas aeruginosa contains a unique fusion annotated as SMEK that belongs 
to Mrr-like protein family. The figure emphasizes the evolutionary trajectory of the PAZ domain's 
presence, starting from its diminished occurrence in the long-B clade to its consistent absence in 
short pAgos. 



155 
 

To examine the accuracy of our initial observations, we analyzed the predicted structures 

of prokaryotic argonautes across long-A, long-B, and short pAgos. Specifically, we selected 

representative structures: TtAgo from Thermus thermophilus for the long-A clade, MsAgo from 

Mesoflavibacter sp. and PhAgo from Pedobacter heparinus for the long-B clade, and PaAgo from 

Pseudomonas aeruginosa for the short pAgos and its APAZ gene upstream that contains a SMEK 

domain fusion (Figure 6.2). Each proteins sequences of Agos was then submitted to AlphaFold to 

predict the structure. Superimposing PAZ domain of human Ago (hAgo2) onto these structures 

revealed that the PAZ domain of hAgo2 aligned well with TtAgo from the long-A clade, 

highlighting conservation of PAZ domains in long-A pAgos (Figure 6.2A). However, among the 

long-B pAgos, MsAgo had a truncated version of the PAZ domain, while PhAgo completely lacked 

the PAZ domain (Figure 6.2B). Furthermore, the absence of the PAZ domain was a defining 

characteristic in the short pAgos, as exemplified by PaAgo (Figure 6.2C). This suggests an 

evolutionary trajectory where the absence of the PAZ domain starts in the long-B clade and is 

consistent in the short pAgos.  

Given the role of PAZ domains in binding the 3’ end of the guide, long-B and short pAgos 

lacking the PAZ domain may potentially employ shorter nucleic acid guides. Furthermore, the 

absence of the PAZ domain might signal a repurposing within these proteins. This shift appears to 

drive the recruitment of new effector domains like DNA binding domains, SIR2, TIR, and other 

effectors, not as a direct replacement for the PAZ domain but rather an evolutionary response to 

its absence. Interestingly, in some instances, these are fused directly as part of the polypeptide, 

creating a single, continuous protein structure. However, in many short pAgos, these components 

remain as two distinct subunits, representing a unique 'split pAgo' configuration.  
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Predicted Modular Mechanisms of Short pAgos in Response to Cellular Stress 

Through our phylogenetic analysis we have determined that Argonautes are diverse in 

form, which leads us to hypothesize that they are diverse in function. Specifically, we hypothesize 

that short pAgos can utilize multiple unique APAZ genes to respond to unique cellular threats.  To 

test this hypothesis, we queried genomes that contain short pAgos to determine if they encode 

multiple distinct APAZ genes. Our comprehensive investigation revealed that over 25 genomes 

possess multiple APAZ genes alongside short pAgos (Figure S6.1). Supporting our hypothesis, 

genomes did not encode redundant APAZ genes, but contained multiple distinct APAZ genes with 

unique effector fusions like such as APAZ-SIR2 and APAZ-SMEK (Figure 6.3). These data 

suggest that these microbial genomes are equipped to dynamically adapt their defense mechanisms 

based on diverse stressors and potential invading agents. 

Detecting APAZ genes presents its own set of challenges. While identifying APAZ genes 

adjacent to short pAgos is relatively straightforward, their low sequence similarity makes genome-

wide detection more difficult. Relying solely on sequence-specific similarity for identification 

could result in overlooking a considerable number of these genes. It underscores the potential need 

for enhanced tools that can perform high-throughput protein predictions based on structure. 

However, current structural prediction methods demand extensive computational resources, 

making it prohibitive to predict the structure of every open reading frame (ORF). As research 

progresses, there is an increasing need for efficient computational tools capable of deciphering the 

complex genomic landscape of APAZ genes and their associated effectors. 
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Figure 6.3. Proposed model of modular recruitment of APAZ-effectors by short pAgos.  
(A) Gene diagram showcasing the location of APAZ genes and short pAgo from Parvularcula 
bermudensis, with annotated gene regions for APAZ/SIR2, APAZ/SMEK, and Short pAgo. The 
genomic position is indicated on the x-axis. (B) AlphaFold prediction of APAZ-SIR2 representing 
the APAZ and SIR2 (in brown). (C) AlphaFold prediction of APAZ-SMEK representing the APAZ 
in association with SMEK (in cyan). (D) AlphaFold prediction of short pAgo structure 
representation of the MID (in blue) and PIWI (in red) domains. (E) AlphaFold prediction of short 
pAgo (depicted with MID in blue and PIWI in red) interacting with both APAZ-SIR2 and (F) 
APAZ-SMEK. 
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Conclusion 

