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Abstract 

 
Functional Versatility of CRISPR-Cas Systems in a Bacterial Pathogen 

By Hannah Kwe Ratner 
 

CRISPR-Cas systems are widespread in prokaryotes and function as adaptive immune 
systems that use small RNAs (CRISPR RNAs; crRNAs) to guide Cas proteins to recognize and 
cleave foreign nucleic acids. There is increasing evidence for broader roles of these systems. The 
bacterial pathogen Francisella novicida naturally encodes a CRISPR-Cas9 system that plays a 
critical role in bacterial virulence. We determined that Cas9 enables virulence by repressing the 
transcription of four endogenous genes and providing protection from phagosome produced 
antimicrobials. This regulation is mediated by a non-canonical small RNA (scaRNA), rather than 
a crRNA, that guides Cas9 to bind DNA targets and block transcription. scaRNA binds 
endogenous targets without lethally cleaving the bacterial chromosome due to reduced 
scaRNA:DNA complementarity. We harnessed this activity to reprogram scaRNA to repress 
other genes. Furthermore, with engineered, extended complementarity to an exogenous target, 
the repurposed scaRNA:tracrRNA-FnoCas9 machinery can also be licensed to direct cleavage of 
the invading DNA. These findings highlight that a cleavage-competent Cas9 complex can exist 
in two distinct functional states in bacteria: binding to endogenous DNA as a transcriptional 
repressor and cleaving foreign DNA to prevent infection. With this knowledge, we investigated 
Cas12a activity, a second CRISPR system in F. novicida. Despite the differences in timing of 
expression, Cas12a prevented infection with foreign DNA as efficiently as Cas9 when both 
systems were reprogrammed to prevent infection by the same DNA target. Synthesizing the 
requirements for DNA targeting and scaRNA-based repression, we demonstrated that the 
crRNAs of the F. novicida CRISPR-Cas9 and CRISPR-Cas12a systems can be commandeered to 
direct transcriptional repression in addition to DNA targeting, ultimately reprogramming Cas12a 
to repress endogenous targets. The functional versatility of F. novicida Cas9 and Cas12a 
indicates that subtle, single base changes in the crRNAs can direct the mechanics of CRISPR 
protein function. The shift between DNA targeting and transcriptional repression via DNA 
binding likely underpins a broad class of underappreciated CRISPR functions, one that is 
potentially critical to the physiology of the numerous Cas9- and Cas12a-encoding pathogenic 
and commensal organisms. 
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Chapter 1. Introduction 

CRISPR-Cas Biology 

Adapted from: Ratner HK,* Sampson TR,* Weiss DS. Overview of CRISPR-Cas9 Biology. 

CRISPR-Cas: a Laboratory Manual. Chapter 1. Cold Spring Harbor Press. 2016. doi: 

10.1101/pdb.top088849  © 2016 Cold Spring Harbor Laboratory Press  

History 

CRISPRs (clustered, regularly interspaced, short, palindromic repeats) were detected in 

1987 when an array of short, repetitive DNA sequences (~20-40 bp in length, termed “repeats”) 

interspaced with non-repetitive sequences (termed “spacers”), was identified following the 

sequencing of the gene encoding alkaline phosphatase isozyme conversion enzyme (iap) (1). At 

the time, the function of these sequences was unknown, hindered largely by the lack of available 

DNA sequencing data (2). Soon after, interspaced repetitive palindromic regions of the genome 

were identified in more bacteria, including other species of Enterobacteriaceae species and 

Mycobacterium tuberculosis (3, 4). In Mycobacteria, a method of strain subtyping, 

spoligotyping, was developed using the variations in the spacer sequences in the CRISPR arrays 

(5-7). This tool has since been applied to other CRISPR-encoding species and newer CRISPR-

based strain identification methods have been developed (7). 

The role of these repetitive regions in prokaryotic biology remained an enigma for almost 

two decades, when computational analyses led to the discovery that they were present in 

numerous bacteria and archaea, and notably, that the spacers were identical to many sequences 

present in exogenous mobile genetic elements such as plasmids, transposons, and bacteriophages 

(8, 9). Further bioinformatic studies revealed that these arrays, termed CRISPR arrays, were 

often associated with a core set of Cas genes (10, 11).  Many of the Cas genes had sequence 
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similarity to endonuclease and helicase families or genes encoding other nucleic acid binding 

proteins (10-12). In conjunction with the fact that many spacers were identical to mobile genetic 

elements, these findings gave rise to the postulation that CRISPR-Cas systems may act as a form 

of RNA-directed interference against foreign genetic elements (12). This hypothesis was 

solidified in 2007 by a set of foundational experiments that provided the first direct evidence that 

CRISPR sequences and the associated Cas proteins directed interference against bacteriophage 

infection (13). Perhaps even more interestingly, new spacer sequences were naturally acquired 

into the CRISPR array following bacteriophage infection, subsequently facilitating sequence-

specific resistance to the offending phage, and revealing a mechanism of adaptive immunity in 

prokaryotes (13-17). 

Overview 

Since their discovery as prokaryotic adaptive immune systems, conserved features of 

RNA-directed interference by CRISPR-Cas systems have been uncovered (18-20). Briefly, 

CRISPR-mediated interference occurs in three primary stages: 1) spacer acquisition, 2) crRNA 

transcription and maturation, and 3) target identification and cleavage (Figure 1). During spacer 

acquisition, foreign nucleic acids are identified and processed into short, spacer-sized sequences 

that are inserted into the CRISPR array, to be flanked by a pair of repeat sequences (Figure 1A-

D) (21). The CRISPR array is then transcribed and processed into mature small RNAs, called 

crRNAs, that each contain portions of the repeat sequences and a single spacer that facilitates 

identification of a target nucleic acid with significant sequence complementarity to the spacer 

sequence (Figure 1 E-F). The crRNAs complex with Cas protein(s) and, in some cases, additional 

RNAs to bind the target, resulting in target cleavage (Figure 1G-H) (18-20). 
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Figure 1. The three stages of adaptive immunity by CRISPR-Cas9 systems. (A-D) Spacer acquisition: 

(A) foreign DNA (dark purple) enters the cell, and (B) Cas1, Cas2, and Cas9 in complex with tracrRNA 

(blue) select a spacer sequence on the target through Cas9-mediated identification of a protospacer 

adjacent motif (PAM; dark purple rectangle on the foreign DNA). The PAM adjacent sequence is 

processed into a spacer-sized fragment. (C) The Cas protein complex attached to the spacer identify the 

CRISPR array and creates staggered single stranded breaks on each side on a repeat. (D) The new spacer 

sequence is inserted into the array and the single stranded repeats on either side of the new spacer are 

repaired by DNA polymerase I. (E-F) crRNA transcription and maturation: (E) the CRISPR array and 

tracrRNA are transcribed. (F) Cas9 binds tracrRNA and the CRISPR transcript, which is then cleaved into 

mature, spacer-specific crRNAs by RNase III. The mature dual crRNA:tracrRNA remains bound to Cas9 

as a heteroduplex. (G-H) Target identification and cleavage: (G) Upon re-infection with foreign DNA, the 

spacer on the crRNA of the Cas9:RNA heteroduplex binds to its complementary sequence on the foreign 

nucleic acid. (H) Cas9 adopts a conformationally active state and cleaves both target DNA strands.  
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The field of CRISPR-Cas biology continues to rapidly expand. Numerous groups have 

elegantly revealed not only the molecular function of CRISPR-Cas systems in defense  

against foreign nucleic acids (13-15, 22-25) but also uncovered clues about the evolution of these 

systems (26-29), and their functions in other physiological processes (30-33). 

In parallel to studies of the biological importance of CRISPR-Cas systems and molecular 

mechanisms that underlie their functions, these systems have been engineered for myriad 

biotechnological applications, revolutionizing molecular biology. In particular, technological 

development has focused on the CRISPR-associated endonucleases Cas9 and Cas12a. The roles 

of Cas9 and Cas12a in prokaryotic biology remain minimally explored. The objective of this 

thesis is to understand the functional flexibility of Cas9 and Cas12a systems in the context of one 

of their native bacterial hosts, the pathogen Francisella novicida. This work sheds light on the 

potential diversity in CRISPR-Cas system functions extending beyond DNA defense, and on 

how uncovering these new functions can be utilized to develop new CRISPR-Cas based tools.  

Classification and Mechanistic diversity 

CRISPR-Cas systems are widespread in prokaryotes, and based on whole genome 

datasets, can be found in 87% of sequenced archaea and 45% of bacteria (CRISPRdb 2017). 

CRISPR-Cas systems are structurally and mechanistically diverse (26, 34, 35). Each system has 

Cas genes from two functional categories, genes involved in spacer acquisition ‘adaptation,’ and 

genes involved in target recognition, cleavage and (to variable extent) crRNA processing that are 

called ‘effectors’ (36). As genome mining tools have improved and the number of sequenced 

prokaryotic genomes has increased, new CRISPR-Cas systems have been discovered and 

characterized, leading to the periodic re-classification of these systems. CRISPR-Cas systems are 

currently divided into two Classes, characterized by the nature of the effector protein(s) used for 
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nucleic acid targeting; Class 1 systems have a multi-protein effector complex, while Class 2 

systems have a single protein effector (37). Each Class can be further subdivided into types and 

subtypes based on the unique Cas proteins, phylogeny of the most conserved Cas protein (Cas1), 

and the organization and structure of the genomic locus and associated RNAs (37). Class 1 is 

composed of Types I, III, and IV and Class 2 is composed of Types II, V, and VI (37).  

The adaptation stage of immunity is the most conserved amongst CRISPR-Cas systems 

(38). The majority of CRISPR-Cas systems have a core adaptation module of composed of Cas1 

and Cas2 (Figure 1A-C) (37) (21, 36, 38). These two metal-dependent nucleases are both 

necessary and sufficient for spacer acquisition, but dispensable for target interference (39-42). 

Cas1 and Cas2 form stable, heterodimeric complexes in vitro, and in vivo, the interaction 

between Cas1 and Cas2 is necessary for recognizing the DNA secondary structure of the 

CRISPR repeat sequence during integration of new spacers (41). Evidence from multiple types 

of CRISPR-Cas systems indicates that Cas1 and Cas2 may form complexes with diverse Cas 

proteins involved in target identification and cleavage (39, 43-46). Spacer acquisition may 

require these other Cas proteins to accurately select sequences in a way that prevents the 

CRISPR-Cas system from targeting its own chromosomal spacer sequences with the crRNAs 

transcribed from it; the details of this are described in the “in depth” section below for CRISPR-

Cas9 systems (13, 39, 46).  

The differences between the distinct types of CRISPR-Cas systems become increasingly 

clear at the crRNA maturation, target identification and interference stages of immunity. 

Notably, Class 1 systems (Type I, II, and IV), which comprise of ~90% of identified CRISPR 

systems, utilize large, multimeric protein complexes for these activities (45, 47). Many of the 

subtypes of the type I and III systems have been well studied, while little is known about type IV 



 

 

6 

systems, which lack the Cas1 and Cas2 adaptation machinery (37). However, type IV systems 

share similarities to Type I and III systems, using a unique variant of Cas6 to process crRNAs, 

which interact with a complex of at least 4 proteins (48). Type I systems, which are the most 

common type of CRISPR system, use the endonucleases Cas6 or Cas5d to cleave the CRISPR 

array transcript within the repeat sequences flanking each spacer (49-56). The Cas6 protein then 

transports the mature crRNA to a complex of Cas proteins called Cascade (CRISPR-associated 

complex for antiviral defense), which functions in interference, in some cases remaining attached 

to the crRNA and becoming a part of the interference complex (14, 49, 57-63). The Type I 

interference complex is comprised of four to five distinct Cas proteins, each with different 

stoichiometry (14, 49) (53). Six copies of Cas7, a protein with a ferredoxin fold that resembles 

an RNA Recognition Motif (RRM), form an RNA binding ridge that binds the crRNA, anchored 

by the other cas proteins at both ends of the Cas7 multimer (64-66). When the crRNA binds the 

target DNA, conformational changes result in the recruitment of the Cas3 endonuclease, which 

mediates target degradation and is the defining Cas protein of Type I systems (49) (16, 64).  

Like the Type I systems, Type III systems use Cas6 for crRNA processing and form 

multi-protein complexes for target interference (55). However, the Cas proteins in the Type III 

complexes are different (17) (67). Cas10 is a component of Type III interference complexes and 

is the defining Cas protein of these systems (26). CryoEM structures of Type III systems 

demonstrate that the crRNA is positioned along a backbone of a Cas protein complex consisting 

of repeat units of Csm3 (III-A) and Cmr4 (III-B), much like the Cas7 repeats in Type I systems 

(17.  Interestingly some, if not all Type III systems, are capable of targeting DNA and RNA 

{Hale, 2009 #63, 67-73). Interference by Type III-A systems is complex. First, RNA targets are 

recognized by the crRNA in the interference complex, resulting in even cleavage of the RNA 
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into even, 6 nucleotide intervals via the Csm3. Each identical subunit in the backbone 

individually cleaves the target to collectively fragment the invading nucleic acid into consistent 

and precisely sized sequences (17, 73). After recognition of an RNA target by the crRNA, two 

domains of Cas10 are activated, one to produce cyclic oligoadenylate (cOa) second messengers 

and another to degrade ssDNA in sites of active transcription, via the HD domain of Cas10 (73, 

74). The cOa then activates non-specific RNA degradation by an effector outside of the complex, 

Csm6 (75, 76). These systems avoid autoimmunity with a more rigid interaction between Cas10 

and self-RNAs that prevents activation of the ssDNA degradation domain (77).  

Specificity of the crRNA for the target is enhanced through distinct mechanisms in 

different systems to avoid off-target effects that could occur because of binding of fully or 

partially complementary sequences, as mis-targeting of the host chromosome is likely lethal to 

the bacteria. Multiple systems, including Types  I, II and V  improve specificity through 

recognition of a specific nucleotide sequence adjacent to the target but on the complementary 

strand of DNA, called the PAM (protospacer adjacent motif) (8, 78) (79). PAM recognition 

facilitates Cas interference complex binding, DNA melting, and RNA:DNA heteroduplex 

formation (described for CRISPR-Cas9 in detail in the “in depth” section below), and prevents 

self-targeting of similar or identical sequences to the crRNA that lack a PAM. Interestingly, 

some Type III-A systems may avoid cleavage of sequences incorporated into the host genome 

through a unique transcription-dependent DNA targeting mechanism that enables tolerance of 

lysogenic phages while preventing lytic phage production (80).  

Although there is overlap in the self vs non-self discrimination mechanism between some 

Class 1 and Class 2 systems, Class 2 systems use a single multi-domain effector protein. Of 

these, the best described systems and most commonly used in engineering is the Cas9 
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endonuclease from the Type II systems, and the Cas12a protein from the Type V system. The 

mechanism of Cas9 will be described in detail in the “in depth” section of this introduction and 

Cas12a will be discussed in Chapters  4+5. In brief, both type II and type V systems have RuvC-

like endonuclease domains with an RNase H fold (81). Cas9 contains RuvC and HNH nuclease 

domains that each cleave a strand of the DNA to produce a blunt break (81). Cas9 crRNA forms 

a hairpin with a trans-activating crRNA (tracrRNA) that is also transcribed from the CRISPR 

locus and is required for crRNA processing (82). The crRNA and tracrRNA duplex is necessary 

for interaction with Cas9. Cas12a, which is the best characterized effector of the type V systems, 

works without tracrRNA and has a RuvC-like and putative Nuc nuclease domains that induce a 

staggered double-strand break (81). Unlike Cas9, Cas12a processes its own crRNAs, which have 

a small internal hairpin in the CRISPR repeats (81). Cas12a uses an AT rich PAM sequence to 

differentiate self from non-self, but the PAM is oriented on the other side of the spacer than the 

Cas9 PAM (GC rich) (81). Characterization of a different subtype from the type V systems, 

Cas12b (C2c1), highlights the variation between subtypes. Like Cas9, it also uses a tracrRNA 

but uses an AT rich PAM and produces staggered double strand breaks that depends on a RuvC-

like domain (81). Although both of these systems are best characterized targeting double 

stranded DNA (dsDNA), some orthologs of Cas9 have been shown to be capable of directing 

cleavage of single stranded RNA (ssRNA) as well (83-85). This highlights how much remains to 

be discovered in the continually expanding mechanistic and functional landscape of these 

proteins.  

Unlike the other Class 2 effectors, Cas13a and Cas13b of the type VI systems use a single 

effector protein to target RNA (81).  Cas13a has been shown to process its own crRNA (81). 

Type VI effectors contain two higher eukaryote and prokaryote nucleotide-binding (HEPN) 
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domains which interestingly, are RNases similar to those found in many prokaryotic toxins (81). 

When the guide RNA recognizes a target, Cas13 cleaves RNA indiscriminately. When Cas13 is 

abundant, RNA degradation can lead to induction of physiological changes in the cell, such as 

dormancy, which has been hypothesized to come into play if the expression of the viral genes is 

too high (81). 

Adaptive Immunity by CRISPR-Cas9 Systems 

Adapted from: Ratner HK,* Sampson TR,* Weiss DS. Overview of CRISPR-Cas9 Biology. 

CRISPR-Cas: a Laboratory Manual. Chapter 1. Cold Spring Harbor Press. 2016.  

crRNA maturation 

Type II systems require a single Cas protein, the Cas9 endonuclease, to mediate crRNA 

maturation(82). The CRISPR array is first transcribed as a single, long transcript. Subsequently, 

this pre-crRNA transcript is processed into individual crRNAs, each specific for a different target 

(Fig 1 E, F). A single, matured, spacer-specific crRNA is then complexed with Cas9 along with 

tracrRNA. tracrRNA contains multiple stem-loop structures and a sequence with partial 

complementarity to the CRISPR repeat sequence, allowing binding to the crRNA to facilitate 

maturation and complex formation with Cas9 (27, 82, 86-88). The dsRNA endonuclease, RNase 

III, which is typically encoded distal from the CRISPR locus, is also required for crRNA 

maturation (82). RNase III recognizes the dsRNA structure created by the tracrRNA:crRNA 

duplex and cleaves both strands of RNA within the double stranded repeat region (82). The 

tracrRNA:crRNA duplex binds tightly to Cas9, and undergoes additional processing through an 

unknown mechanism that likely involves additional bacterial RNases (82). The dual RNA:Cas9 

complex is then able to identify and cleave targets with sequence complementarity to the crRNA 
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spacer (Figure 1G, H) (82, 86-89).  In some type II systems, notably those encoded by the 

pathogen Neisseria meningitidis, maturation of the crRNAs is independent of RNase III and 

tracrRNA (90). In this case, internal promoter sequences within each repeat sequence allow for 

transcription of individual crRNAs. These crRNAs still require tracrRNA in order to associate 

with Cas9, highlighting the importance of the RNA duplex for interactions with this protein (90). 

Target interference  

      The mechanism of target interference by type II CRISPR-Cas systems has been greatly 

informed by solving the crystal structures of Cas9 alone and bound to DNA and RNA (82, 87-

89) (91, 92). Similar to its role in crRNA maturation, Cas9 is the sole Type II Cas protein 

involved in target surveillance and interference (82, 87). 

Cas9 has a two-lobed morphology, with a larger alpha-helical lobe and smaller nuclease 

lobe that together form a clam-like shape with a central channel to position the target (Figure 2 

A, B) (91, 92). Cas9 first binds the crRNA:tracrRNA duplex via a positively charged arginine 

rich motif located on the inner surface of the α-helical lobe, where the two lobes come together 

at the end of the central cavity (91, 92). Upon RNA binding, Cas9 undergoes a first 

conformational change to create the channel that positions the nucleic acids along the length of 

the protein, by rotating the nuclease lobe around the nucleic acid binding pocket of the α-helical 

lobe (91, 92). This reorients the endonuclease domains to either side of the channel, into a 

favorable conformation for subsequent target cleavage (Figure 2 B,C) (91, 92). 