The work presented here provides a comprehensive analysis of Argonaute proteins, 

highlighting the intricate diversity of short prokaryotic Argonautes and their associated APAZ 

domains. The exploration of APAZ domains revealing that these domains frequently lack the 

typical PAZ fold, suggesting a distinct evolutionary pathway for short pAgos starting from the 

Argonautes belong to long-B clades. Additionally, our bioinformatics and structural analysis has 

expanded the known repertoire of Argonaute-associated domains, revealing diverse effector 

domains that are fused to APAZ genes. We identified CD-NTase, HATPase, HNH endonuclease 

and Mrr-like SMEK domains in addition to previously reported SIR2, TIR, and DUF4365 

domains2, 16, 18-21. The identification of these various APAZ domains fused with various effector 

domains suggests a complex functional landscape for these proteins, possibly reflecting a modular 

approach to cellular defense mechanisms in prokaryotes. The study's findings underscore the 

importance of Argonaute proteins not only in gene regulation but also in the adaptive immune 

responses of prokaryotes, offering insights into their potential applications in biotechnology. By 

extending the understanding of Argonaute proteins beyond the well-characterized long clades and 

into the less understood short pAgos, this research could support new possibilities for utilizing of 

these proteins in synthetic biology or therapeutic contexts. 
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Methods 

Building a Database of Ago Proteins 

To generate a list of argonaute proteins, 25,502 complete bacterial and 398 archaeal 

complete genomes accessed from the NCBI Assembly database on June 10th of 2021. PRODIGAL 

v2.6.335 (default parameters) was used to predict all possible ORFs origination from 58,864 

chromosome and plasmid sequences of bacterial and archaeal assemblies. In parallel, CDS 

sequences from a total of 5,152 reference list of eukaryotic genomes accessed from NCBI protein 

database. To predict the Argonaute proteins in the list of generated prokaryotic ORFs and 

eukaryotic CDS sequences, we queried all amino acid sequences and searched PIWI and MID 

domains of argonautes with the HMM models downloaded from PFAM database by using 

HMMER (hmmsearch) v3.2.136. A total of 4,428 eAgo and 1,478 pAgo identified that contains 

both MID and PIWI domains together. A non-redundant list of argonaute proteins generated by 

CD-HIT v4.8.137 with a 95% identity cutoff, resulting in a total of 1,129 eukaryotic and 1,038 

prokaryotic argonautes.  
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Identification of APAZ Genes in the Genomes Containing Agos 

Previously identified APAZ genes were accessed from the data presented by Ryazansky et 

al. that contains the list of APAZ genes categorized under five different clades2. Each subset of 

APAZ proteins then aligned with MAFFT v7.42938 with the following command-line options: “--

localpair --maxiterate 1000”. Resulting alignments then used to generate HMM profiles by using 

HMMER (hmmbuild) v3.2.136 with the default parameters. APAZ genes were then searched in the 

genomes that containing argonaute proteins, resulting with prediction of 910 APAZ genes. A non-

redundant list of APAZ proteins generated by CD-HIT v4.8.137 with a 95% identity cutoff, 

resulting in a total of 779 APAZ proteins sequences.  

Ago and APAZ Phylogenies 

A local version of MAFFT v7.42938 was used to align argonaute and APAZ proteins with 

the following command-line options: “--localpair --maxiterate 1000”. Two maximum-likelihood 

phylogenetic trees for both Agos and APAZs were then generated from aligned sequences, using 

FastTree 2.1.1139. The trees were generated using the following parameters “-wag -gamma -

pseudo”. Generated phylogenetic trees then linked based on the accession number with 

cophyloplot package available on RStudio. 