Cas9 must then scan DNA to identify target sequences with a high degree of accuracy so as not 

to target its own chromosome. This is partially accomplished by the requirement for the PAM 

motif (typically ~3 base pairs) adjacent to the targeted region on the target DNA (Figure 1 and 2) 

(87-89). Cas9 associates and dissociates randomly along a DNA strand until encountering a 
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PAM sequence (93). Subsequently, the PAM-interacting domain of Cas9 (located in the 

carboxyl-terminus) binds tightly to the target DNA through two binding loops that interact with 

the major and minor grooves of the PAM (91, 92).Cas9 then undergoes a second conformational 

change, locking the DNA target into place along the length of the central cavity between the two 

lobes (91, 92). Interaction with the PAM leads to destabilization of adjacent double-stranded 

DNA and orients the target sequence to facilitate binding to the seed region of the crRNA (91, 

92). If the target sequence has near-perfect complementarity in the PAM-proximal region of the 

spacer, melting along the DNA will occur as one strand of the target base pairs along the 

remainder of the complementary spacer, forming an RNA:DNA heteroduplex (91, 92, 94). This 

results in separation of the two DNA strands into distinct, metal ion-dependent endonuclease 

active sites (91, 92). The HNH endonuclease domain cleaves the DNA strand bound to the RNA 

three nucleotides upstream of the PAM, whereas the non-complementary strand is also bound by 

the nuclease lobe of Cas9 but cleaved by a separate RuvC domain (91, 92).  

Spacer acquisition  

      In type II-A systems, all components of the CRISPR-Cas system form a complex that is 

required for adaptation (Cas1, Cas2, Cas9, Csn2, and tracrRNA) (46, 95). A similar mechanism 

is likely used by other Type II subtypes that contain these components, excluding Csn2, which is 

absent from Type II-C and is replaced by Cas4 in Type II-B subtypes (27, 86). Both Csn2 and 

Cas4 resemble RecB-like nucleases and may therefore play a similar role in adaptation, although 

their precise functions are not known (45). Csn2 and Cas4, as well as Cas1 and Cas2, are all 

dispensable for crRNA processing and target interference in Type II CRISPR-Cas systems(87). 

Interestingly, the Cas1 proteins present in Type II CRISPR-Cas systems cluster phylogenetically 

with those of Type I systems (27). This may suggest that the distinct functions of Type II 



 

 

12 

 

 
Figure 2. Schematic of Cas9:gRNA interactions. A. Upon association with a chimeric gRNA, 

consisting of a ssRNA targeting region similar to the crRNA (red) and a dsRNA structure similar to that 

created by the crRNA:tracrRNA complex (yellow), the alpha helical lobe (blue) and the nuclease lobe 

(pink) of Cas9 are opened into a conformation that reveals a channel for DNA targets to bind. B. When 

DNA containing a PAM sequence is identified by Cas9, and the targeting sequence of the gRNA (red) has 

significant sequence complementarity to the immediately adjacent DNA sequence, the DNA is melted and 

unwound generating a DNA:RNA hybrid. C. Cas9 then undergoes a conformational change, clamping its 

nuclease lobe across the targeted DNA, and positioning each strand into the HNH and RuvC active sites. 

The HNH and RuvC endonuclease domains then cleave the complementary and non-complementary 

strands, respectively, resulting in a double strand break in the target immediately adjacent to the PAM. 
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CRISPR systems arose via recombination events with Cas9 and other types of CRISPR-Cas 

systems, such as the Type I system (27). 

      Upon invasion by a foreign nucleic acid, CRISPR-Cas systems must select spacer 

sequences in a manner that prevents autoimmunity (46, 96). Type II systems accomplish this by 

requiring a specific PAM sequence adjacent to the one that will ultimately be integrated as the 

spacer (i.e. the protospacer) (46) (41, 97). In Type II-A systems, Cas9, in complex with Cas1, 

Cas2, and Csn1 and bound to tracrRNA, identifies PAMs on the invading DNA in order to 

facilitate spacer selection using the PAM-interacting domain (46, 91, 92, 95).  There may be 

additional requirements for the selection of the spacer sequence, as there is an enrichment for 

certain spacer sequences that cannot be accounted for by the sequence of the PAM alone, 

however these requirements have yet to be identified  (46). 

      Mutations in the PAM-interacting domain of Cas9 do not prevent spacer acquisition but 

instead result in incorporation of spacers that are not adjacent to a PAM in the target (46).The 

endonuclease activity of Cas9 is dispensable for acquisition, suggesting that the role for Cas9 is 

primarily to select spacers by binding to the PAM and protospacer sequence, whereas Cas1 

(whose non-specific nuclease activity is required for adaptation) of the associated Cas1-Cas2-

Csn1 complex cleaves the adjacent sequence, yielding a precisely selected spacer sequence (46). 

There are many unknowns in the mechanism of adaptation, but a general model has been 

developed (Figure 1A-D) (21, 41, 42, 46). Cas1-Cas2 together interact with the secondary 

structures of the CRISPR repeat sequences within the array, preferentially near the leader 

sequence, which also acts as a promoter (41, 42). A repeat sequence within the chromosomal 

array is then nicked at the 3’ end, allowing for ligation of the free hydroxyl to the spacer 

fragment (42). The spacer is inserted into the array, flanked by the single complementary strands 
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of the first CRISPR repeat (42). These are repaired into double stranded repeats by DNA 

polymerase, resulting in a new repeat-flanked spacer in the chromosome, to be transcribed and 

processed into a crRNA that can protect against future invasion by complementary, PAM-

flanked sequences (42).  

 

 Francisella 

Introduction to Francisella spp 

            The Francisella genus is comprised of three species of Gram-negative coccibacilli, 

Francisella tularensis, Francisella novicida, and Francisella philomiragia (98). Francisella are 

non-motile, encapsulated, facultative intracellular pathogens of many mammals including 

humans. Disease severity and ecology of Francisella varies by species. F. novicida is likely to 

reside in an environmental niche, as all environmental isolates have come from salt water (99). 

Analyses of brackish water and soil samples suggest that it may also reside there as well (100). 

In contrast, F. tularensis is a vector-borne zoonotic pathogen: it amplifies in a mammalian host, 

which is then fed on by arthropod vectors, and those vectors disseminate the bacterium to new 

hosts (99, 100). 

Francisella tularensis is the most virulent species of the Francisella genus. It is the 

causative agent of tularemia, colloquially referred to as “rabbit fever.” F. tularensis was first 

isolated in 1911 in Tulare county, California in 1911, after causing a plague-like disease in 

rodents (101). The namesake of the genus, Edward Francis, found that the same pathogen was 

responsible for “tularemia” in humans (102). There are three recognized subspecies of F. 

tularensis, tularensis, holartica, and mediasiatica. Of these, tularensis is found in the Northern 
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Hemisphere. F.t. holartica has been isolated in Europe and Asia, and F. t. mediasiatica has been 

found in central Asia (103).  

The virulent F. tularensis is transmitted to humans by multiple routes including arthropod 

vectors and zoonotic transmission, ingestion of contaminated material, or aerosolized bacteria 

(98). Notably, inhalation of as few as 10 bacilli of the highly virulent SchuS4 strain can cause 

lethal infection (104, 105). The most common route of infection with F. tularensis is through 

exposure to infected animals such as rodents and rabbits, and there are no known cases of 

person-to-person spread (98, 106). The nature and severity of infection varies with route of 

transmission. After ~3-5 days, patients typically develop flu-like symptoms or a lesion at the 

infection site. Infection through the skin is the most common and typically results in 

ulceroglandular infection (106). Glandular infection can arise independently or from a cutaneous 

infection draining into the lymph nodes and causing systemic infection (106). Ocular, 

oropharyngeal and gastrointestinal infections are possible as well, and have diverse clinical 

presentations. Of the transmission routes, inhalation results in the most severe form of infection, 

respiratory tularemia (107).  Treatment with antibiotics is typically effective.  

The risk of naturally acquiring tularemia is quite low. In 2017, the CDC reported 239 

cases. Never-the-less, because of the extremely low infectious dose and ease of aerosolization, F. 

tularensis is one of the most infectious bacterial pathogens known (99). This infectivity led to the 

development of F. tularensis as a bioterrorism agent by the U.S. and Soviet Union from 1940s-

1960s (108). It is classified as a “category A Select Agent” by the CDC, making it one of 6 

“most likely” biological threat agents (108). In the last few decades, F. tularensis has received 

renewed research interest, with a focus on elucidating the factors that enable its high level of 

virulence and evade host immune defenses. Much of this research has been conducted on 
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Francisella novicida, which is rarely causes disease in humans and can be studied in biosafety 

level 2 settings. F. novicida is often used as an alternative to F. tularensis in laboratory assays 

because it causes tularemia-like disease in mice and has similarities in intracellular lifecycle, 

although there are substantial differences as well (99, 106). Discoveries made during this 

resurgence of research attention has resulted in Francisella, and specifically the less pathogenic 

Francisella novicida, becoming a model for multiple fields of research, including Type VI 

secretion systems, intracellular infection, inflammasome activation, and Class II CRISPR-Cas 

biology. 

Francisella intracellular lifecycle 

The ability to survive and replicate intracellularly is a critical for Francisella virulence 

(98, 106). Francisella is taken up in the phagosome of the host cell, where it must escape 

phagosomal killing by host antimicrobials and prevent detection from the host innate immune 

system. From there, it escapes from the phagosome to replicate in the cytoplasm until the cell 

dies, allowing the released bacteria to go on to infect new cells.  

Francisella can infect multiple host cell types (109). Entry into mammalian cells is not 

fully understood, and the receptors vary based on the opsonization state of the bacterium. For 

example, mannose is a receptor on macrophages for unopsonized bacteria, while opsonized 

bacteria are targeted to CR3 (complement receptor), although other receptors have also been 

shown to be important (109). Once inside the phagosome, Francisella encounters a smorgasbord 

of host-produced antimicrobials to restrict bacterial infection, including cationic antimicrobial 

peptides (CAMPS) and reactive oxygen stress (106). Francisella is unable to replicate 

intracellular in the phagosome, hence it must disrupt the membrane, escape and replicate in the 
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cytosol (98). It is not well established whether acidification is required for escape, which likely 

also depends on the opsonization state of the bacterium (98).   

Phagosomes containing Francisella have been shown to have markers of the early and 

late endosome, but do not fuse with the lysosome, indicating that Francisella is able to delay, 

disrupt, or escape prior to maturation of the phagosome and toxification due to fusion (110). 

Phosphoinositides decorate the vacuolar compartments of the eukaryotic cells to direct their fate 

(111). In F. novicida, the levels of phosphatidylinositol-3-phosphate (PI(3)P drives phagosomal 

maturation (112). The type VI secretion system of Francisella secretes multiple effectors located 

outside of the Francisella Pathogenicity Island (FPI) where the type VI system is encoded, and 

has been shown to be required for phagosomal escape (113). A secreted protein, encoded in the 

genome outside of the FPI, OpiA, alters phagosomal processing by phosphorylating PI on the 

endosome into PI(3)P to a high level that stops maturation (112). The in vivo phenotype of OpiA 

is dependent on another secreted effector with unknown function, PdpC (112). It is not yet clear 

if there is a single route of escape to the cytosol, or the role of other genes that have been 

implicated in this process, such a pyrimidine biosynthesis genes (98). Upon escape into the 

cytosol, Francisella continues to modulate host pathways in order to replicate (98). Importantly, 

Francisella must also evade innate immune signaling in the cytosol to prevent detection (98).   

Innate Immune Evasion and Survival 

At each of the lifecycle stages described above, Francisella must prevent detection and 

killing by the host innate immune defenses. Extracellularly, Francisella must avoid host defenses 

that can bind to and kill the bacterium such as complement, antibodies, and cationic 

antimicrobial peptides (106). O antigen enables Francisella to inhibit the complement system 

and avoid opsonization by antibodies (106). To resist detection, killing, and the release of 
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bacterial components called PAMPs (pathogen associated molecular patterns) that could activate 

the innate immune response, Francisella also has a capsule and non-canonical LPS 

(lipopolysaccharide) (106).  

During the intracellular lifecycle and passage through a eukaryotic host cell, Francisella 

must avoid recognition by pattern recognition receptors (PRRs) that recognize conserved 

molecular features of microbes in order to alert the innate immune system to control infection. 

PRRs such as Toll-like receptors located on the cell surface and on endosomes, and Nod-like 

receptors (NLRs) in the cytosol, recognize PAMPs and danger associated molecular patterns 

(DAMPs). Pathogen recognition triggers a proinflammatory response, inflammasome activation, 

and pathogen elimination (98).  

TLRs are a family of PRRs that play a critical role in initiating host defenses by 

recognizing different bacterial PAMPS (106). Upon initiation of TLR signaling, it activates 

NFkB transcription factors, which lead to the production of proinflammatory cytokines and 

antimicrobial peptides to control bacteria dissemination and cause disease (106). Francisella has 

evolved specific modifications to the structure of LPS to subvert host defenses and resist cationic 

antimicrobials, and therefore does not efficiently activate TLR4 compared to LPS from other 

Gram-negative pathogens. Francisella species lipid A acyl chains are 2 to 6 carbons longer than 

those in E. coli LPS, it is tetra-acylated, and is missing both negatively charged 1 and 4 

phosphate groups (106). In addition, the phosphate group at 1’ position of lipid A is masked with 

positively charged sugar, GalN, leading to increased bacterial surface charge and repulsion of 

cationic antimicrobials peptides (cAMPs) to facilitate resistance to cationic antimicrobials (106).  

Antimicrobials produced in the phagosome are a first line of defense against bacterial 

pathogens. cAMPs such as human cathelicidins, LL-37, can disrupt the negatively-charged 
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bacterial outer membrane, harm the bacterium, and promote the release of PAMPs that 

subsequently activate an inflammatory response (106). In addition to surface charge, Francisella 

can resist cAMPs though efflux systems (106). The oxidative bursts is another primary 

antimicrobial threats to Francisella survival in the phagosome, and as a result, Francisella has 

multiple ways to resist and prevent it (98). This includes interference with the assembly of ROS 

generating complexes on the phagocytic membrane and expression of detoxification genes such 

as superoxide dismutase (98).  

TLR2, which recognizes bacterial lipoproteins (BLPs) and peptidoglycan, is the primary 

TLR that responds to Francisella infection (106). Discussed in more detail below (in the 

following section, Chapter 2, Chapter 6, and Appendix B), Francisella novicida represses a BLP 

using Cas9 in order to evade detection by this signaling pathway (114). FPI encoded genes and 

the type VI secretion system have also been implicated in TLR2 evasion and reducing TLR2 

expression (106). Carbohydrates on the Francisella capsule may also help hide components of 

the outer membrane and cell wall from detection by TLR2 (106).  

Once Francisella escapes to the cytosol and during replication, it must avoid recognition 

of PRRs and the absent in melanoma2 (AIM2) inflammasome, which detects dsDNA in the 

cytoplasm (106). When dsDNA is detected, the inflammasome molecular complex orchestrates 

caspase-1 activation and leads to cell death via pyroptosis to remove infected cells from the 

system (106). In doing so it induces an inflammatory response that recruits immune cells to the 

site of infection. Inflammasome activation is potentiated by TLR2 signaling, and depends on 

Type I interferon detection of Francisella in the cytosol (106). To avoid unnecessary DNA 

release, Francisella reduces lysis by increasing membrane integrity. BLP repression and other 

membrane protein regulation has been implicated in evasion of this pathway (115, 116).  
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Also in the cytosol, Francisella must avoid host defenses such as NLRs and autophagy. 

NLRs recognize bacterial components such as peptidoglycan, secretion systems, pore forming 

toxins, and flagellin. The role of these pathways and mechanisms of activation and evasion are 

not well established (106). Francisella has been detected in autophagosomes, and can replicate 

in the cytoplasm for long periods of time, indicating that it must avoid engulfment into the 

autophagosome and fusion to the lysosome, or control autophagosomal trafficking (98).  

Model for CRISPR-Cas System Biology 

As an intracellular pathogen, Francisella is in a constant tug-of-war with the host cells to 

prevent recognition and control of infection, and enable replication and escape. To understand 

the genes and pathways that underly Francisella virulence, multiple screens for genes involved 

in Francisella novicida fitness in different environments have been conducted, such as during 

macrophage infection. Interestingly, the gene FTN_0757 (FTT_0584) was identified as being 

essential for virulence and evasion of TLR2 during one of these screens (117). It was later 

identified that this gene was involved in the repression of a BLP (FTN_1103), which was 

essential for pathogenesis in a mouse model and evasion of TLR2 (114). Fascinatingly, 

FTN_0757 encodes Cas9, providing some of the first evidence that CRISPR-Cas systems can 

have functions beyond foreign DNA defense (118).  

Furthermore, F. novicida encodes a second CRISPR-Cas system, CRISPR-Cas12a 

(formerly Cpf1) (119). The simplicity of this system, described in detail in Chapter 5, has 

resulted in significant research attention to characterizing the mechanism of action and 

development for use as an alternative to Cas9 in genome engineering.  As a result, F. novicida 

has become a model for studying the broader functions of CRISPR-Cas systems in prokaryotic 
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biology and more generally, the only system to study the biology of the two primary CRISPR-

Cas systems used in genome engineering in their native bacterial context.  

In this thesis, I propose that DNA defense likely represents just one of many functions of 

CRISPR-Cas systems, and in particular, Cas9- and Cas12a encoding systems. Chapter 2 outlines 

the early associations between CRISPR-Cas systems and roles in bacterial physiology beyond 

DNA defense. The molecular mechanism underlying the association between Cas9 and F. 

novicida virulence is elucidated in Chapter 3, which demonstrates that F. novicida Cas9 

regulates endogenous transcription by binding to the DNA to enable virulence, but is also 

capable of DNA restriction. The different functions of F. novicida Cas9 are directed by 

competing small RNAs. Chapter 4 compares and characterizes the DNA targeting capabilities of 

the Cas9 and Cas12a systems of F. novicida in their native host. We synthesize the findings in 

Chapters 3 and 4 to show that crRNAs can direct both Cas9 and Cas12a to repress transcription 

or target DNA (Chapter 5). The function of these proteins is therefore determined by the 

associated crRNA, parameters we applied to reprogram Cas12a to repress endogenous targets 

(Chapter 5).  

I conclude by providing new evidence that BLP repression by Cas9 contributes to 

virulence by protecting against killing by host antimicrobials, adding to an emerging body of 

evidence that links the bacterial envelope with sensitivity to reactive oxygen species. I discuss 

the ecological distributions of these strains and propose a hypothesis as to why their distribution 

doesn’t track along the expected correlates like phylogeny. Then, I discuss how the discovery of 

the mechanism of natural Cas9 transcriptional repression, and the discovery that this capability 

co-exists with DNA defense, extends to another Class 2 CRISPR-Cas system, Cas12a. 

Collectively, this work contributes to growing evidence that CRISPR-Cas systems have diverse 
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functions in bacterial physiology. Finally, I outline how the multifunctional nature of these 

systems expands their capabilities as engineering tools, and how the continued study of non-

immunity CRISPR-Cas functions is important for both engineering and biology.  
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Chapter 2. CRISPR-Cas Functions Beyond Adaptive Immunity 

I can see CRISPR now, even when phage are gone: a view on alternative CRISPR-Cas functions 

from the prokaryotic envelope 
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Abstract 

Purpose: CRISPR-Cas systems are prokaryotic immune systems against invading nucleic acids 

that adapt as new environmental threats arise. There are emerging examples of CRISPR-Cas 

functions in bacterial physiology beyond their role in adaptive immunity. This highlights the 

poorly understood, but potentially common, moonlighting functions of these abundant systems. 