Domain Annotation of Argonaute and APAZ Sequences 

In addition to the HMM profiles for MID and PIWI domain, various HMMs were accessed 

from PFAM database, including N, L1, PAZ, L2, and previously identified APAZ fusion domains 

to annotate the previously known domains that are associated with Ago and APAZ proteins. A local 

version of AlphaFold2 v.2.3.022 was used to predict the structure of 2,167 Ago and 779 APAZ 

proteins. Resulting predicted structures were then used to extract unannotated regions of each 
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protein by ChimeraX40 and a custom pychimera script41. Extracted regions queried for function 

prediction by a local version of Foldseek v.6.2923 that compares the queried structure to the 

available PDB database. Identified domains were than illustrated on the phylogenetic tree by using 

ggtree, ggplot2 and tidyverse42, 43.  
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Supplemental Figures 

 

Figure S6.1. Illustration of the relationship between short pAgos and multiple APAZ effectors.  
Using genome accession numbers, we connected APAZ genes to short Agos. On the left, a 
phylogeny of short pAgos grouped by their associated APAZ genes observer adjacent to the 
genes in the same operon. On the right, phylogeny of APAZ genes identified in the genomes of 
bacterial and archaeal sequences that contains Argonaute proteins. Blue line represents the short 
pAgos localized with two APAZ-effectors, while red line represents the short pAgos localized 
with three APAZ-effectors.  
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CHAPTER SEVEN 

GENERAL CONCLUSION AND OUTLOOK 

Bacteriophages are the most abundant biological entities and their consistent threat to 

bacterial populations has instigated an arms race of survival. This has led bacteria to evolve diverse 

defense mechanisms, and phages to subsequently counteract those. At the forefront of these 

defense systems stand the CRISPR-Cas systems, evolutionary marvels of adaptive immunity in 

prokaryotes. These systems have been increasingly recognized, not just for their defense roles but 

also for their potential in biotechnological applications, particularly in areas like gene editing, 

diagnostics, and DNA/RNA recording.  

From CRISPR Interference to Regulation of CRISPRs  

While there's been significant attention directed towards understanding the interference 

mechanism of CRISPR systems against DNA phages, my initial research trajectory was drawn 

towards a different narrative: defense against RNA phages. This choice was informed by the 

contrasting profiles of viruses that invade eukaryotic versus prokaryotic systems. In eukaryotes, 

RNA viruses are predominant. However, in the realm of bacteriophages, DNA phages take center 

stage. This divergence poses intriguing questions: Have bacteria and archaea evolved specialized 

defenses against RNA, which remain largely undiscovered, or are RNA phages simply so scarce 

in prokaryotic environments that a dedicated RNA-targeted defense system wasn't evolutionarily 

favored? 

To unravel this mystery, my endeavors initially ventured into investigations of the claims 

around the Type I-F CRISPR system (Chapter 2). Although traditionally recognized as a DNA-
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targeting defense, some evidence suggested its potential to also target RNA, albeit via a distinct 

mechanism. While further research is paramount to fully understand the alleged RNA-targeting 

capabilities of this system in Pseudomonas aeruginosa, my attempts to repurpose the model for 

RNA phage immunity did not yield affirmative results, hinting at uncharted territories in the RNA 

defense landscape. 

Such findings necessitated a pivot in my research direction. I chose to conduct an in-depth 

study on a significant, yet previously overlooked component of the CRISPR-Cas systems: the 

CRISPR leader sequences. Many existing CRISPR detection tools focused solely on either the 

repetitive array sequence or cas genes, neglecting the wealth of information contained within the 

CRISPR leader. By integrating this neglected segment into our analyses, I aimed to unveil a more 

complete view of CRISPR systems, encompassing their evolutionary diversity and further 

expanding their potential in biotechnological applications. 

During my Ph.D. work, while the overarching role of the CRISPR leader in regulating 

transcription was recognized, its profound implications for the process of integrating foreign 

DNAs and its impact on the evolution of the CRISPR loci began to surface only recently. In our 

exploration, we revealed that a significant number of CRISPR loci had leaders from I-C, I-E, I-F 

and II-C showcasing sequence motifs identified by the integration host factor (IHF) proteins 

(Chapter 3). Astonishingly, many of these leaders also carried previously unidentified upstream 

sequence motifs within a conserved spacing, which in turn, influenced the recruitment of these 

upstream sequence motifs by the Cas1-2 integrase. The importance of the spacing these motifs 

became evident as we hypothesized and subsequently confirmed its critical role in their 

presentation to the CRISPR-associated adaptation proteins (Chapter 3). Additionally, we 
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recognized that, while many type I-E CRISPR leaders belong to Pseudomonadota incorporated 

IHF-binding sites, a significant amount of leaders originated from Actinomycetoma did not. 