We propose that these non-canonical CRISPR-Cas activities have evolved to respond to stresses 

at the cell envelope. 

Recent findings: Here, we discuss recent literature describing the impact of the extracellular 

environment on the regulation of CRISPR-Cas systems, and the influence of CRISPR-Cas 

activity on bacterial physiology. The described non-canonical CRISPR-Cas functions allow the 

bacterial cell to respond to the extracellular environment, primarily through changes in envelope 

physiology. 

Summary: This review discusses the expanding non-canonical functions of CRISPR-Cas 

systems, including their roles in virulence, focusing mainly on their relationship to the cell 

envelope. We first examine the effects of the extracellular environment on regulation of 

CRISPR-Cas components, and then discuss the impact of CRISPR-Cas systems on bacterial 

physiology, focusing on their roles in influencing interactions with the environment including 

host organisms.  

 

Keywords: CRISPR-Cas, envelope stress, membrane composition, bacterial pathogenesis 
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Highlights 

• CRISPR-Cas systems play roles in bacterial gene regulation. 

• Regulatory roles of CRISPR-Cas systems center around actions at the bacterial 

envelope. 

• The ability to respond to envelope stress may have driven the acquisition of CRISPR-

Cas regulation 

Introduction 

Prokaryotic organisms have evolved unique, adaptive, nucleic acid restriction machineries to 

prevent the uptake of mobile genetic elements, such as those derived from bacteriophages and 

plasmids (1). Termed CRISPR (clustered, regularly interspaced, short, palindromic repeats) - Cas 

(CRISPR-associated) systems, these RNA-guided endonuclease machineries canonically act in a 

sequence-specific fashion to cleave foreign DNA or RNA targets (2-5). This protects cells from 

exposure to potentially harmful genetic elements (2-4). Beyond this well-established function, 

CRISPR-Cas systems have been observed to play alternative roles in physiology. These 

moonlighting functions of CRISPR-Cas systems include roles in oxidative stress tolerance, 

antibiotic resistance, extracellular structure formation, DNA repair, and host-microbe 

interactions. 

 

The molecular mechanism of many alternative CRISPR-Cas functions has not yet been fully 

elucidated, but may utilize a similar activity to that used in canonical targeting of foreign nucleic 

acids (6, 7). The signature component of CRISPR-Cas systems is the CRISPR array, composed 

of short, repetitive, and often palindromic sequences (8). These repeats are interspaced by short, 

unique, spacer sequences that are complementary to different nucleic acid targets (2, 9, 10).  In 
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most systems, the CRISPR array is transcribed as a single transcript (the pre-crRNA array) and is 

cleaved into small targeting RNAs (crRNAs)(11-14). These crRNAs form complexes with Cas 

proteins, which are encoded in adjacent, conserved operons (4). The complexes are capable of 

sequence-specific interaction with foreign nucleic acids (6). Upon hybridization of the crRNA to 

its target sequence, endonuclease activity of the associated Cas protein(s) is triggered, resulting 

in target cleavage (6). CRISPR-Cas systems are diverse and can be grouped into three main 

subtypes (types I, II, and III) defined by the unique Cas proteins used in crRNA processing and 

targeting/cleavage (1). While the type I and III systems use multimeric protein complexes for 

these processes, the type II system requires a single Cas protein, Cas9, as well as a unique 

accessory RNA, the trans-activating CRISPR RNA (tracrRNA) (1, 13, 15, 16). Uniquely, 

CRISPR-Cas systems can also acquire new spacer sequences within the CRISPR array as the 

nucleic acid threats (such as bacteriophages) in the environment change (2, 17). 

 

Interestingly, many of the alternative activities (not involving the targeted degradation of foreign 

nucleic acid) of CRISPR-Cas systems are linked to processes occurring at the bacterial envelope. 

Herein, we present a CRISPR view of how CRISPR-Cas systems monitor and respond to stresses 

at the cell envelope, allowing bacteria to counteract not only bacteriophage infection, but also 

diverse insults such as antibiotics and host defenses. First, we discuss the transcriptional 

regulation of CRISPR-Cas systems in response to environmental changes signaled by the status 

of the bacterial envelope. We then describe the current understanding of how CRISPR-Cas 

systems regulate bacterial physiology, largely through changes at the cell surface, to promote 

resistance to environmental stresses. Finally, we highlight unanswered questions in the field of 

CRISPR-Cas biology, the exploration of which will provide insight into the evolution of 
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CRISPR-Cas systems and the origins of their increasingly broad functions in bacterial 

physiology.  

Activation and function of CRISPR-Cas systems in response to envelope stress 

Since CRISPR-Cas systems target nucleic acids that have entered the cell through the envelope, 

it is interesting to note that their transcriptional activation often occurs directly, and indirectly, in 

response to envelope stresses (Figure 1). The most explicit example of this occurs during 

bacteriophage infection. It is logical to think that upon bacteriophage adsorption and DNA 

injection the envelope is disrupted, resulting in an envelope stress response (18-20).  

Concomitantly, activation of CRISPR-Cas transcription has been observed, suggesting that the 

cell actively senses the status of the envelope in order to respond to invading threats (21, 22). 

Furthermore, it has been observed that membrane protein dysregulation is capable of inducing 

the increased expression of CRISPR-Cas systems. For instance, in Escherichia coli, the BaeSR 

extracytoplasmic stress response regulator acts to activate its CRISPR-Cas system when the 

bacterial envelope is perturbed (23). Furthermore, the transcriptional regulator H-NS is an 

inhibitor of CRISPR-Cas expression. Upon an envelope stress response, H-NS is inhibited, 

leading to an upregulation of a CRISPR-Cas system in Salmonella enterica and E. coli (24, 25).  

Additionally, high temperatures result in misfolding of membrane proteins and an envelope 

stress response leading to activation of heat shock protein G (HtpG) (26, 27). HtpG has 

subsequently been shown to activate transcription of CRISPR-Cas systems in E. coli (27). Thus, 

CRISPR-Cas systems can be primed by stress at the envelope, likely at least in part to counteract 

incoming foreign nucleic acids.  
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Figure 1. Activation of CRISPR-Cas systems in response to environmental changes. CRISPR-Cas 

systems can be activated in response to the broader environmental stressors of nutrient starvation, 

stationary phase growth, and iron limitation. Likewise, CRISPR-Cas systems can be activated directly in 

response to envelope stressors, such as phage infection and high temperature. These examples highlight 

the influence of the extracellular environment on the regulation of CRISPR-Cas systems. 
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In line with this idea, a recent study of Streptococcus mutans, a cause of tooth 

decay, revealed that expression of the Type II-A CRISPR-Cas system was negatively affected by 

the stress response regulator VicK/R two-component system, which also positively regulated the 

expression of its Type I-C system (28-30). Additionally, it was observed that both of these 

CRISPR-Cas systems play a role in temperature stress tolerance. CRISPR-Cas locus deletion 

mutants exhibited reduced survival after heat exposure, and surprisingly, double mutants in both 

loci had a greater sensitivity to high temperature than mutants from either locus alone, 

suggesting independent activity of each system (30). Furthermore, CRISPR-Cas mutants in the 

type II-A system, but not the Type I-C system, displayed reduced growth upon exposure to 

membrane stress (detergents) as well as oxidative stress (paraquat and hydrogen peroxide)(30). 

Together, these data directly link CRISPR-Cas function to envelope stresses, and further suggest 

that VicK/R may differentially regulate each CRISPR-Cas system under specific conditions. This 

raises the questions of whether these systems work together in nucleic acid defense as well, if 

they have distinct defense activities beyond adaptive immunity, or if they diverged in function to 

fulfill distinct regulatory roles, perhaps by altering the envelope. Exactly how these CRISPR-Cas 

systems regulate stress tolerance remains to be elucidated, and continued study of this 

phenomenon in diverse bacteria will be necessary to identify common themes. It is reasonable to 

postulate that this occurs through physiological changes at the envelope, which acts as the 

frontline to counteract environmental stressors. 

 

CRISPR-Cas control of population behaviors 

In addition to roles in the envelope stress response, CRISPR-Cas systems have been implicated 

in complex population behaviors that involve extensive envelope alterations, such as biofilm 
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formation and fruiting body development (Figure 2). Before CRISPR-Cas systems were 

identified, three genes encoded by the Gram-negative saprophytic bacterium Myxococcus 

xanthus, were found to be necessary for sporulation and fruiting body development (31-33). 

Interestingly, the three genes, devT, devR, and devS, respectively correspond to cas8, cas7, and 

cas5 from a type I CRISPR-Cas system. In the absence of devT (cas8), M. xanthus displayed 

delayed cellular aggregation, sporulation, and chemotaxis, as well as decreased transcript levels 

for a fruiting body transcriptional activator (31). While the mechanism of regulation has not been 

fully elucidated, the M. xanthus CRISPR array encodes two spacers that have identity to 

endogenous sequences on the bacterial chromosome. One has identity to an integrase of a 

Myxococcus bacteriophage, while the other has identity to a cas gene in a different CRISPR-Cas 

locus, raising the intriguing possibility that the CRISPR-Cas system regulates endogenous targets 

(33). However, whether the CRISPR array itself is required for control of the aforementioned 

processes remains unknown. 

 

M. xanthus regulation of fruiting body formation is further influenced by a type III-B CRISPR-

Cas locus, which also regulates exopolysaccharide (EPS) production and type IV pili mediated 

chemotaxis (34). Not only is crRNA processing required for this regulatory activity, but the 

associated cas genes are as well (34). Further studies are needed to determine if and how the type 

I and III systems in M. xanthus interact to regulate fruiting body formation, as well as the 

mechanism of CRISPR-Cas mediated EPS regulation. It will be interesting to determine whether 

these functions evolved due to pressures to restrict mobile genetic elements, broader stresses at 

the envelope, or from entirely different environmental pressures. 
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Another population behavior involving extensive envelope changes, biofilm formation, is 

regulated by the type I CRISPR-Cas system in the opportunistic pathogen Pseudomonas 

aeruginosa (35, 36). A spacer within the P. aeruginosa CRISPR array has sequence similarity to 

a gene within a chromosomally integrated prophage (36). The CRISPR-Cas system interaction 

with this chromosomal element is necessary to repress swarming motility and biofilm formation 

(35, 36). While it is not known how repression occurs, it is established as a sequence-specific 

activity requiring all interference components of this CRISPR-Cas system (36, 37). Given the 

importance of biofilm formation to antibiotic resistance and pathogenesis in P. aeruginosa, it is 

likely that this CRISPR-Cas system plays an important role in mediating infection of eukaryotic 

hosts.  

 

CRISPR-Cas mediated regulation of host-pathogen interactions 

While all bacteria encounter numerous environmental stresses, those bacteria that interact with 

eukaryotes, particularly mammalian hosts, are subjected to a variety of microenvironments and 

stressors as they traffic through the host and encounter the immune system (Figure 2). It is 

therefore an exciting proposition that CRISPR-Cas systems may be utilized in response to these 

host-derived stresses and ultimately mediate host-microbe interactions. 

 

Recently, it has been observed that CRISPR-Cas systems can modulate host immune evasion. 

The intracellular pathogen Francisella novicida upregulates its type II-B CRISPR-Cas system in 

the phagosome of host macrophages, a stressful environment containing a plethora of host 

defenses that attack the bacterial envelope (38). Components of this system (Cas9, tracrRNA, 

and a small CRISPR-Cas associated RNA [scaRNA]) regulate the production of an endogenous 

bacterial lipoprotein (BLP), a process necessary for strengthening the bacterial envelope (38, 39). 
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Loss of these components results in increased envelope permeability and subsequently increases 

susceptibility to membrane damaging compounds, such as those found in the macrophage 

phagosome (39). Furthermore, regulation of the BLP dramatically alters how F. novicida 

survives within its mammalian host. In fact, cas9 mutants are attenuated in a mouse model by 

103-104 fold compared to wild-type bacteria (38). Cas9 and its associated RNAs enable evasion 

of the host innate immune response through two distinct pathways, both of which originate due 

to changes at the membrane. In the absence of Cas9, the BLP transcript is de-repressed, and the 

bacteria are detected by the host pattern recognition receptor (PRR) Toll-like receptor 2 (TLR2), 

which initiates a proinflammatory response upon recognition of BLP (38). Additionally, 

repression of the BLP increases envelope integrity and reduces activation of the AIM2/ASC 

inflammasome, a protein complex involved in a programmed host cell death pathway that results 

in loss of Francisella’s replicative niche (39). This CRISPR-Cas mediated evasion of both TLR2 

and the AIM2/ASC inflammasome is critical for the ability of F. novicida to cause disease. 

 

Consistent with the idea that CRISPR-Cas systems have evolved functions to mediate 

interactions with eukaryotic hosts, Neisseria meningitidis Cas9 is necessary for intracellular 

survival in human epithelial cells (38). Further, N. meningitidis Cas9 is also required for 

attachment and entry into these cells, processes dependent on surface components, suggesting 

that it may regulate envelope structures in this bacterium (38). Cas9 is likewise necessary for 

attachment and intracellular survival of Campylobacter jejuni, a cause of diarrheal disease and 

Guillain-Barré syndrome, in epithelial cells (40). Furthermore, C. jejuni cas9 mutants displayed 

increased surface antibody binding, as well as increased envelope permeability and antibiotic 

susceptibility, all potentially linking Cas9 to the regulation of envelope components (40). 
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Finally, it was observed bioinformatically that the presence of envelope sialylation correlates 

with a loss of the type II CRISPR-Cas system in multiple bacteria (including N. meningitidis, C. 

jejuni, and Haemophilus parainfluenzae)(40). Taken together, these data provide additional 

evidence for alternative functions of CRISPR-Cas systems in regulating envelope functions in 

response to environmental pressures. 

 

Another example of a CRISPR-Cas system promoting host-microbe interactions is observed in 

the Gram-negative bacterium Xenorhabdus nematophila. Here, an orphan CRISPR RNA, termed 

NilD, is necessary for X. nematophila to colonize Steinemema spp. nematodes, a symbiotic 

relationship that facilitates the pathogenesis of these nematodes for their insect hosts (41). This is 

the first example of a CRISPR-Cas system modulating a mutualistic and tripartite interaction, 

and sheds light on the underexplored complexity of CRISPR-Cas functions in broader ecological 

niches. Interestingly, this CRISPR-Cas system is expressed at a higher level in iron limiting 

conditions, furthering the concept that these machineries respond to extracellular changes and to 

events that are tightly regulated at the bacterial envelope (41). Additionally, the role of the 

crRNA from this system in colonization is independent of the effector Cas3, suggesting that the 

NilD CRISPR RNA has a unique function not involving canonical CRISPR-Cas activity (41). 

Further studies to elucidate the molecular mechanism of NilD-mediated nematode colonization 

will shed light not only on envelope changes that facilitate colonization, but also on how orphan 

crRNAs can potentially function as regulatory elements. 

 

Similar to NilD, it was observed that the cas2 gene of the type II-B CRISPR-Cas system of 

Legionella pneumophila was required for intracellular survival within amoebae, and that cas2 
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Figure 2. CRISPR-Cas mediated physiological changes. CRISPR-Cas systems influence bacterial 

physiology, altering population behavior and host-microbe interactions through events that are centered at 

the envelope. In Francisella novicida, Cas9, tracrRNA and scaRNA form a complex that represses a 

bacterial lipoprotein mRNA (BLP) (Correction of original publication by HKR 2019: Repression of the 

BLP mRNA levels occurs through transcriptional repression from the DNA, rather than interaction with 

the mRNA as depicted herein). Repression of the BLP increases membrane integrity, conferring 

resistance to membrane targeting antibiotics and enabling evasion of the host immune system, increasing 

virulence. Cas9 from Neisseria meningitidis and Cas2 from Legionella pneumophila type II systems 

increase host-cell attachment and intracellular survival. In Xenorhabdus nematophila, Cas6 and a 

CRISPR RNA (crRNA) of the type I-E system are required for host colonization. In Myxococcus xanthus, 

the type III CRISPR-Cas system regulates exopolysacchride production (EPS) to enable chemotaxis, 

while negatively effecting fruiting body formation. Conversely, Cas5, Cas7, and Cas8 of its type III 

CRISPR-Cas system are necessary for fruiting body formation and sporulation. Finally, in Pseudomonas 

aeruginosa, all interference components of the Type I CRISPR system are required for biofilm formation 

and swarming motility. These examples provide a framework for understanding the alternative functions 

of CRISPR-Cas systems from interactions at the prokaryotic envelope. 
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was upregulated during intra-amoeba growth (42). Interestingly, no other cas gene was 

required, and cas2 was not required for growth in broth culture or intracellular infection of 

macrophages (42). Furthermore, expression of cas2 in a L. pneumophila strain that lacks a 

CRISPR-Cas system increased the strain’s ability to replicate within amoebae, further indicating 

that Cas2 can act independently of canonical CRISPR-Cas function (43). Cas2 orthologs have 

RNase and/or DNase activity, depending on the organism, and are involved in spacer acquisition 

(17, 44-47). Cas2 nuclease activity is dependent on a single catalytic residue, which is also 

required for L. pneumophila intra-ameobal survival (43).  In. L. pneumophila, not only is Cas2 

RNase activity more efficient than DNase activity, but each requires a different divalent ion 

(Mg2+ or Mn2+, respectively)(43). Thus, preferred nuclease activity may change with shifts in the 

bacterial environment. It is unclear which nuclease activity promotes survival in amoebae, and a 

comparison of the ion concentrations in different growth environments may shed light on this 

difference. Likewise, the precise role of Cas2 in promoting intracellular survival is still 

unknown; it is tempting to consider that Cas2 has functions in mRNA regulation, particularly 

given that residues in its nuclease motif are essential for its role in intra-amoeba survival. Studies 

to observe which nucleic acids associate with Cas2 in different stages and contexts of Legionella 

growth, as well as determining the environmental cues governing the independent regulation of 

this Cas protein, will significantly enhance the understanding of CRISPR-Cas function as a 

regulator of intracellular survival.  

Are CRISPR-Cas systems more broadly involved in stress responses? 

Intriguingly, CRISPR-Cas systems are also regulated by a broad range of environmental 

conditions not necessarily linked to envelope stress (Figure 1). For instance, in nutrient rich 
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conditions, the leucine-responsive protein (Lrp) represses CRISPR-Cas expression in Salmonella 

enterica serovar Typhi (24). However, upon starvation, Lrp is inactivated and may de-repress 

CRISPR-Cas transcription (24). Additionally, the regulator LeuO is an activator of CRISPR-Cas 

expression in S. enterica and Escherichia coli (24, 25, 48). LeuO is active under low phosphate 

and stationary phase conditions, further suggesting that starvation responses can increase 

CRISPR-Cas expression (49, 50). It is interesting to speculate that expression of CRISPR-Cas 

systems may also be tied to nutrient conditions since prokaryotic organisms may actively seek 

out nucleic acids as a nutrient source (51). While starvation is a stress in itself, it can indirectly 

result in dysregulation of membrane composition, as well as serve as a signal for prophages to 

become lytic (52, 53). The same is true for oxidative and osmotic stress, which have been shown 

to activate CRISPR-Cas systems and cause broad stress to the cell, including at the membrane 

(54, 55). Therefore, it is unclear whether there is a universal link between induction of CRISPR-

Cas systems and envelope stress, or if these machineries may more broadly be induced by 

diverse stresses. In total, these examples provide further links between CRISPR-Cas activation 

and the response to environmental cues, which may occur through either their canonical or 

alternative functions. 

 

In addition, CRISPR-Cas systems may act to regulate the cell’s response against other diverse 

environmental stresses (38, 41, 54-57). For example, in E. coli, both the CRISPR array and Cas1 

can participate in mediating DNA repair, while in Thermoproteus tenax, a CRISPR-Cas system 

is activated in response to DNA damaging UV light (55, 56). Therefore, CRISPR-Cas systems 

may be responsible for alleviating the effects of stresses that damage the chromosome. In another 

example, the orphan CRISPR locus in Listeria monocytogenes, rliB, acts to upregulate the 
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production of the iron transport system feoAB, further demonstrating that CRISPR-Cas systems 

mediate physiological changes that are likely in response to environmental stress (57). Overall, 

these observations demonstrate that CRISPR-Cas systems may have evolved multiple functions 

to not only be activated in response to diverse environmental stress, but also to play active roles 

in preventing stress-promoted damage.  

Conclusion 

CRISPR-Cas systems are complex machineries that act to protect the cell against potentially 

harmful mobile genetic elements. As such, it would be efficient to regulate expression of these 

systems to times when the threat of such elements is imminent. Accordingly, there are now 

multiple examples of increased activation of CRISPR-Cas systems in response to envelope 

stress, such as bacteriophage binding and envelope disruption, ultimately enabling cells to 

activate defenses against potential genetic threats.  

 

We have summarized numerous examples of CRISPR-Cas systems having functions beyond 

defense against foreign nucleic acids, many of which involve regulation of envelope physiology 

and how the cell interacts with its host and environment. It is interesting to consider how these 

non-canonical functions may have arisen. These observed roles could have appeared due to 

independent pressures, or stochastically due to accidental acquisition of spacers targeting self. 

Furthermore, the relationships between CRISPR-Cas system subtype and their non-canonical 

functions are poorly understood. Since some bacterial species encode multiple CRISPR-Cas 

subtypes within the same genome, each unique system may represent a fine-tuning of nucleic 

acid defense, perhaps based on niche and environmental cues. Alternatively, the presence of 

multiple systems may be linked to non-canonical functions, whereby some systems are 
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preferentially used for nucleic acid defense and others to regulate bacterial physiology, or 

multiple systems facilitate different non-canonical functions. We hypothesize that clues to these 

interactions lie at the envelope, and that by studying the non-canonical functions of CRISPR-Cas 

systems from this perspective, we will gain insight into the evolution of both commensal and 

pathogenic bacteria to defend against their own pathogens and survive within their diverse 

replicative niches. 
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Abstract 

In addition to defense against foreign DNA, the CRISPR-Cas9 system of Francisella novicida 

represses expression of an endogenous immunostimulatory lipoprotein. We investigated the 

specificity and molecular mechanism of this regulation, demonstrating that Cas9 controls a highly 

specific regulon of four genes which must be repressed for bacterial virulence. Regulation occurs 

through a PAM-dependent interaction of Cas9 with its endogenous DNA targets, dependent on a 

non-canonical small RNA (scaRNA) and tracrRNA. The limited complementarity between 

scaRNA and the endogenous DNA targets precludes cleavage, highlighting the evolution of 

scaRNA to repress transcription without lethally targeting the chromosome. We show that scaRNA 

can be reprogrammed to repress other genes, and with engineered, extended complementarity to 

an exogenous target, the repurposed scaRNA:tracrRNA-FnoCas9 machinery can also direct DNA 

cleavage. Natural Cas9 transcriptional interference likely represents a broad paradigm of 

regulatory functionality, which is potentially critical to the physiology of numerous Cas9-encoding 

pathogenic and commensal organisms. 
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Highlights 

• FnoCas9 (Francisella novicida Cas9) uses scaRNA to bind endogenous DNA and repress 

transcription  

• The limited length of scaRNA:target complementarity prevents DNA cleavage 

• Cleavage-competent FnoCas9 uses distinct RNAs for repression versus cleavage 

• scaRNA can be reprogrammed to guide FnoCas9 to repress a new target 

 

Introduction 

CRISPR-Cas systems are prokaryotic adaptive immune systems that restrict infection by 

potentially harmful foreign genetic elements (Barrangou et al., 2007; Marraffini and Sontheimer, 

2008). CRISPR-Cas9 systems use the single effector protein Cas9 for target recognition and 

cleavage (Gasiunas et al., 2012; Jinek et al., 2012). Cas9 forms a complex with a duplex of small 

RNAs, one being a crRNA that is transcribed and processed from a genomic CRISPR (clustered 

regularly interspaced short palindromic repeats) array (Deltcheva et al., 2011). The other is 

tracrRNA, a small RNA transcribed from the CRISPR-Cas9 locus that contains an inverted 

sequence with complementarity to the repeat sequence that is conserved in each crRNA derived 

from a CRISPR array (Deltcheva et al., 2011). Another portion of the crRNA, the spacer sequence, 

is often complementary to an exogenous DNA target (Bolotin et al., 2005; Mojica et al., 2005; 

Pourcel et al., 2005). Upon infection with a nucleic acid, the crRNA spacer binds to the 

complementary sequence on the incoming DNA (the protospacer), leading Cas9 to cleave the DNA 

target, resulting in a double strand break (Gasiunas et al., 2012; Jinek et al., 2012). 
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Before the crRNA spacer can interact with the complementary sequence on the DNA 

target, the Cas9 complex must first recognize a short nucleotide sequence on the opposite strand 

and adjacent to the protospacer, called a protospacer adjacent motif (PAM) (Anders et al., 2014; 

Jinek et al., 2012; Jinek et al., 2014; Nishimasu et al., 2014; Sapranauskas et al., 2011). This stage 

of target recognition is necessary to prevent cleavage of the genomic CRISPR array from which 

the crRNAs are transcribed (Gasiunas et al., 2012; Jinek et al., 2012). There are no PAM sequences 

next to the crRNA spacers in the genome (Marraffini and Sontheimer, 2010; Mojica et al., 2009). 

Interestingly, CRISPR-Cas systems can have additional roles in bacterial physiology that 

extend beyond defense against foreign nucleic acids (Louwen et al., 2014; Ratner et al., 2015; 

Westra et al., 2014). Of particular interest are type II CRISPR-Cas systems, which include 

CRISPR-Cas9, because they are uniquely abundant in pathogenic and commensal organisms 

(Chylinski et al., 2013; Fonfara et al., 2014; Sampson et al., 2013). Mutants lacking cas9 in 

Streptococcus agalactiae, Campylobacter jejuni, Neisseria meningitidis, and Francisella novicida 

are impaired in virulence processes such as attachment and invasion of host cells and intracellular 

survival (Louwen et al., 2013; Ma et al., 2018; Sampson et al., 2013). These defects correspond to 

reduced pathogenicity of cas9 mutants in S. agalactiae, C. jejuni, and F. novicida during infection 

(Louwen et al., 2013; Ma et al., 2018; Sampson et al., 2013). 

In F. novicida, which can cause human infections, the attenuation of the cas9 mutant is due 

in part to F. novicida Cas9 (FnoCas9) regulation of the expression of an endogenous mRNA 

encoding a bacterial lipoprotein (BLP), FTN_1103 (1103) (Jones et al., 2012). Regulation of 1103 

by FnoCas9 is controlled by tracrRNA and scaRNA, which is a distinct small RNA transcribed 

from an independent promoter near the CRISPR locus (Chylinski et al., 2013; Postic et al., 2010; 

Sampson et al., 2013). Interestingly, FnoCas9, tracrRNA, and scaRNA together enable robust 
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repression of 1103 transcript levels, which occurs in the presence and absence of crRNAs 

(Sampson et al., 2013). Since BLPs are ligands for mammalian innate immune proteins, repression 

of 1103 helps facilitate the evasion of these sensors by F. novicida (Jones et al., 2012; Sampson et 

al., 2014; Sampson et al., 2013). However, reduction of 1103 levels alone is not sufficient to 

completely restore the virulence of a cas9 mutant, suggesting that additional factors are involved 

(Jones et al., 2012; Sampson et al., 2013). 

To comprehensively characterize the endogenous regulatory role of FnoCas9, we 

performed a genome-wide expression analysis which revealed that FnoCas9 has a specific regulon 

of just two transcripts encoding four genes, including 1103. Regulation is PAM-dependent and 

uses catalytically active FnoCas9 and two RNAs, scaRNA and tracrRNA, that likely form an RNA 

duplex (scaRNA:tracrRNA) that is distinct from the duplex used for targeting foreign DNA 

(crRNA:tracrRNA). scaRNA is complementary to the template strand of the 5’ UTRs of the two 

transcripts, thus targeting FnoCas9 to specific sites on the endogenous genomic DNA to repress 

transcript levels. Repression of all four genes contributes to the virulence of F. novicida. These 

findings show for the first time that a cleavage-competent Cas9 complex can exist in two distinct 

states in the bacterium to mediate two different functions: binding to endogenous DNA as a 

transcriptional repressor and cleaving foreign DNA to prevent infection. We further demonstrate 

that the scaRNA can be reprogrammed to guide FnoCas9 to repress other genes in F. novicida, 

highlighting the potential utility of this system in the control of gene expression. Taken together, 

these findings likely represent a broader paradigm in the way CRISPR-Cas9 systems mediate non-

canonical functions that are distinct from DNA cleavage and contribute to bacterial physiology. 

 

 



 

 

53 

Results 

FnoCas9 has a highly specific regulon 

To identify regulatory targets of FnoCas9, we performed a genome-wide analysis of 

mRNA levels in a cas9 deletion mutant compared to wild-type (WT) F. novicida (excluding small 

RNAs). Only 4 out of 1,782 genes (0.22%) were significantly up-regulated in the cas9 mutant by 

more than 2-fold, including FTN_1103 (1103) encoding a bacterial lipoprotein (BLP), which we 

previously demonstrated to be regulated by FnoCas9 (Figure 1A, S1A, C-F) (Jones et al., 2012; 

Sampson et al., 2013). Similar experiments in tracrRNA and scaRNA deletion strains revealed the 

identical regulon of only four genes (1103; FTN_1104, “1104”; FTN_1102, “1102”; FTN_1101, 

“1101”) (Figure 1A, S1A). These results, validated by Northern blots of 1104-1101 in Δcas9, 

ΔtracrRNA, ΔcaRNA,   ΔcrRNA, and the complemented strains, indicated that similar to 1103, 

repression of 1104, 1102, and 1101 transcripts was dependent on FnoCas9, tracrRNA, and scaRNA 

(Figure 1C-F, S1A). The upregulation of the 1104-1101 transcripts upon deletion of FnoCas9, 

scaRNA, or tracrRNA did not occur in the crRNA mutant (Figure 1C-F, S1A). Interestingly, the 

four genes are encoded at the same genomic region (Figure 1B, S1A). Northern blots (Figure 1C-

F) and PCR amplification over the gene junctions between 1104-1101 (Figure S1B) revealed that 

they are encoded on two separate transcripts, one containing the operon 1104-1102 and another 

containing 1101 (Figure 1B-F). These data highlight that the FnoCas9 machinery targets a regulon 

that is highly specific to a region of the genome. 

 

FnoCas9 represses transcript levels by targeting the 5’ UTR of target genes 

We next investigated whether the two repressed transcripts contained regions that could 

serve as targeting sites by the scaRNA:tracrRNA-FnoCas9 machinery. We identified 
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Figure 1. FnoCas9, scaRNA, and tracrRNA regulate transcript levels in a specific genomic region of 

F. novicida. A) Differential transcript expression in the indicated F. novicida deletion mutants (Δcas9, 

ΔtracrRNA, and ΔscaRNA) relative to expression in wild-type (WT). Table represents all genes with a log 

fold change (log2FC) > 1 and an adjusted p-value (padj) <0.05 in each strain compared to WT. The 

names used for these genes throughout the paper are 1104, 1103, 1102, and 1101. The genome of F. 

novicida has recently been re-annotated in NCBI and the new locus tags are indicated. B) Schematic of 

the chromosomal locus encoding the four FnoCas9-regulated genes (1104, 1103, 1102, and 1101) and the 

two mRNA products of the locus. C-F) Northern blots for (C) 1104, (D) 1103, (E) 1102, (F) 1101, in 

wild-type (WT) and deletion mutants for each component of the F. novicida CRISPR-Cas9 system 

(Δcas9, ΔtracrRNA, ΔscaRNA, ΔcrRNA) and their respective complementation strains. The ladders in C-

E were from a different exposure, indicated by the white separating line.  
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 a 17 bp region in both the 1104 and 1101 5’ UTRs with 100% sequence identity as a potential site 

of repression (Figure 2A, S2A). To test whether the genomic regions encoding the 5’ UTRs can 

confer FnoCas9-dependent repression, we constructed a series of chromosomal promoter fusions 

driving expression of a non-native sequence gfp*, replacing the 1104-1101 locus in the genome, 

in strain backgrounds with Cas9 (Cas9+) and without Cas9 (Cas9-) (Figure 2B, S3A). gfp* was 

placed directly downstream of the 1104 promoter and the 1104 5’ UTR. Expression of gfp* was 

greatly enhanced in the cas9 mutant as compared to WT, consistent with a role for FnoCas9 in 

mediating repression (Figure 2C). No such repression of gfp* was observed in the WT strain from 

a similar reporter construct lacking the 1104 5’ UTR (Figure 2C). These data indicate that the 

genomic region encoding the 1104 5’ UTR can direct a non-native transcript to be under 

scaRNA:tracrRNA-FnoCas9-dependent repression.  

To test whether the 1104 5’ UTR could promote FnoCas9-dependent repression 

downstream of non-native promoters, we generated chromosomal reporter constructs in which the 

1104 promoter was replaced with either p146, a synthetic promoter with constitutive expression 

in F. novicida, or the broad host range T5 promoter from Eschericia coli containing a lac operator 

(Bryksin and Matsumura, 2010; McWhinnie and Nano, 2014). Irrespective of the promoter used, 

the 1104 5’ UTR conferred FnoCas9-dependent repression of gfp* (Figure 2C). Furthermore, the 

genomic region encoding the 1101 5’ UTR was also capable of conferring FnoCas9-dependent 

repression of gfp* when located downstream of the native 1101, synthetic, or lac promoters (Figure 

2D). Taken together, these data demonstrate that the 1104 or 1101 5’ UTRs can direct a transcript 

to be under FnoCas9 regulatory control independent of the promoter used. 
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Figure 2. FnoCas9 targets sequences coding for 5’ untranslated regions (UTRs) leading to 

transcriptional interference. A) Alignment of 1104 (teal) and 1101 (red) 5’ UTRs with the location of the 

transcriptional start site (TSS) and start codon (ATG) highlighted. Brackets indicate the number of 

nucleotides in each UTR flanking the aligned sequence. B) Schematic indicating the design of the fusion 

constructs used to interrogate the roles of the promoters and 5’ UTRs in transcriptional repression by 

FnoCas9. C-D) Relative gfp* transcript level measured by quantitative real time PCR (qRT-PCR) from 

constructs with either the native promoter (“1104” in C, and “1101” in D), p146 synthetic promoter, or lac 

promoter, and with or without the native 5’ UTR (1104 in C, and 1101 in D), in a wild-type (Cas9+) or 

cas9 mutant (Cas9-) background. (n=3, error bars represent s.e.). **p≤0.005; ***p≤0.001. 
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scaRNA has complementarity to the 1104 and 1101 5’ UTRs 

To determine how the FnoCas9 machinery might target the 5’ UTRs of 1104 and 1101, we 

bioinformatically searched for predicted interactions between the scaRNA or tracrRNA and these 

regions. We precisely defined the sequences of the scaRNA and tracrRNA using a small RNAseq 

(sRNA-seq) analysis of WT F. novicida (Figure 3A, S2E-F) (Chylinski et al., 2013). The 56 base 

pair scaRNA contains the degenerated repeat predicted previously, however, the tail of the 

scaRNA extends to the 3’ of the repeat (Sampson et al., 2013). With these new data, we identified 

a sequence of 11 bases of perfect complementarity between the template strand of the 1104 5’ 

UTR and the tail of the scaRNA (which was included in a larger region of 15 bases of 

complementarity over 19 bases in the scaRNA tail; Figure 3A). This site overlapped with the 17 

bp stretch of homology between the 1104 and 1101 5’ UTRs (Figure S2A), with the template 

strand of the 1101 5’ UTR also having 11 bases of perfect complementarity to the scaRNA tail 

(and 12 bases of complementarity over a region of 15 bases; Figure 3B). This suggests that 

scaRNA may direct FnoCas9 to the DNA encoding the 1104 and 1101 5’ UTRs since the sequence 

of the template strand is not encoded on the mRNA. 

FnoCas9 uses a PAM to interact with target 5’ UTR DNA 

The Cas9 complex requires recognition of a PAM sequence in the dsDNA target before the 

crRNA spacer can interact with its complementary sequence in the DNA. We identified an NGG 

PAM sequence on the coding strand adjacent to the predicted scaRNA binding site on the template 

strand of both 5’ UTRs (Figure 3A-B). To test if the PAM was required for FnoCas9-dependent 

repression, we mutated the PAM of the 1104 5’ UTR from TGG to TAA in the gfp* reporter strain 

with the 1104 promoter. FnoCas9 lost the ability to repress gfp* expression upon mutation of the 

PAM, consistent with the possibility that FnoCas9 binds the 1104 5’ UTR DNA (Figure 3C). 
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Similarly, we constructed the TAA PAM mutation in the 1101 promoter and 5’ UTR reporter strain 

and observed a loss of FnoCas9-dependent repression (Figure 3D).  

To determine whether scaRNA mediates FnoCas9 DNA binding as suggested by the 

previous data, and to further investigate whether a PAM is required, we conducted electrophoretic 

mobility shift assays (EMSAs) with scaRNA:tracrRNA, FnoCas9, and DNA oligonucleotide 

targets containing the 11 bases of identity to the scaRNA tail shared between the 1104 and 1101 

5’ UTRs, and either a WT TGG PAM or a mutated TAA PAM (Figure 3E). FnoCas9 binding to 

DNA was dependent on scaRNA:tracrRNA as well as the WT PAM, since there was no binding 

observed to DNA encoding the mutated PAM (Figure 3E). These data suggest that scaRNA 

interacts with DNA in a PAM-dependent manner. 

To determine whether FnoCas9 interacts with the 1104 5’ UTR DNA in F. novicida, we 

added a crosslinking reagent to intact cells expressing either a FLAG epitope-tagged WT Cas9 or 

a FLAG-tagged point mutant (Cas9:R59A-FLAG) that is unable to interact with any of the 

FnoCas9-associated RNAs due to a mutation in the RNA binding domain. We next 

immunoprecipitated Cas9-FLAG from bacterial lysates, fragmented and isolated crosslinked 

DNA, and amplified the 1104 5’ UTR region by qPCR. 1104 was enriched in the WT Cas9-

FLAG pulldown relative to the Cas9:R59A-FLAG mutant, demonstrating that FnoCas9 does 

indeed interact with DNA (Figure S2B). Furthermore, this interaction was dependent on the 

scaRNA since Cas9-FLAG in a scaRNA deletion strain behaved similarly to Cas9:R59A-FLAG 

in the WT (Figure S2B). 1101 followed the same trend of enrichment in the WT cas9-FLAG 

pulldown compared to the cas9:R59A-FLAG and ΔscaRNA cas9-FLAG strains (Figure S2C). A 

control gene, FTN_0544, that is not regulated by FnoCas9 (Figure 7B-C) was not enriched in the 

Cas9-FLAG and Cas9:R59A-FLAG pulldowns compared to WT (Figure S2D). The overall 
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reduced rate of 1101 DNA enrichment compared to 1104 is likely the result of fewer 

complementary between scaRNA and the 1101 5’ UTR compared to the 1104 5’ UTR, which 

may reduce the affinity of the pulldown as well as the level of transcriptional repression (Figure 

S2B-C). Collectively, these data indicate that scaRNA mediates the interaction of FnoCas9 with 

1104 and 1101 DNA, representing the first described natural example of Cas9-mediated 

transcriptional interference. 