Instead, they exhibited unique DNA sequence motifs, highlighting an intriguing possibility 

suggesting a synchronized evolution of these leader sequences with CRISPR-Cas systems and 

distinct host factors. Most importantly, it highlighted for me that there was an opportunity to 

expand the CRISPR discovery process itself by including more information from the leaders. 

Through rigorous categorizations rooted in 16S rRNA-based taxonomy and CRISPR subtyping, 

we identified 77 distinct motifs across more than 24,000 CRISPR leader belongs to type I, II, III 

and V (Chapter 4). Their significance was revealed when some of these motifs showed alignment 

with sequences previously associated with key CRISPR functions. This discovery reinforced their 

regulatory roles and could offer a promising avenue to improve CRISPR detection and 

classification methodologies and enhance the detection of CRISPRs (Chapter 4).  

Looking at Genomes Outside of the Prokaryotes to Find Evidence of CRISPRs 

A somewhat unexpected turn in my research journey led me to investigate the possible 

existence of CRISPR loci in the human genome, termed "hCRISPRs" (Chapter 5). Using the 

bioinformatic tools that I developed, I conducted an in-depth analysis of the human reference 

genome, aiming to rigorously detect and evaluate so-called hCRISPRs, if they existed. This 

investigation unearthed numerous potential CRISPR arrays that diverged from the canonical 

CRISPR structures known from prokaryotes. Despite the initial large number of potential arrays, 

few survived rigorous confidence assessments. Further attempts to correlate these to validated cas 

genes yielded no tangible matches, raising further doubts about the legitimacy of the reported 

hCRISPRs (Chapter 5). This was unsurprising, considering that repetitive DNA sequences can 
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constitute anywhere from 1-80% of eukaryotic genomes. When I expanded this search to include 

a broader selection of eukaryotic genomes and even prokaryotes using non-strict search 

parameters, the results echoed the initial findings. Such outcomes underscore the importance of 

systematic analysis of detected putative arrays. Employing non-strict settings without a meticulous 

review can lead to the misidentification of genuine CRISPRs, underscoring the need for careful 

discernment in distinguishing true CRISPRs from other repetitive sequences (Chapter 5). 

Diversity of Prokaryotic Argonautes 

The latter phase of my research focused on the Argonaute proteins, especially the lesser-

explored prokaryotic Argonautes. With advanced bioinformatics and molecular biology techniques 

as my compass, I embarked on an expedition into the depths of these proteins, unraveling their 

genetic associations, relationships with APAZ-effectors, and potential defensive mechanisms 

(Chapter 6). We showed that the diversity observed in eAgos are distinct from pAgos The N-

terminal extensions in eAgos are usually unstructured regions that encode NLS or NES motifs, the 

N-terminal extensions in pAgos and short pAgo associated APAZ genes were encode various 

DNA-binding or effector domains. In addition to the previously reported SIR2, TIR and DUF4365 

domains, we identified effector domains that fused to the APAZ domain, including SMEK domains 

(a distinct domain belongs to the Mrr-like protein family), CD-NTase domains and HNH fold-

encoding domains. Furthermore, we expanded the domain architecture of SIR2 and TIR domain-

containing APAZ genes, by showing they can possess various combinations of these domains, such 

as SMEK/TIR and SIR2/HATPase (Chapter 6). Finally, we investigated the possibility that, upon 

a target recognition, short pAgos might act as a sensors that recruit various APAZ-effector proteins 
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encoded in the genome, depending on the encountered stress, and thereby serve as a possible 

modular switching mechanism (Chapter 6). 

Concluding Remarks 

Ultimately, the realm of bacteriophages and bacterial interactions stands not just as a 

testament to nature's ingenuity but also as a repository of possibilities for human innovation. Each 

chapter of my research journey has been a step towards understanding this vast realm a little better, 

and through that understanding, gleaning tools and techniques that hold the promise of 

revolutionizing biotechnology. 

By embracing the often-overlooked nuances of bacterial defense mechanisms, like the 

CRISPR leader and the prokaryotic Argonautes, I've endeavored to contribute to a more complete 

understanding of this intricate field. It's my hope that these contributions pave the way for future 

innovations, firmly rooting them in a comprehensive understanding of nature's most intricate 

defense systems. In this evolutionary dance between phages and bacteria, as they navigate the 

challenges and counter-challenges thrown their way, may we continue to find inspiration, 

solutions, and a deeper appreciation for life. 
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