Extent of complementarity to scaRNA modulates transcriptional interference 

We next evaluated which factors control the level of transcriptional interference exhibited 

by FnoCas9. The importance of complementarity between the scaRNA and 1104 5’ UTR was 

tested by measuring gfp* transcript level from chromosomal fusion constructs with either 0, 8, 11, 

or 15 bases of complementarity to scaRNA on the template strand, followed by a PAM, as well as 

from the equivalent plasmid-based fusion constructs (Figure S3A). Compared to the strain without 

any complementarity between scaRNA and the 1104 5’ UTR, the highest level of gfp* repression 

was observed in the strain with 15 bp of complementarity to scaRNA, with lesser repression in the 

strain with 11 bp of complementarity (Figure 4A, S4). Repression of gfp* was alleviated in the 

strain with only 8 bp of scaRNA complementarity (Figure 4B, S4). These data indicate that 11 to 

15 bp of identity between the scaRNA and its target is sufficient for repression, with 15 bp 

providing the strongest effect (Figure 4A, S4). We mutated the PAM in the construct with 15 bp 

complementarity to scaRNA, and found that this mutation restored gfp* levels to that of a construct 

with 0 bp complementarity to scaRNA (Figure S3B). 
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Figure 3. A PAM motif is required for FnoCas9 transcriptional interference. A-B) Schematic of 

predicted interactions between scaRNA (orange), tracrRNA (blue), and A) the 1104 5’ UTR or B) the 1101 

5’ UTR. The underlined region represents the identical sequence conserved between the 1104 and 1101 

UTRs. The transcriptional start site (TSS) and PAM are shown on the coding strand of the UTRs. C-D) 

Relative gfp* transcript levels were measured by qRT-PCR. (C) Expression of gfp* is driven by the 1104 

promoter and 1104 5’ UTRs containing either a WT TGG PAM sequence or a TAA mutation to the PAM, 

in strains WT (Cas9+) or Δcas9 (Cas9-) strains (n=3, error bars represent s.e., **p≤0.005). (D) Expression 

of gfp* is driven by the 1101 promoter and 5’ UTRs containing either a WT TGG PAM sequence or a TAA 

mutation to the PAM, in strains WT (Cas9+) or Δcas9 (Cas9-) strains (n=3, error bars represent s.e., 

*p≤0.05). E) Electromobility shift assays (EMSA) with FnoCas9 (150 nM) and scaRNA:tracrRNA duplex 

(300 nM), as indicated. A DNA target (1 nM) containing 11 bases of complementarity to scaRNA adjacent 

to a WT PAM (TGG, 9029/9030; DNA sequences in Table S2) or a mutant PAM (TAA, 9041/9042) was 

used.  
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The degree of transcriptional interference correlated with the affinity of FnoCas9 binding. 

EMSAs revealed that the affinity of the scaRNA:tracrRNA-FnoCas9 complex for the DNA 

increased with the amount of scaRNA complementarity (8, 11, 15 bp) (Figure 4C-E). The FnoCas9 

complex did not bind to DNA with no scaRNA complementarity or in the absence of the 

scaRNA:tracrRNA duplex (Figure 4B).  

To determine if either strand of the DNA could be targeted by FnoCas9 for repression, the 

reverse complement of the construct with 15 bp scaRNA complementarity was placed between the 

promoter and gfp*, resulting in a fusion construct with the PAM and 15 bp of complementarity to 

scaRNA on the coding strand (Figure S3A). FnoCas9 repressed transcription equally when 

targeted to the coding and template strands of the DNA (Figure S3C-D).   

We also attempted to investigate the ability of scaRNA to bind and repress a construct to 

which it had 20 bases of complementarity. However, we observed a significantly reduced number 

of transformants while attempting to make such a strain, and the transformants had mutations in 

the scaRNA target (Figure S3E). We reasoned that this might be due to lethal targeting by cleavage 

of chromosomal DNA of recombinants by the scaRNA:tracrRNA-FnoCas9 complex, and set out 

to test this. First, we validated that the scaRNA:tracrRNA-FnoCas9 complex was indeed able to 

bind a 20 bp target in vitro (Figure 4F). We next used a transformation inhibition model to directly 

test whether modulating the amount of complementarity between scaRNA and artificial exogenous 

targets (both a linear allelic exchange fragment and a plasmid) harboring the 5’ UTR region with 

the PAM was sufficient to block transformation. As expected, transformation of constructs 

containing 8, 11, and 15 bases of complementarity to scaRNA into WT and cas9 mutant strains 

resulted in an equal number of transformants. However, when the region of complementarity 

between the target plasmid and the scaRNA tail was artificially extended to 20 bases, we observed 
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a significantly reduced number of plasmid transformants in the WT but not the cas9 mutant strain 

(Figures 4G). We then constructed mutants with 20 bp of complementarity to scaRNA between a 

promoter and gfp* in a dcas9 strain, in which FnoCas9 has point mutations in the active sites used 

for DNA cleavage. The mutations present in dcas9 did not alter the ability of FnoCas9 to repress 

transcription of 1104 (Figure S3F). dCas9 was able to repress transcription of gfp* in strains with 

20 bases of complementarity to scaRNA, and repression was more efficient than the native 

repression from the scaRNA interaction with the 1104 5’ UTR (Figure S3G). Finally, we 

constructed a dcas9 strain with 20 bases of complementarity to a crRNA. dCas9 repressed 

transcription using 20 bases of crRNA complementarity at the same level as WT FnoCas9 

repressed transcription from the 1104 5’ UTR using scaRNA. Further, there was less repression 

from both of these constructs than by scaRNA from a 20 bp target with dCas9 (Figure S3G). These 

results suggest that scaRNA is capable of guiding the FnoCas9 complex to cleave a DNA target 

only when the extent of complementarity is sufficient, and that repression via binding occurs 

independently of the cleavage active sites. The viability of F. novicida indicates that the native 

complementarity between scaRNA and the 1104 and 1101 5’ UTRs is not sufficient to cause 

cleavage of the genomic DNA. 

Proximity of the scaRNA binding site to the TSS is required for transcriptional 
interference 

We next investigated the importance of proximity between the scaRNA target in the 5’ 

UTR and the transcriptional start site (TSS). To do this, we measured gfp* transcript levels from 

fusion constructs with either 0, 5, 10, or 20 bases between the TSS and the 1104 5’ UTR region  
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Figure 4. FnoCas9 transcriptional interference is controlled by degree of scaRNA complementarity 

and target proximity to the TSS. A) Relative gfp* transcript levels were measured by qRT-PCR from 

constructs containing sequences with different lengths of complementarity to the scaRNA tail (0, 8, 11, 15 

bp) between a synthetic promoter and gfp* sequence in the chromosome (n=3, error bars represent s.e., 

***p≤0.001). B-F) Electromobility shift assays (EMSA) with a FnoCas9:scaRNA/tracrRNA complex (1:2 

molar ratio FnoCas9:RNA duplex) and DNA target (1 nM) containing different extents of complementarity 

to scaRNA: (B) 0 bp (9025/9026; DNA sequences in Table S2), (C) 8 bp (9027/9028), (D) 11 bp 

(9029/9030), (E) 15 bp (9031/9032), (F) 20 bp (9033/9034). G) Plasmid inhibition assay of WT F. novicida 

and Δcas9 with plasmids containing PAM-adjacent target sequences with 0, 11, 15, and 20 bases of 

complementarity to scaRNA between a synthetic promoter and gfp*. Results are presented as percent 

transformation into WT relative to Δcas9 (n=3, error bars represent s.e., **p≤0.005). H) Relative gfp* 

transcript levels were measured by qRT-PCR in strains with varying numbers of additional bases (0, 5, 10, 

20 bp) placed between the TSS of a synthetic promoter and a sequence with 11 bp of complementarity to 

the scaRNA, followed by gfp*. A strain with gfp* placed downstream of the synthetic promoter and 0 bp 

of complementarity to scaRNA was used as a control (n=3, error bars represent s.e., **p≤0.005; 

***p≤0.001). I-K) EMSAs with a FnoCas9:scaRNA/tracrRNA complex (1:2 molar ratio FnoCas9:RNA 

duplex) and DNA targets (1 nM) with 5, 10, or 20 bp between the TSS and the 11 bp region of 

complementarity to scaRNA: (I) 5 bp from TSS (9035/9036; DNA sequences in Table S2), (J) 10 bp from 

TSS (9037/9038), and (K) 20 bp from TSS (9039/9040). 

 
 
 
 
 
 
 
 
 
 



 

 

66 

with complementarity to scaRNA (Figure S3A). We observed that constructs with 0, 5, and 10 

bases between the TSS and the scaRNA complementarity region effectively repressed gfp* (Figure 

4H). However, the construct with 20 bp between the TSS and the scaRNA complementarity region 

exhibited significantly reduced repression (Figure 4H). To test if this was the result of altered 

binding, we conducted in vitro DNA binding assays with constructs that have 0, 5, 10, or 20 bases 

between the TSS and an 11 bp scaRNA target region. All of the constructs had comparable binding 

affinities to FnoCas9 in complex with scaRNA:tracrRNA, suggesting that the difference in 

transcriptional inhibition observed when the FnoCas9 binding site is moved further from the TSS 

is not the result of decreased binding affinity (Figure 4D,I-K). These data highlight that the 

scaRNA complementarity region must be in close proximity to the TSS for effective FnoCas9-

dependent transcriptional interference to occur. Together, these results indicate that binding 

affinity through complementarity to scaRNA can modulate the level of transcriptional interference 

nearby a TSS, until the number of bases alters Cas9 function from DNA binding to cleavage. 

Cleavage-capable FnoCas9 binds competing RNAs to form two distinct complexes 
with different functions 

We demonstrated that the presence of crRNA does not contribute to the repression of 1104-

1101 by scaRNA:tracrRNA-FnoCas9, and that scaRNA with artificially extended 

complementarity to a target could inhibit transformation with a target-containing plasmid (Figure 

1C-F, S3E). To test whether DNA targeting by the CRISPR array was independent of scaRNA, 

we transformed WT F. novicida and deletion mutants of crRNA, scaRNA, tracrRNA, and cas9 

with a plasmid containing a target of an endogenous crRNA (with and without a PAM), and 

evaluated the ability of each strain to restrict transformation relative to WT. All strains were 

transformed with the plasmid lacking a PAM at the same frequency. However, cas9, tracrRNA, 
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and crRNA mutants were unable to restrict transformation with a target plasmid containing a PAM, 

while the scaRNA mutant inhibited transformation similarly to WT (Figure S5A). Together, these 

results led us to hypothesize that FnoCas9 forms two distinct cleavage-capable RNA complexes 

in F. novicida, one with scaRNA:tracrRNA, and another with crRNA:tracrRNA (Figure S5B). To 

test this, we measured the interaction between purified FnoCas9 and preformed complexes with 

either scaRNA:tracrRNA or crRNA:tracrRNA. This analysis revealed that FnoCas9 can indeed 

interact with both small RNA pairs (Figures S5C-D), and raised the question of how these distinct 

small RNAs may affect each other. 

We performed Northern blot analysis for tracrRNA, crRNA, and scaRNA from a panel of 

mutant and complemented strains. As expected, the abundance of each small RNA was dependent 

on the presence of FnoCas9 since each was undetected in a cas9 mutant but restored in the 

complemented strain. In addition, analysis of the tracrRNA mutant and complemented strains 

indicated that the presence of crRNA and scaRNA was dependent on tracrRNA. tracrRNA 

processing was retained upon deletion of the crRNAs, suggesting that scaRNA can guide the 

processing of tracrRNA, likely through a similar duplex interaction with the tracrRNA anti-repeat 

as crRNA. Interestingly, deletion of scaRNA did not significantly alter the levels of crRNA, while 

deletion of crRNA led to an increase in scaRNA levels that was recovered to WT levels in a crRNA 

complement (Figures 5A-C). To investigate the impact of the increased abundance of scaRNA in 

a crRNA mutant, we measured the level of 1104-1101 in a crRNA mutant compared to WT by 

qRT-PCR (quantitative reverse transcriptase PCR). In a crRNA mutant, 1104-1101 were expressed 

at lower levels than in WT F. novicida, consistent with 
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Figure 5. FnoCas9 forms complexes with two different RNA duplexes. (A-C) Northern blots for (A) 

tracrRNA, (B) crRNA, and (C) scaRNA in wild-type (WT), mutants for each component of the FnoCas9 

complexes (Δcas9, ΔtracrRNA, ΔcrRNA and ΔscaRNA), and the complementation strains. D-H) qRT-PCR 

for transcript levels of (D) crRNA, (E) 1104, (F) 1103, (G) 1102, and (H) 1101 in WT, ΔcrRNA, and 

ΔcrRNA + crRNA complemented strains ((D-G) n=7-9, (H) n=4-6, error bars represent s.e., *p≤0.05; 

**p≤0.005; ***p≤0.001). 
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 enhanced transcriptional repression (Figure 5E-H, 1C-F). Complementation of the crRNA mutant 

restored wild-type levels of crRNA expression and repression of 1104-1101 (Figure 5D-H). Taken 

together, these results suggest that there is competition for FnoCas9 between the scaRNA and 

crRNA.  

Repression of each gene in the FnoCas9 regulon contributes to virulence 

 It was unclear whether repression of each gene in the FnoCas9 regulon contributes 

to F. novicida virulence. To test this, we infected mice subcutaneously with cas9 double mutants 

also lacking one of the repressed genes. This revealed that 1104 expression plays a major role in 

the attenuation of the cas9 mutant, similar to 1103 (Figure S6B). Deletion of 1104 from a cas9 

mutant led to a greater than 4-log enhancement in the levels of bacteria recovered after infection 

as compared to the cas9 mutant (Figure S6B). 1102 and 1101 played more minor roles, but still 

contributed to attenuation of F. novicida when expressed, reducing virulence by 1-2 logs (Figure 

S6C-E). To test if virulence could be completely restored to the cas9 mutant by deletion of the 

entire 1104-1101 locus, we infected mice with a Δcas9Δ1104-1101 strain and evaluated the 

bacterial burden in the spleen 48 hours post-infection. We found that unlike the Δcas9Δ1103 

mutant, virulence was restored to WT levels by deletion of the four genes in the FnoCas9 regulon 

in a Δcas9 strain (Figure 6). These data demonstrate that F. novicida Cas9 represses these four 

genes whose expression would otherwise lead to attenuation of bacterial virulence. 

scaRNA can be reprogrammed to guide FnoCas9 to repress non-native targets 

We next sought to determine whether scaRNA can be reprogrammed to repress new targets 

and whether promoter regions can be targeted for repression similar to the 5’ UTRs. We  
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Figure 6.  Deletion of 1104-1101 restores virulence of a cas9 mutant. Mice were subcutaneously infected 

with either WT F. novicida, Δcas9, Δcas9Δ1103, or Δcas9Δ1104-1101. Spleens were homogenized and 

plated for enumeration of colony forming units (CFU) at 48 hr post-infection (n=5, bar represents geometric 

mean, **p≤0.005). 
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replaced the 1104-1101 targeting portion of the scaRNA tail with a 16 bp sequence complementary 

to a portion of the 98 bp intergenic region between FTN_0544 (0544; naxD, new NCBI locus tag: 

FTN_RS02820) and FTN_0545 (0545; flmF2, new NCBI locus tag: FTN_RS02825), located 

upstream of the TSS for each gene (Figure S7). These two genes are required for the modification 

of outer membrane lipid A that leads to resistance to the antibiotic polymyxin B; they are 

transcribed in opposite directions, and are not regulated by FnoCas9 (Figure 7A-C, S7A) 

(Kanistanon et al., 2008; Llewellyn et al., 2012). In the scaRNA reprogrammed strain, we observed 

a significant reduction in transcript levels of both 0544 and 0545 compared to WT (Figures 7B, 

C). This suggests that the FnoCas9 CRISPR-Cas9 system can be engineered to repress the 

expression of new targets, and that repression is independent of the strand targeted. Furthermore, 

this repression was dependent on FnoCas9, since a cas9 mutant harboring the reprogrammed 

scaRNA exhibited WT levels of 0544 and 0545 (Figures 7B, C). In addition, when the natural 

scaRNA was reprogrammed for 0544-0545, the strain lost the ability to repress 1104 (Figure 7D). 

Reprogrammed scaRNA repressed transcription of 0544 at the same efficiency in strains harboring 

WT Cas9 or dCas9 (Figure S7B). The repression of 0544 and 0545 in the scaRNA reprogrammed 

strain led to an increased susceptibility to polymyxin B of almost 100-fold, similar to a 0544 

deletion strain (Figure 7E). The susceptibility was reversed by deletion of cas9 from the 

reprogrammed scaRNA strain (Figure 7E). These results indicate that FnoCas9 can be 

reprogrammed to repress expression from new targets in a scaRNA:tracrRNA-dependent manner, 

highlighting the scaRNA:tracrRNA-FnoCas9 machinery as a potential new tool to control gene 

expression and modulate bacterial physiology. 
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Figure 7. scaRNA can be reprogrammed to repress new targets. A) Schematic of the scaRNA target 

site when reprogrammed to interact with the intergenic region between two F. novicida genes, 0544 and 

0545, that are transcribed in opposite directions (TSS indicated with arrows). 0544 and 0545 ORFs are 98 

bp apart in the genome and were targeted upstream of the two TSSs. B-D) qRT-PCR for transcript levels 

of (B) 0544, (C) 0545, and (D) 1104 in WT, Δcas9, reprogrammed scaRNA (WT with the scaRNA tail 

reprogrammed to target 0544-0545), and Δcas9+reprogrammed scaRNA (Δcas9 with the scaRNA tail 

reprogrammed to target 0544-0545) (n=6, error bars represent s.e., *p≤0.05; **p≤0.005; ***p≤0.001). E) 

Percent survival of WT, reprogrammed scaRNA, Δ0544, and Δcas9+reprogrammed scaRNA strains 6 

hours after polymyxin treatment (100 m g/mL) relative to untreated strains (n=3, error bars represent s.e., 

*p≤0.05). 
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Discussion 

Using an analysis of the native FnoCas9 transcriptome to elucidate the specificity of 

endogenous gene regulation, we located the site of interaction between the FnoCas9 complex and 

the DNA of the 5’ UTR of each transcript in its regulon. FnoCas9 uses scaRNA to interact with 

the template strand of the 5’ UTR by recognition of a PAM and a scaRNA-complementary 

sequence on the DNA target. By targeting the 5’ UTR DNA, FnoCas9 functions as a transcription 

factor, repressing gene expression. Through this interaction, FnoCas9 regulates the expression of 

four endogenous genes with remarkably high specificity. We determined that repression is 

dependent on a PAM in the 5’ UTR, and that the sensitivity of natural FnoCas9 regulation could 

be modulated by the length of the RNA-target interaction and proximity of the scaRNA binding 

site to the TSS. Further, transcriptional repression by FnoCas9 could be achieved through the 

targeting of either strand. We demonstrated that the extent of complementarity between scaRNA 

and the DNA target alters the binding affinity of the dual-RNA-FnoCas9 complex to the DNA. 

We also observed that the distance of the TSS from the scaRNA target region does not affect the 

binding affinity of the complex to the DNA. Using this knowledge of scaRNA:tracrRNA-FnoCas9 

interaction with DNA, we reprogrammed scaRNA such that FnoCas9 targeted the promoters of 

desired genes to repress transcription, highlighting the potential use of scaRNA:tracrRNA-

FnoCas9 in the control of gene expression.  

Previous work from our lab suggested a different model for FnoCas9-mediated regulation 

of 1103 mRNA that depended on its direct interaction with tracrRNA. We therefore closely re-

examined the experiments that suggested RNA targeting in Sampson et al., 2013, and have either 

been unable to reproduce critical experiments or identified flaws that led to misinterpretation of 

the previous results, as summarized below. While we cannot rule out the possibility of a low 
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level of direct targeting of 1103 mRNA by the scaRNA:tracrRNA-FnoCas9 complex or an 

alternative mechanism of FnoCas9-mediated gene regulation, the data presented here clearly 

demonstrate that transcriptional interference is the dominant contributor. We sincerely apologize 

for the previous misleading data and the impact they may have had on others in the field.  

We have obtained different results when trying to reproduce the RNA degradation 

experiment (Figure 2a) from Sampson et al 2013 and no longer observe differences in the rates 

of 1103 mRNA stability between the wild-type and cas9 mutant strain (Correction of Sampson et 

al., 2013, Nature). We do not have an explanation for this discrepancy, but think it may in part be 

due to the complications derived from measuring 1103 transcript stability in strains with vastly 

different baseline levels of this mRNA. We have also been unable to replicate the 

immunoprecipitation experiments in Figure 2g of Sampson et al., 2013 (Correction of Sampson 

et al., 2013, Nature). The inherent noise in the RNA pulldowns, which did not incorporate a 

cross-linking step like the DNA pulldowns reported herein, may have contributed to the previous 

results. Further, the pulldown of 1103 mRNA may have been caused by binding of FnoCas9 to 

the 1104 UTR DNA where a low level of transcriptional read-through could have occurred, 

enabling the enrichment of nascent mRNA that are undergoing transcription and are attached to 

the DNA. However, consistent with Sampson et al., 2013, here we present robust data indicating 

scaRNA and tracrRNA together with FnoCas9 are required for FnoCas9-dependent repression of 

RNA levels (Figure 1A, 1C-F, 3E, 5A-H, 7B-D, S2B-D, S5C-D) (Sampson et al., 2013). Finally, 

in Figure 2h of Sampson et al, 2013, a tracrRNA mutant containing substitutions in the putative 

1103 interaction site was used to suggest that 1103 was repressed via interaction with tracrRNA. 

However, due to the location of the tracrRNA mutation in a stem loop that interacts with 

FnoCas9, we feel that this data can no longer be used to draw a conclusion as to the role of the 
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mutated bases in the repression of 1103, and therefore we no longer have evidence to support a 

role of tracrRNA in direct interaction with 1103 (Correction Sampson et al., 2013, Nature). 

Therefore, we no longer have conclusive evidence to support a role for RNA degradation in 

FnoCas9-mediated regulation of 1103. Although we cannot definitively conclude that the native 

FnoCas9 system cannot target RNA in some conditions, the data in this manuscript clearly 

indicate that DNA targeting is the predominant mechanism of endogenous gene regulation. 

In some systems, an artificial FnoCas9 complex has been engineered to target RNA. We 

showed that an FnoCas9 complex with an engineered guide RNA led to a reduction in hepatitis C 

virus (HCV) levels in human cells (Price et al., 2015). Since HCV is an RNA virus whose genome 

is only in the form of RNA and never DNA, the reduction in HCV levels by FnoCas9 were due to 

targeting of RNA, the result of either repression of viral genome replication, translational 

inhibition, or RNA degradation. In this system, we employed an FnoCas9 catalytic domain point 

mutant to show that FnoCas9 catalytic activity was not required for repression of HCV levels, 

ruling out direct RNA degradation via the RuvC and HNH motifs (Price et al., 2015). Another 

group has also shown that FnoCas9 can repress the levels of tobacco mosaic virus, another RNA 

virus that also lacks a DNA stage in its lifecycle, during infection of plants (Zhang et al., 2018). 

However, these mechanisms of RNA targeting are distinct from the regulation of 1104-1101 at the 

DNA level by the native FnoCas9 system. Whereas the native system uses scaRNA and tracrRNA 

to target DNA, RNA targeting by the artificial system utilizes a single-guide RNA with tracrRNA 

modifications. Furthermore, a PAM is not required for HCV repression, while a PAM is involved 

in FnoCas9 repression of endogenous gene transcription from the DNA.  

The mechanism of gene regulation via transcriptional inhibition we have described here is 

also unique compared to other examples of repression mediated by Cas9 orthologs. N. meningitidis 
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(NmeCas9), Staphylococcus aureus (SauCas9) and C. jejuni (CjeCas9) have recently been shown 

to degrade ssRNA in a PAM-independent manner that requires the HNH catalytic domain and 

perfect or near perfect complementarity with a crRNA spacer (Dugar et al., 2018; Rousseau et al., 

2018; Strutt et al., 2018). ssRNA cleavage by Cas9 has been proposed to have roles in endogenous 

gene regulation (CjeCas9) and foreign nucleic acid defense (SauCas9) (Dugar et al., 2018; Strutt 

et al., 2018). However, at least in vitro, FnoCas9 is not capable of this mechanism of ssRNA 

targeting (Strutt et al., 2018). FnoCas9-mediated transcriptional repression of 1104-1101 through 

interaction with the DNA is also distinct from the engineered targeting of RNA by SpyCas9, which 

is mediated by Cas9 interaction with the RNA target and requires supplementation of a short 

PAMmer sequence (O’Connell et al., 2014).  

It is not clear why FnoCas9 evolved to repress endogenous gene expression. One 

explanation for the ability of FnoCas9 to repress transcription from the DNA is as an expansion of 

the phage defense toolkit, to not only block replication of phage DNA, but also repress the 

transcription of harmful phage genes. It is hypothesized that scaRNA evolved from a degenerated 

CRISPR array that contains repeats with impaired complementarity to the inverted repeat of 

tracrRNA (Chylinski et al., 2013). We found that scaRNA is still capable of interacting with 

tracrRNA, likely through the repeat similar to the interaction between crRNA and tracrRNA. 

Transcriptional repression of 1104-1101 by FnoCas9 could be the result of genome shuffling 

events in the area of the CRISPR arrays, leading to the evolution of the self-targeting scaRNA 

through environment-specific fitness advantages of 1104-1101 repression. Alternatively, a spacer 

might have been acquired from the bacterial genome and degenerated during this process, avoiding 

self-cleavage. In a later step, a promoter may have evolved upstream of this spacer, allowing the 

bacterium to control its expression independently of the array.  
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It is particularly interesting that in spite of the degeneration of its repeat sequence, scaRNA 

has retained the ability to direct DNA cleavage. When F. novicida is transformed with an artificial 

target containing 20 bases of identity to the scaRNA, FnoCas9 restricts transformation. However, 

the 11 consecutive bases of perfect complementarity between scaRNA and the native 1104 and 

1101 5’ UTRs is sufficient for robust transcriptional repression, which we hypothesize is due to 

the inability of FnoCas9 to enter a cleavage-favorable conformation with a partial scaRNA-DNA 

target interaction. If so, this would be similar to what has been observed with shortened crRNA 

spacers, which guide Cas9 to bind but not cleave a DNA target (Bikard et al., 2013; Sternberg et 

al., 2015). Thus, modification of the length of the targeting sequence of the guiding 

scaRNA:tracrRNA duplex determines whether FnoCas9 represses transcription or cleaves its DNA 

target. We utilized this knowledge to reprogram scaRNA to target genes involved in polymyxin 

resistance. This led to efficient repression of the targeted genes and greatly increased sensitivity to 

polymyxin.  

The use of a catalytically active Cas9 for gene repression makes this system unique 

compared to engineered CRISPRi technologies that use catalytically inactive mutants of the 

protein (dCas9) in complex with an RNA guide containing 20 bases of complementarity to its 

target (Bikard et al., 2013; Larson et al., 2013; Qi et al., 2013). This highlights the potential for 

scaRNA:tracrRNA-FnoCas9 complexes to be used to control gene expression, and especially for 

applications that seek to multiplex DNA cleavage and transcriptional control. Furthermore, within 

F. novicida, FnoCas9 is able to prevent transformation and regulate gene expression 

simultaneously, suggesting that, at least in our experimental conditions, sufficient FnoCas9 

molecules are bound to both duplexes (tracrRNA:crRNA and tracrRNA:scaRNA) to fulfill each 
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function with minimal effect on the other. This would be analogous to the multiple spacers 

protecting against different phages in parallel without out-competing each other. 

The limited scaRNA:target complementarity required for FnoCas9 transcriptional 

repression, as compared to 20 bp crRNA or guide RNA complementarity to cleavage targets, could 

increase the risk of off-target effects. Typically, analyses to identify off-target cleavage sites are 

performed with full length (20 bp) target sequences, however, we propose that for any use of Cas9, 

such analyses should include an examination of potential off-target transcriptional effects as well. 

Similarly, potential endogenous regulatory functions of native CRISPR-Cas9 systems could be 

identified by decreasing the stringency of self-targeting spacer identification.  

FnoCas9 transcriptional repression is critical for F. novicida virulence and we found that 

repression of each gene in the FnoCas9 regulon has a distinct contribution to virulence in a mouse 

model (Figure S6B). We find that the attenuation of a cas9 mutant of F. novicida can be reversed 

by deletion of the 1104-1101 locus (Figure 6). 1104, 1103, and 1101 all exhibit conserved features 

of Gram-negative bacterial lipoproteins, while 1102 has some but not all of these features (Figure 

S6A). 

Together, these results highlight a novel role for CRISPR-Cas9 systems in endogenous 

gene regulation and provide a mechanistic explanation of the role Cas9 plays in the virulence of 

F. novicida. Interestingly, F. novicida utilizes two distinct RNA duplexes for foreign DNA 

restriction and transcriptional repression, although both are capable of DNA restriction. The 

prevalence of these systems and the minimal base pair requirements needed for a shift between 

DNA cleavage and transcriptional interference suggest that a role of Cas9 as a transcriptional 

regulator may be a broader phenomenon in bacterial physiology than previously expected. 
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Supplemental Figures.  

Figure S1. Validation of the 1104-1103-1102 and 1101 Transcripts, Related to Figure 1. A) RNA 

sequencing coverage of the FnoCas9-regulated region in WT, Δcas9, ΔtracrRNA and ΔscaRNA. B) PCR 

amplification over gene junctions. The location of the amplified regions is indicated in relation to the 

transcribed RNAs determined by RNAseq. Each primer set was used to amplify from “1” WT U112 

gDNA as a control, “2” WT U112 cDNA, and “3” Δcas9 cDNA. C-E) qRT-PCR for transcript levels of 

each gene in the FnoCas9 regulon in WT and Δcas9 strains; (C) 1104, (D) 1103, (E) 1102, (F) 1101 (n=9, 

error bars represent s.e.; *p≤0.05; **p≤0.005; ***p≤0.001). 
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Figure S2. scaRNA is Required for FnoCas9 Interaction with 1104 and 1101 DNA, Related to Figures 

2 and 3. A) Alignment of the coding strands of the 1104 and 1101 5’ UTRs. B-D) cas9-FLAG, cas9:R59A-

FLAG, and ΔscaRNA cas9-FLAG strains were crosslinked and Cas9-FLAG was immunoprecipitated from 

bacterial lysates. Quantitative PCR was performed on immunoprecipitated DNA and the enrichment of (B) 

1104 DNA, (C) 1101 DNA, and (D) 0544 DNA, was determined relative to a housekeeping gene (n=3-6, 

error bars represent s.e.). E-F) tracrRNA and scaRNA detected by small RNA sequencing. (E) RNAseq of 

tracrRNA (blue) and scaRNA (orange) in the context of the CRISPR locus. (F) The DNA sequence, total 

coverage, and read coverage of the 5’ and 3’ ends are indicated. 
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Figure S3. Parameters Governing FnoCas9-mediated Transcriptional Repression and 

Transformation Restriction, Related to Figure 4. A) All fusion constructs driving expression of gfp* 

were made in the chromosome in place of the 1101-1104 locus, using a synthetic constitutive promoter. 

Between the promoter and the PAM-gfp*, the distance of the scaRNA targeting site from the TSS or 

amount of scaRNA complementarity to the target were modulated to evaluate their effect on 

transcriptional repression. Constructs with a PAM mutation, the target and PAM on the opposite strand, 

and a crRNA target were also tested. Sequences as indicated. B) Relative gfp* transcript levels were 

measured by qRT-PCR from constructs containing 15 bp complementarity to the scaRNA tail followed 

by a WT TGG PAM or a TAA PAM mutation, between a synthetic promoter and gfp* sequence. Results 

are presented as % gfp* transcript with WT FnoCas9 relative to Δcas9 (n=3, error bars represent s.e.; 

*p≤0.05). C) Relative gfp* transcript levels were measured by qRT-PCR in WT (Cas9+) or Δcas9 (Cas9-) 

strains, from fusions constructs with 15 bp complementarity to the scaRNA and adjacent PAM located on 

either the template or coding strand. A strain with gfp* placed downstream of the synthetic promoter and 

0 bp of complementarity to scaRNA was used as a “no target” control (n=3, error bars represent s.e.; 

**p≤0.005). D) Results from “C” are presented as % gfp* transcript in WT relative to a Δcas9 strain. E) 

Linear DNA fragments of the fusion constructs with 8, 11, 15, or 20 bases of complementarity to scaRNA 

between the promoter and gfp* were transformed into WT F. novicida and a Δcas9 mutant, and 

recombinants were selected. Results are presented as the percent transformation efficiency into WT 

relative to a Δcas9 mutant for each DNA fragment. (n=4-8, error bars represent s.e.; ***p≤0.001). F) 

Relative 1104 transcript levels were measured by qRT-PCR in WT, Δcas9, and dcas9 strains (n=3-4, 

error bars represent s.e.; **p≤0.005). G) Relative gfp* transcript levels were measured by qRT-PCR in 

WT (Cas9+) and Δcas9 (Cas9-) strains from a fusion construct with the native 1104 5’ UTR between the 

synthetic promoter and gfp*, and in dcas9 and Δcas9 strains from fusion constructs containing either 20 

bp identity to scaRNA or 20 bp identity to crRNA. Results are presented as percent transformation into 

WT relative to Δcas9  (n=6, error bars represent s.e.; **p≤0.005; ***p≤0.001). 
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Figure S4. Identity to scaRNA Determines Repression Level From a Plasmid-based Reporter 

Construct, Related to Figure 4. pBAV-derived plasmid constructs with 0, 8, 11, or 15 bases of 

complementarity to scaRNA, inserted between a synthetic promoter and gfp*, were transformed into WT 

F. novicida and a Δcas9 mutant. gfp* transcript levels were measured by qRT-PCR (n=3, error bars 

represent s.e.; *p≤0.05; **p≤0.005). 
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Figure S5
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Figure S5. crRNA Restriction of Foreign DNA is scaRNA-independent, Related to Figure 5. A) 

pBav-derived plasmids containing a spacer sequence from the CRISPR-Cas9 locus, with and without an 

adjacent PAM sequence, were transformed into wild-type (WT) and deletion mutants for each component 

of the F. novicida CRISPR-Cas9 system (Δcas9, ΔtracrRNA, ΔscaRNA, ΔcrRNA). Transformation 

efficiency of the plasmids into each strain was determined relative to WT (n=3, error bars represent s.e.). 

B) Schematic of predicted scaRNA:tracrRNA and crRNA:tracrRNA duplexes. Differences in the scaRNA 

and crRNA repeat interactions with tracrRNA are highlighted in red and the scaRNA tail and crRNA 

spacer sequence location are shown in purple. C-D) EMSA showing that FnoCas9 binds 

scaRNA:tracrRNA and crRNA:tracrRNA pre-formed duplexes. Increasing concentrations of FnoCas9 

were incubated with a stable concentration of the RNA duplex: (C) scaRNA:tracrRNA or (D) 

crRNA:tracrRNA.  
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Figure S6. Repression of Each Gene in the FnoCas9 Regulon Contributes to Virulence of F. 

novicida, Related to Figure 6.  A) Lipoprotein prediction scores for the FnoCas9-regulated proteins were 

generated using the Gram-negative lipopredict software as well as direct analysis of the sequence. The N-

terminal amino acid sequences of 1104, 1103, 1102, and 1101 were annotated for canonical lipoprotein 

features: charged N-terminal region (red), hydrophobic region (blue), and the lipobox (bolded). The 

cysteine at which signal sequence cleavage occurs is underlined. B) CFU burden in mouse spleens 48 hr 

post-infection with U112 (WT), Δcas9, Δcas9Δ1104, Δcas9Δ1103, Δcas9Δ1102, Δcas9Δ1101, or 

Δcas9Δ1101-1104. (n=4-5, bar represents geometric mean; *p≤0.05; **p≤0.005). C) CFU burden in 

mouse spleens 48 hours post-infection with Δcas9, Δcas9Δ1104-1102 (expresses 1101), Δcas9Δ1104-

1101:1102 complemented strain (expresses 1102), or Δcas9Δ1104-1101 (does not express FnoCas9-

regulated bacterial lipoproteins) were measured. (n=5, line represents geometric mean; *p≤0.05; 

**p≤0.005). D-E) qRT-PCR of relative (D) 1102 and (E) 1101 expression in U112 (WT) and Δcas9 

strains compared to Δ1104-1102 and Δ1104-1101:1102 complemented strains +/- cas9 (n=3, error bars 

represent s.e.). 
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Figure S7. Reprogrammed scaRNA Represses Transcription by Binding Promoter Regions, Related 

to Figure 7. A) Alignment of the intergenic region between 0544 and 0545 targeted by reprogrammed 

scaRNA. The locations of transcriptional start sites (TSS) and coding sequences (CDS) are indicated with 

directional arrows, as is the location of the PAM. B)  qRT-PCR of relative 0544 expression in WT cas9, 

Δcas9, and dcas9 strains with reprogrammed scaRNA (n=3, error bars represent s.e.; **p≤0.005). 
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STAR Methods 

KEY RESOURCES TABLE  

See published version of this chapter in Ratner et al., Molecular Cell, 2019 

 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, David Weiss (david.weiss@emory.edu). 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

In vivo animal work 

Specific-pathogen free mice were kept in filter-top cages at Yerkes National Primate Center, and 

provided food and water ad libitum (Sampson et al., 2013). Emory University Institutional Animal 

Care and Use Committee (protocol #YER-2000573-061314BN) approved all procedures 

(Sampson et al., 2013). Female C57BL/6J mice (Jackson) between 8 and 12 weeks were used for 

all experiments.  

Bacterial strains and growth conditions 

For information about the strains used and growth conditions, please refer to the strain list (Table 

S1) and the “METHOD DETAILS” for each experiment. See published version of this chapter in 

Ratner et al., Molecular Cell, 2019 for Table S1 and S2. 

In vitro studies 

The DH5α derivative of E. coli K12 (NEB 5-alpha) was used for plasmid isolation and cells were 

grown at 37°C in LB medium supplemented with 30 µg/mL kanamycin. FnoCas9 was purified 

from E. coli NiCo21(DE3) (NEB) expressing Cas9 from pEC657.  Cultures for Cas9 purification 
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were grown at 37°C to OD600 of 0.7–0.8, Cas9 expression was induced with IPTG (5mM) and 

cultures were grown overnight at 13°C, as previously described (Fonfara et al, 2014). 

 

METHOD DETAILS 

Construction of cDNA libraries for total RNA analysis  

Biological triplicates of F. novicida U112 WT, ∆cas9, ∆tracrRNA and ∆scaRNA were grown 

overnight on LB plates (37°C), cultured into LB medium (37°C shaking), and grown until OD620 

nm= 0.1. Twenty-five mL of bacterial culture were mixed with 25 mL of 1:1 acetone/ethanol and 

total RNAs were extracted using TRIzol (Ambion) and treated using turbo DNAse (Ambion). 

RNA integrity was checked using a bioanalyzer (RIN > 8). cDNA libraries were prepared at the 

HZI genome analytics platform in Braunschweig, Germany as described with some modifications 

(Dötsch et al., 2012). Briefly, rRNAs were removed using the MICROBExpress kit (Ambion) and 

samples were treated with TAP (tobacco acid phosphatase). The RNAs were fragmented using 

sonication (Covaris) to fragments of 200 nucleotides. T4 Polynucleotide kinase (Fermentas) was 

used to phosphorylate 5’ ends and remove the 3’ phosphate. Successively, 3’ and 5’ adapters were 

added using T4 RNA ligase. Reverse transcription was performed using SuperScript II (Invitrogen) 

followed by 15 cycles of PCR with Phusion (New England Biolabs) and agarose gel purification. 

The sequencing was performed using 50 nucleotide single end reads (HiSeq2500). cDNA libraries 

for small RNA analysis were generated as in Chylinski et al., 2013 (Chylinski et al., 2013). 

 

Analysis of total RNA sequencing  

The raw data files were demultiplexed using the specific barcode sequences. The reads were 

trimmed from adapter sequences and the read quality was assessed using fastQC. The reads were 
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mapped using STAR to the F. novicida U112 reference genome (NC_008601.1) (120). We 

retrieved from 201525 to 518855 of uniquely mapped reads. The number of reads for each gene 

were counted using HTseq and the differential expression analysis was done for each deletion 

mutant compared to the WT using DESeq2 (94, 121). 

 

Northern blot analysis 

After RNA extraction (see above), RNAs were resolved on 1% agarose containing 0.74% 

formaldehyde and transferred by capillarity to a nylon membrane (Hybond™ N+, GE healthcare). 

Forty pmol of oligonucleotide probes were 5′ radiolabeled using [γ-32P] ATP (Hartmann 

Analytics) and T4 polynucleotide kinase (Fermentas) and purified over Microspin™ G-25 

columns (GE Healthcare) following the manufacturers’ instructions. The probes were hybridized 

at 55°C using Rapid-hyb buffer (GE healthcare). The radioactive signal was visualized using a 

Thyphoon FLA-9500 phosphorimager (GE healthcare) and the transcript sizes were determined 

using a 3’-end radiolabeled RiboRuler high range RNA ladder (Thermo ScientificTM). 16S rRNA 

was used as a loading control. 

 

Electrophoretic mobility shift assay 

tracrRNA, crRNA and scaRNA were in vitro transcribed from annealed oligonucleotides or PCR 

fragments (Table S2, see published version of this chapter in Ratner et al., Molecular Cell, 2019) 

using the AmpliScribe™ T7-Flash™ Transcription Kit (Epicenter). scaRNA:tracrRNA or 

crRNA:tracrRNA duplexes were hybridized by heating to 95°C and cooling to room temperature 

in hybridization buffer (200 mM NaCl, 20 mM HEPES pH 7.5). DNA substrates were generated 

by annealing complementary DNA oligonucleotides (Table S2) in a similar manner. Annealed 
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oligos were 5′ radiolabeled using [γ-32P] ATP (Hartmann Analytics) and T4 polynucleotide kinase 

(Fermentas) according to the manufacturers’ instructions, and purified using Microspin™ G-50 

Columns (GE Healthcare). Cas9 was pre-incubated at 37°C with two-fold molar excess of 

prehybridized scaRNA:tracrRNA duplex for 15 min in DNA-binding buffer (20 mM Tris HCl pH 

7.4, 100 mM KCl, 5 mM CaCl2
, 1 mM DTT, 5% (w/v) glycerol, 40 ng/µl poly(dI-dC)), then 1 nM 

labelled DNA substrate was added. For duplex RNA EMSAs, tracrRNA was dephosphorylated 

using FastAP Alkaline Phosphatase (Thermo Scientific™) and then 5′ radiolabeled as described 

above, before hybridization with scaRNA or crRNA. The reaction was performed as described 

above using 100 ng/ul tRNA as competitor. Binding reactions were incubated for 1 h. The samples 

were loaded on a native 5% polyacrylamide gel, which was run in 0.5X TBE supplemented with 

5 mM CaCl2. The gels were exposed on autoradiography films and visualized by phosphorimaging.  

 

Francisella novicida strain construction and growth conditions 

All strains are listed in Table S1. Francisella novicida U112 derived strains were grown in Tryptic 

Soy Broth (VWR International) supplemented with 0.2% cysteine (BD Biosciences) at 37 °C with 

shaking. Strains were plated on Tryptic Soy Agar (TSA, VWR International) plates supplemented 

with 0.1% cysteine. Deletion and fusion construct mutants were constructed by allelic exchange 

(primers listed in Table S3). Promoter fusions were inserted in place of the 1104-1101 locus in the 

chromosome in Δ1104-1101 background strains. Chromosomal promoter and 5’ UTR fusions were 

made using a fragment of gfp derived from the pBav-kGFP vector, gfp* (bases 170-499). CRISPR-

Cas9 system mutants Δcas9, ΔscaRNA, ΔcrRNA, ΔtracrRNA, their respective complemented 

strains, and Δcas9Δ1103, cas9-FLAG, cas9:R59A-FLAG, and ΔscaRNA cas9-FLAG were 

described previously (Table S1) (Jones et al., 2012; Sampson et al., 2013; Weiss et al., 2007). 
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Phusion high-fidelity DNA polymerase (New England Biolabs) was used to amplify homologous 

sequences (500-1000 bp) flanking the region of interest from genomic DNA isolated with DNeasy 

Blood and Tissue Kit (Qiagen). Overlapping PCR was used to construct the allelic exchange 

substrate by inserting a kanamycin selectable marker containing Flp recombinase target sites 

(FRT) between the flanking sequences (Llewellyn et al., 2011). Allelic exchange substrates were 

transformed into chemically competent F. novicida (Llewellyn et al., 2011). Mutants were selected 

on media supplemented with kanamycin sulfate (30 µg/ml, Fisher Scientific). Mutants were 

confirmed by PCR amplification from outside of the recombined region followed by sequencing 

(Genewiz) using “seq” primers (Table S3). The selection cassette was removed from the mutants 

using a temperature sensitive suicide vector at 30 °C, pFFlp, carrying the Flp recombinase in trans 

(Gallagher et al., 2008). pFFlp was selected for on TSA plates with 1% cysteine and 15 µg/ml 

tetracycline (Alfa Aesar). Following unmarking the strains were moved to 37 °C  to remove the 

plasmid, as described previously (Gallagher et al., 2008).  

 

Quantitative real-time PCR  

RNA was isolated from bacterial cultures at OD600 nm of 0.8-1.0 using TRI-reagent and a Direct-

zol RNA MiniPrep Kit (Zymo Research). DNA was removed with Turbo DNaseI (Ambion 

Biosciences). qRT-PCR (quantitative reverse transcriptase PCR) was performed with biological 

triplicates using the primers indicated in Table S3 and Power Sybr Green RNA-to-CT one-step kit 

(Applied Biosystems). CT values for each gene were normalized to the Francisella novicida 

housekeeping gene DNA helicase II (uvrD, FTN_1594) to determine 2-ΔΔct for each condition 

(Sampson et al., 2013). Results are plotted as relative transcript levels of percent transcript in WT 

(intact Cas9) compared to the transcript level in a cas9 mutant.  
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Cas9-FLAG crosslinking and immunoprecipitation 

DNA was crosslinked and immunoprecipitated as described previously, with the indicated 

modifications to optimize for F. novicida and Cas9-FLAG (Jaggavarapu and O'Brian, 2014). 

Cultures grown to OD600 nm of 0.6-0.8 were crosslinked by adding formaldehyde to a final 

concentration of 1% in 10 mM PO4 buffer, and shaking for 10 min at RT. Reactions were quenched 

using 1:10 volume of 100 mg/ml glycine and shaken for 30 min at 4°C. Cells were pelleted, washed 

2X in PBS, and concentrated 20X in lysis buffer (100 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 

mM EDTA) with protease inhibitor cocktail (Bacterial ProteaseArrest, G-Biosciences). Samples 

were further lysed and DNA was fractionated to 500-3000 bp fragments by sonication (15x 10 sec 

pulses with 15 sec pauses). Lysates were cleared by centrifugation and Cas9-FLAG was pulled-

down from the supernatant using anti-Flag M2 agarose beads (Sigma). Following elution from the 

anti-FLAG beads, DNA was uncrosslinked from Cas9 by adding NaCl (final concentration 0.2 M) 

and incubating overnight at 65°C. DNA was purified (Qiagen PCR purification kit), and used as a 

template for qPCR. Results were normalized to the input DNA levels and a housekeeping gene 

(see qRT-PCR methods). 

 

 

 

PCR amplification from cDNA 

RNA and extracted from WT and Δcas9 (see above) and converted to cDNA using High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). Segments were PCR amplified with 
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Phusion high-fidelity DNA polymerase (New England Biolabs) from the cDNA of each strain and 

compared to amplification from WT gDNA (Table S3).  

 

Plasmid construction 

Plasmids were constructed using the primers indicated in Table S3. The broad host range vector 

pBAV1K-T5-GFP (pBAV) was used as the control plasmid and backbone for the plasmids in all 

assays (Bryksin and Matsumura, 2010). Plasmids that were used to measure repression and 

transformation inhibition were made by replacing the promoter and RBS driving expression of gfp 

in the pBav vector with the synthetic constitutive promoter (p146) followed by different amounts 

of complementarity to the scaRNA tail and a PAM sequence directly upstream of gfp (McWhinnie 

and Nano, 2014). Plasmids were constructed using a Gibson Assembly Cloning Kit (NEB) and 

transformed and isolated from competent E. coli (NEB 5-alpha) using Zyppy Mini, Midi and Maxi 

prep kits (Zymo Research). Cas9 target plasmids containing a Cas9 crRNA spacer with and 

without a PAM were previously described (Price et al., 2015).  

 

Transformation Assays 

Competent cells of F. novicida were made by concentrating cultures at an OD600 nm of 0.8-1.0 10X 

in 4°C chemical transformation buffer (CTB) (Llewellyn et al., 2011). For the transformations, 

DNA was added to 100 µl competent cells, and transformations were incubated by shaking at 37°C 

for 20 minutes. 1 ml of recovery media (TSB+0.2% cysteine) was then added and transformations 

were incubated for another 2 hours (shaking, 37°C). Transformations were plated on TSA plates 

with kanamycin selection and incubated at 37°C overnight. For transformations with plasmid 

vectors, 500 ng of plasmid was used. For transformation inhibition experiments, transformants per 
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100 ng plasmid were enumerated and compared between strains to determine transformation 

efficiency. To measure Cas9 repression of plasmid gfp expression, plasmids used to transform WT 

and cas9 mutants. Transformants from each strain were isolated and grown in TSB+0.2% 

cysteine+kanamycin 30 µg/ml selection to an OD600 nm of 0.8-1.0, RNA was isolated and gfp 

transcript level was measured (see qRT-PCR methods) and normalized to the kanamycin resistance 

cassette on pBAV to account for variations in plasmid copy number. For transformation assays 

with allelic exchange fragments, DNA of purified allelic exchange fragments were normalized by 

concentration and transformed. Transformation efficiency after 24 hours was measured by 

comparing the number of transformants into WT and a cas9 mutant. 

 

5’ RACE 

RNA was isolated from WT cultures as described above. 5’ ends of 0544 and 0545 mRNA were 

mapped using the reagents and protocols from the 5’/3’ RACE Kit, 2nd Generation (Roche) unless 

otherwise noted (primers listed in Table S3). cDNA was synthesized using the primer “GSP1” for 

each gene and purified with QIAquick PCR purification kit (Qiagen). PolyA-tails were added with 

terminal transferase and the 5’ ends were amplified using “0544_GSP2” or “0545_GSP3”, and 

“oligo dT anchor primers” (Table S3 and kit) by PCR as described above. Products were isolated 

by agarose gel electrophoresis, extracted using a QIAquick Gel Extraction Kit (Qiagen), and 5’ 

ends sequenced using “0544_GSP3” or “0545_GSP2” primers (Table S3, Genewiz Sanger 

Sequencing). 

Polymyxin susceptibility assay 

Overnight cultures of WT, scaRNA_0544/0545, Δ0544 and Δcas9+scaRNA_0544/0545 strains of 

F. novicida were prepared as described previously (Llewellyn et al., 2012). Strains were incubated 
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with 100 m g/ml polymyxin B (Tokyo Chemical Industries Japan) shaking at 37°C for 6 hours and 

then plated to enumerate CFU surviving bacteria from each condition. Results are presented as % 

survival of each strain treated with polymyxin relative to untreated.   

 

Mouse infections  

Mice were infected subcutaneously with ~2 x 105 cfu bacteria (Weiss et al., 2007). Spleens were 

harvested at 48 hours post infection, homogenized in PBS, and the bacterial burden per organ was 

determined. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS  

Prism 5 Graphpad Software was used for statistical analyses. The significance of the bacterial and 

culture experiments (qPCR of RNA and DNA, killing assays, transformation assays) was 

determined using a two-tailed student’s t-test, for data with normal distribution. Significance was 

determined using the Mann-Whitney test for the mouse infections, as not all data was normally 

distributed. Biological replicate number and error are indicated in the figure legends. 

Representative gel images are shown for in vitro experiments.  

 

DATA AND SOFTWARE AVAILABILITY  

The RNA sequencing data reported in this paper have been deposited in the National Center for 

Biotechnology Information Sequence Read Archive database, http://www.ncbi.nlm.nih.gov/sra  

(accession no. SRP148943). The unprocessed gel images have been published at Mendeley under 

http://dx.doi.org/10.17632/jtjvh9m7zk.1. 
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Table S3. RT-PCR, Cloning, and Other Primers, Related to the STAR Methods.  

See published version of this chapter in Ratner et al., Molecular Cell, 2019. 
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Abstract 

CRISPR-Cas systems are prokaryotic adaptive immune systems that facilitate protection of 

bacteria and archaea against infection by foreign mobile genetic elements. The model pathogen 

Francisella novicida encodes a CRISPR-Cas12a (FnoCas12a) system and a CRISPR-Cas9 

(FnoCas9) system, the latter of which has an additional and non-canonical function in bacterial 

virulence. Here, we investigated and compared the functional roles of the FnoCas12a and 

FnoCas9 systems in transformation inhibition and bacterial virulence. Unlike FnoCas9, 

FnoCas12a was not required for F. novicida virulence. However, both systems were highly 

effective at plasmid restriction and acted independently of each other. We further identified a 

critical protospacer adjacent motif (PAM) necessary for transformation inhibition by FnoCas12a, 

demonstrating a greater flexibility for target identification by FnoCas12a than previously 

appreciated, and specificity that is distinct from that of FnoCas9. The two systems exhibited 

different patterns of expression, suggesting they may confer distinct benefits to the bacterium in 

different conditions. Together, these data suggest that the differences between these systems 

provide F. novicida with a more comprehensive defense against foreign nucleic acids. We 

subsequently harnessed this information and demonstrated that the FnoCas12a and FnoCas9 

machineries can be simultaneously reprogrammed to restrict the same non-native target, 

expanding the toolset for prokaryotic genome manipulation. 

 
Keywords: CRISPR-Cas, DNA targeting, plasmid restriction, Cas12a, Cpf1, Cas9, Francisella 
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Introduction 

CRISPR (clustered, regularly interspaced, short, palindromic repeats) - Cas (CRISPR-

associated) are prokaryotic adaptive immune systems that protect against mobile genetic 

elements like bacteriophages and plasmids (14, 16, 89, 122, 123). These conserved genomic loci 

contain a CRISPR array and adjacent cas genes (10, 11, 36). The CRISPR array consists of 

alternating repetitive sequences, interspaced by unique spacer sequences that often correspond 

with sequences of foreign nucleic acid targets, and these targets are referred to as protospacers 

(1) (8, 9).  

Upon introduction of a foreign nucleic acid, the invading DNA is selected, processed and 

integrated into the CRISPR array with flanking repeat sequences (38, 124). To protect against 

subsequent infection by a nucleic acid that shares the same sequence, the CRISPR array is 

transcribed and processed into individual CRISPR RNAs (crRNAs), each comprised of one 

spacer and part, if not all, of the repeat sequence. The crRNAs form complexes with Cas 

protein(s) and when the spacer sequence of the crRNA binds to the protospacer in the target, the 

associated Cas protein(s) cleave the invading foreign DNA to protect the cell (18-20). 

CRISPR-Cas systems are mechanistically diverse and can be divided into multiple 

classes (36). Class I systems require a multi-protein complex for target recognition and cleavage, 

while Class II systems consist of a single effector protein for these processes. Both can be further 

subdivided into Types based on phylogeny, gene clustering, and associated RNAs (36). The 

Class II system that uses the Cas9 protein for DNA recognition and cleavage has been 

extensively characterized, and the relative simplicity of a single effector protein has enabled the 

development of revolutionary Cas9-derived tools for genetic engineering (125-127). Other 

systems with single effector proteins have been discovered that have critical differences 
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compared to Cas9. Of these systems, the CRISPR-Cas12a system (also known as Cas12a) has 

been the focus of a notable research due to unique characteristics that benefit genome 

engineering applications. Distinctions of Cas12a include processing of its own crRNAs by the 

Cas12a protein, use of a single crRNA and no accessory RNAs to cleave DNA targets, and 

production of staggered double strand breaks.  Despite the extensive study of these Cas9 and 

Cas12a CRISPR systems in non-native cell types and for engineering, few of these functions 

have been studied in their native bacterial contexts, which is essential for understanding the 

natural biological functions of these wide-spread prokaryotic defense systems. 

Interestingly, the intracellular pathogen Francisella novicida encodes both a CRISPR-Cas9 

(FnoCas9) and a CRISPR-Cas12a (FnoCas12a) system (119). F. novicida is a model for the native 

functions of Cas9 beyond DNA cleavage because in this bacterium Cas9 is also essential for 

virulence of the pathogen. Although the role of FnoCas9 in virulence has been established, the role 

of FnoCas9 and FnoCas12a in DNA defense, as well as the role of FnoCas12a in virulence have 

yet to be explored. Both systems encode CRISPR repeats targeting various sites throughout the 

same putative F. novicida prophage genome. This prophage has only been found in strains lacking 

complementary spacers, suggesting functional in vivo activity of these systems in bacteriophage 

defense (119). cas12a-encoding CRISPR-Cas loci are conserved in diverse bacterial species (e.g. 

Prevotella, Flavobacterium), and are found almost exclusively in mammalian host-associated 

(commensal and pathogenic) bacteria, similar to the ecological distribution of CRISPR-Cas9 

systems (35, 36, 119). Interestingly, unlike CRISPR-Cas9 systems that are unique to bacteria, 

Cas12a-associated systems are also found in archaea and have both DNase and RNase activity, 

allowing DNA targeting and crRNA processing (36, 128). 
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              Herein, we demonstrate that the CRISPR-Cas12a system defends against foreign DNA 

invasion within its native bacterial host using Cas12a and a crRNA. Since F. novicida contains 

both CRISPR-Cas9 and -Cas12a systems, we compared their physiological activities, revealing 

that their functions in DNA defense were independent and that each effector protein exhibited a 

different pattern of expression, providing the first description of how two Class II systems function 

relative to one another in the same bacterium. Conversely, we found that only FnoCas9 was 

important for F. novicida virulence, while a loss of FnoCas12a did not alter the fitness of the 

bacterium in a mammalian host. To better elucidate the functional differences between these two 

systems in DNA cleavage, we demonstrated that FnoCas12a has underappreciated flexibility in 

the sequence used to identify self and non-self sequences, known as the protospacer adjacent motif 

(PAM). Finally, we compared the baseline efficiency of the F. novicida Cas12a and Cas9 systems 

in DNA defense by reprogramming CRISPR arrays for the same, non-native target, and found that 

they protected the bacterium with remarkably similar efficacy. This similarity suggests that 

functional differences between FnoCas12a and FnoCas9 are not in their baseline ability to restrict 

infection or the molecular differences in their DNA cleavage mechanism, but rather in other 

aspects of their function, including regulation and PAM requirements. These findings indicate that 

multiple Class II CRISPR-Cas systems can exist in a bacterium to provide both robust and 

comprehensive protection from mobile genetic elements and that they can be further utilized to 

modulate bacterial physiology through the programmed targeting of DNA.  

 

Results 

FnoCas9 contributes to F. novicida virulence independently of FnoCas12a 
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               Given the described role of FnoCas9 in F. novicida virulence, we first characterized the 

role of FnoCas9 and FnoCas12a during infection, together and independently.  Mice were 

infected subcutaneously and the bacterial burden in the skin and spleen was measured 48 hr post 

infection (Figure 1 A-B). WT F. novicida established robust infection in both organs, while a 

Dcas9 mutant was highly attenuated. Mutation of cas12a from WT F. novicida had no effect on 

the ability of the pathogen to establish infection, nor was a Dcas9Dcas12a double mutant further 

attenuated from the levels of the Dcas9 strain in vivo. These results are the first to indicate a 

divergence in the functional roles of these two systems in their native contexts, with FnoCas9 

exhibiting an alternative function in virulence, while FnoCas12a did not alter bacterial fitness in 

vivo. This suggests that FnoCas12a, and possibly FnoCas9, may be providing the more canonical 

function of CRISPR-Cas systems, protecting F. novicida from potentially harmful foreign 

genetic elements.   

Endogenous F. novicida CRISPR systems function independently in DNA defense 

The first indication that FnoCas9 and FnoCas12a defend F. novicida against foreign DNA was in 

the spacer sequences in the CRISPR arrays.  The F. novicida U112 cas12a-associated CRISPR 

array contains 9 spacers, two of which target a putative prophage that was identified in F. 

novicida strain 3523, also targeted by the F. novicida U112 CRISPR-Cas9 system (119). To 

determine if F. novicida U112 is resistant to infection by protospacer-containing sequences, and 

in the absence of viable bacteriophage to use in such experiments, we performed a plasmid 

inhibition transformation assay to mimic infection by a mobile genetic element. Wild-type F. 

novicida was transformed with a plasmid containing a 50 base pair (bp) sequence from the 

putative prophage encompassing the 30 bp protospacer and 10 bases on either side (referred to as 

the “Cas12a_target_5” plasmid, as it corresponds to the 5th spacer within the Cas12a-CRISPR  
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Figure 1. Cas9 contributes to F. novicida virulence independently of Cas12a. A-B) CFU burden in 

mouse (A) skin and (B) spleens 48 hr post-infection with U112 (WT), Δcas12a, Δcas9, Δcas9Δcas12a 

(n=5, bar represents geometric mean; **p≤0.005).  
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array) inserted into a non-transcribed portion of the plasmid (Figure 2A). Wild-type bacteria 

resisted transformation with the Cas12a_target_5 plasmid while remaining permissive to 

transformation by the plasmid control (the target plasmid backbone without the inserted 

prophage region; from here on referred to as the control plasmid). 

              We next tested whether there was interdependency between the endogenous F. novicida 

Cas9 and Cas12a systems in DNA cleavage by measuring the ability of Cas12a to inhibit 

transformation with a Cas12a_target_5 plasmid in the presence and absence of Cas9. F. novicida 

restricted transformation with the Cas12a_target_5 plasmids while remaining permissive to 

transformation with the control, while the ΔCas12a strain was permissive to transformation with 

both plasmids. However, when a Δcas9 strain was transformed with the Cas12a_target_5 

plasmid, it was able to restrict transformation with this plasmid, suggesting that Cas12a-

dependent targeting occurs independently of Cas9 activity (Fig. 2A). We next tested the 

independence of the Cas9 system of F. novicida in DNA cleavage. Transformation inhibition 

assays were performed with a Cas9_target_13 plasmid. The Cas9_target_13 plasmid contained 

the protospacer for spacer #13 of the CRISPR-Cas9 array flanked by a PAM sequence that had 

previously been determined for F. novicida Cas9 by in vitro and in vivo DNA targeting assays  

(88, 129, 130). We observed that F. novicida could inhibit transformation by the Cas9_target_13 

plasmid, and that this inhibition was dependent on an intact Cas9 (Fig. 2B). Interestingly, F. 

novicida inhibited transformation by both Cas12a- and Cas9-targeted plasmids by approximately 

3.5 logs, suggesting that in these transformation conditions, both proteins exhibited a similar 

ability to restrict foreign DNA (Fig. 2A-B). This is the first examination of plasmid restriction by  
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Figure 2. Cas12a and Cas9 have distinct targets that they inhibit with similar efficiencies. A) Wild-

type F. novicida, Δcas9, and Δcas12a were transformed with the control and the Cas12a_target_5 plasmid 

B)  Wild-type F. novicida, Δcas9, and Δcas12a were transformed with the control and a Cas9_target_13 

plasmid that contains a protospacer that is complementary to spacer 13 from the cas9-associated CRISPR 

array. Both Cas9 and Cas12a inhibit transformation by spacers in their respective loci with similar 

efficiencies, and inhibition occurs in the absence of the effector from the other locus. **, P<0.005; ***, 

P<0.0001. 
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two distinct Class II CRISPR could occur efficiently and independently of the other. Thus, the 

presence of these two systems gives F. novicida dual defenses against invading nucleic acid 

threats. 

 

Cas12a exhibits PAM promiscuity in native host  

The ability of F. novicida to protect against transformation by sequences targeted by 

Cas12a-associated spacers led us to investigate the flexibility of the PAM sequence the CRISPR-

Cas12a system (22, 25, 131, 132). In vitro structural and heterologous expression studies have 

identified that the FnoCas12a spacer sequence required for plasmid interference is 5’ TN (24, 78, 

133, 134). To identify the preferred PAM of FnCas12a within Francisella, we aligned the 5’ and 

3’ flanking nucleotides of putative prophage regions that are complementary to 9 unique spacers 

found in different strains of Francisella (119). This analysis predicted a 5’ TTTN PAM motif. 

Considering this PAM in the context of the high AT content genome of F. novicida, we 

questioned the stringency of FnoCas12a PAM requirements in vivo. To determine whether each 

of the three T residues within the putative PAM are required for target recognition, we conducted 

a transformation assay with point mutants in the predicted PAM sequence of the 

Cas12a_target_5 plasmid, and compared transformation efficiency as the ratio of colony forming 

units (CFUs) recovered from the ΔCas12a mutant to that of the CFUs recovered from wild-type. 

We mutated the -2 position T (5’ to the protospacer) to a C in the Cas12a_target_5 plasmid, 

resulting in a 5’ TTCA mutant PAM (construct A, Fig. 3C). Targeting of the 5’ TTCA plasmid 

was largely abrogated, indicating that the -2 T is important for target recognition. However, there 

was also a 24-hour delay in growth of the transformants with this mutant PAM, further 
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suggesting that additional bases are involved in plasmid recognition.  Conversely, mutation of 

the -3 position T to C (construct B) did not alter plasmid targeting efficiency, indicating that this 

residue is non-essential for targeting (Fig. 3C). We then tested a target plasmid harboring a -4 T 

to C mutation (construct C). Targeting of this plasmid was slightly less efficient compared to the 

Cas12a_target_5 plasmid encoding the 5’ TTTN PAM, suggesting that the -4 PAM residue plays 

a role in DNA recognition (Fig. 3C). The combined mutation of the -3 and -4 position TT 

residues to CC yielded a 5’ CCTN mutant PAM, which more severely inhibited plasmid 

targeting compared to the -4 T to C mutation alone (Fig. 3C). This suggests the -3 nucleotide 

plays a role in target recognition, but does so in tandem with the flanking bases in the PAM (Fig. 

3B-C, construct D). Because each of the -2 to -4 position bases in the predicted 5’ TTTN PAM 

had a partial contribution to plasmid targeting, we generated a protospacer construct with the 5’ 

TTTN PAM nucleotides mutated to 5’ CCCN (construct E). The 5’ CCCN plasmid was not 

targeted effectively, and transformation efficiency was recovered to almost that of the control 

plasmid (Fig. 3C). From these data, we conclude that F. novicida Cas12a requires a 5’ TTTN 

PAM, and that the three T residues play an additive role in target DNA inhibition. This is distinct 

from the PAM required for the other Class II CRISPR system in F. novicida, Cas9, which 

requires a 3’ NGG, highlighting the mechanistic differences between these systems that together 

provide more comprehensive protection from mobile genetic elements (88, 129, 130).  

Cas12a and Cas9 follow different patterns of expression during transformation  

Due to the functional redundancy in DNA cleavage and distinct differences in PAM 

requirements of the F. novicida Cas9 and Cas12a systems, we considered the possibility that the  

 



 

 

118 

 

 

Figure 3. Cas12a requires a 5’ protospacer-adjacent motif (PAM). A) sequence logo plot for the 5’ 

flanking sequence of 9 protospacers complementary to 9 unique spacers from different strains of 

Francisella. Letter height represents the nucleotide frequency at each position relative to the protospacer 

for these samples.  B) Wild-type F. novicida U112 and a Δcas12a mutant were transformed with Control 

and Cas12a_Target_5 plasmid derivatives in (C), with a 5’ CCCN PAM mutation was most able to restore 

transformation efficiency after 48 hours post transformation. (red indicates significance to control by two-

tailed t-test, blue indicates significance relative to target by two-tailed t-test)  C) 5’ sequence alignment for 

PAM mutations made in the Cas12a_Target_5 plasmid. Bases that have been mutated from the predicted 

PAM are underlined and bolded. *, P<0.05; **, P<0.005; ***, P<0.0001. 
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two CRISPR systems may be specialized to protect F. novicida from mobile genetic elements 

that arise in different environmental niches. F. novicida likely needs adaptive immunity in the 

soil, brackish water, and mammalian hosts, among other environments. To test whether the two 

systems can exhibit different patterns of expression, we quantified expression of Cas9 and 

Cas12a during the transformation conditions used in plasmid interference experiments 

(competent cells prior to transformation, during transformation, and after recovery from 

transformation in growth media) relative to the starting culture of log-phase F. novicida U112 

(OD600 1.0).  Interestingly, we observed that Cas12a expression increased between the starting 

culture and the competent cell conditions, appearing to continue to increase slightly during 

transformation. cas9 expression is highest in the competent cells, spiking when the cells were 

moved into a cold ionic buffer and then dropping over the remainder of transformation, to below 

the expression level of the starting culture in the recovery stage (Fig. 4). These results suggest 

that the F. novicida CRISPR-Cas systems may be regulated to provide protection in different 

environments, and that the CRISPR-Cas systems’ mechanistic differences may specialize them 

for threats specific to those different conditions.  

 

Cas9 and Cas12a have the same baseline ability to restrict foreign DNA in F. 
novicida  

We next sought to directly compare the efficiency of plasmid restriction of the F. novicida 

CRISPR systems, without the competing spacers in the CRISPR arrays and normalized by using 

both systems to target the same non-native target sequence. The PAM sequences for Cas12a and 

Cas9 are located on opposing sides of the protospacers, allowing for the same  
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Figure 4. cas12a and cas9 have different expression patterns during transformation. Relative 

expression of cas12a and cas9 was examined by RT-PCR during plasmid transformation conditions at 

OD
600

 1.0, competent cells, transformation, and after 45 minutes and 120 minutes of recovery. Each 

experiment was normalized to a housekeeping gene and the expression level in the starting culture (OD
600

 

1.0), resulting in the fold change in expression between conditions. Blue bars indicate an increase in 

expression from the starting culture, red bars indicate a decrease in expression. A) fold-change in cas12a 

expression over transformation conditions normalized to OD
600

 1.0. Cpf1 expression increases between the 

starting culture and the transformation conditions. B) fold-change in cas9 expression over transformation 

conditions normalized to OD
600

 1.0. Cas9 expression is the highest in the competent cells, and drops below 

the starting expression level in the transformation recovery. *, P<0.05. 
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sequence to be targeted by both systems.  Each CRISPR array was replaced with a single non-

native spacer flanked on both sides by the complete crRNA repeat sequence of the respective 

system. The two CRISPR systems were otherwise unmodified, with the repeat-spacer-repeat 

sequences placed downstream the native Cas9 or Cas12a CRISPR array promoters (Fig. 5A). A 

strain with the Cas12a CRISPR array reprogrammed for the new target and an intact WT Cas9 

system, and a strain with Cas9 reprogrammed for the new target but with an intact WT Cas12a 

system, were transformed with a plasmid containing a protospacer target for the reprogrammed 

systems (Fig. 5B). In this vector, called the “Cas12a&Cas9_target” plasmid, the protospacer was 

flanked by the PAM for both CRISPR systems to provide a universal target plasmid.  

Reprogramming of both the Cas12a and Cas9 systems successfully restricted 

transformation with the target plasmid to just above the limit of detection of the assay (Fig. 5B). 

We then reprogrammed both CRISPR loci for the new target in the same strain, and evaluated 

the ability to restrict transformation with the target plasmid, finding that this strain also restricted 

transformation with high efficiency (Fig. 5B). This first controlled comparison of two Class II 

CRISPR system activities in their native bacterial host suggests that in spite of mechanistic 

differences, in the absence of competing crRNAs, the Cas9 and Cas12a CRISPR systems of F. 

novicida have remarkably similar abilities to restrict infection with a spacer-encoded target, with 

an almost undetectable level of plasmid escape. 
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Figure 5. Cas9 and Cas12a exhibit similar endogenous DNA targeting efficiencies when 

reprogrammed for the same artificial target. A) Schematic of a CRISPR array and the reprogrammed 

Cas9 and Cas12a CRISPR loci. In the reprogrammed loci, the ΔcrRNA complemented with a repeat-

(non-native spacer)-repeat, using repeats specific for each CRISPR system. The reprogrammed Cas12a 

spacer is transcribed and processed into a mature crRNA that interacts with Cas12a independently of 

accessory RNAs. The reprogrammed Cas9 spacer is transcribed and processed into a mature crRNA that 

interacts with the tracrRNA, and the resulting RNA duplex binds to Cas9 and guides the effector to its 

target. B) Wild-type F. novicida U112, a strain with Cas12a reprogrammed, a strain with Cas9 

reprogrammed, and a strain with both Cas12a and Cas9 loci reprogrammed for the same non-native 

spacer were transformed with Control and Cas12a&Cas9_Target plasmids. The % of colonies escaping 

targeting was calculated relative to the untargeted control plasmid *, P<0.05; **, P<0.005; ***, P<0.0001. 
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Discussion  

F. novicida harbors two distinct endogenous Class II CRISPR systems, CRISPR-Cas12a 

and CRISPR-Cas9, providing a unique model for studying natural Class II CRISPR system 

functions relative to one another (119). Not only does the FnoCas9 system enable virulence in a 

mammalian host, but the native presence of two CRISPR-Cas systems in this bacterium 

represents a two-pronged CRISPR-defense; both systems contain spacers that target the same 

putative prophage, which suggests that there is a fitness benefit to retaining the two DNA 

targeting Class II systems (119). We demonstrated that these two systems inhibit transformation 

with their respective targets with similar efficiencies, and that they do so independently (Fig. 1).  

Furthermore, we show that both Cas12a and Cas9 CRISPR systems can be 

reprogrammed for a new target. Upon reprogramming, in the absence of competing variables, 

both system restrict transformation with a target plasmid at the same efficiency, with an 

extremely low frequency of plasmid escape (Fig. 5). When both systems are reprogrammed for 

the same target in a single strain, the efficiency of plasmid restriction is not increased above that 

of each individual system (Fig 5). This suggests that there may not be significant importance to 

having the second system available to compensate for possible PAM mutations in the target that 

would prevent recognition by one of the systems. Therefore, the repurposing of both systems for 

different targets within a bacterium could provide maximally efficient protection from two 

sequences. These results indicate that with simple genome manipulations, bacteria and archaea 

encoding CRISPR-Cas12a and/or Cas9 systems can be re-programmed to target invading and 

emerging nucleic acid threats that are not already targeted by complementary sequences in the 

native spacer array.  
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In spite of their baseline similarities in DNA restriction upon reprogramming, we identify 

key differences between the two systems that allow them to provide F. novicida with more 

comprehensive protection from nucleic acid threats. We show that the non-overlapping PAM 

requirements of Cas9 and Cas12a, and the flexibility of the Cas12a PAM, provide a level of 

target diversity that far exceeds that of either system individually (Fig 3). Likewise, we show that 

the two systems follow distinct expression patterns over the course of transformation (Fig. 4). 

We hypothesize that these differences allow the bacterium to take maximal advantage of the 

mechanistic differences between the two systems for adaptive immunity, without expending 

energy on producing large effector proteins unnecessarily. Additional investigation into the 

differential regulation of these two CRISPR-Cas systems in the presence of different types of 

nucleic acid predation may provide insight into the unique specializations of these two systems.  

The differences in the molecular DNA cleavage mechanisms of Cas9 and Cas12a, which 

include inducing different double stranded breaks in their targets, crRNA processing, and 

presence of a tracrRNA, likely result in functional differences in exogenous DNA protection. We 

confirmed and interrogated aspects of the FnoCas12a mechanism in the native bacterial host, a 

context they had not been examined in previously. However, due to the lack of a viable phage for 

Francisella, we are unable to test how these differences effect adaptive viral immunity in F. 

novicida. Never-the-less, we can make informed predictions based on the composition of the 

CRISPR arrays about the Cas9 and Cas12a system functions. Given the presence of spacers for 

the same putative prophage in both CRISPR arrays, both systems can likely protect against 

overlapping invading elements, suggesting that the conditions they are expressed in and 

differences in their target selection (PAM) and adaptation requirements likely play as, if not 
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more, of a significant role in their respective differences in DNA defense than their molecular 

mechanisms of crRNA processing and cleavage.  

Interestingly, unlike Cas9, the FnoCas12a PAM is located to the 5’ of the protospacer. 

Because of this, the same highly virulent sequence could theoretically be targeted by both the 

Cas9 and Cas12a systems to increase protection of the bacterium. We tested this theory by 

reprogramming both systems in the same strain for the same non-native target, and transforming 

with a plasmid containing the protospacer flanked by the PAMs for both systems. Interestingly, 

this did not increase the efficiency of protection from the strains with individually reprogrammed 

loci, suggesting that the difference in PAM orientation is the product of the cleavage mechanism 

of each system which evolved independently of the sustained presence of the other system.  

However, one benefit of two similarly functional Class II systems is the recognition 

diversity that is enabled by two Cas effectors with distinct PAMs. In vitro and heterologous 

expression FnoCas12a studies have suggested that a 5’ TN is the necessary PAM sequence (128, 

135). We bioinformatically predicted that the preferred PAM for FnoCas12a is 5’ TTTN PAM, 

and further interrogated the PAM requirements of FnoCas12a by evaluating its ability to restrict 

plasmids with systematic mutation in the TTTN PAM sequence while in its natural bacterial 

host. We found that FnoCas12a actually exhibits a high level of flexibility in the PAM sequences 

that it recognizes. We observed that of the three Ts in the PAM sequence, the -2 position T is the 

most important and that the -4 T was dispensable for target DNA recognition and targeting in 

vivo (Fig. 4B). While the -2 position T is important, it is not sufficient to fully restore targeting 

efficiency. We observe that a 5’ TTTN is the preferred PAM sequence in vivo, with the 5’ CCCN 

mutant PAM having the largest effect on abrogating target plasmid inhibition (Fig. 4B). This 

differs from the in vitro cleavage data for FnoCas12a that suggests a 5’ TN PAM, and more 



 

 

126 

closely resembles the 5’ TTTN PAM of AsCas12a (136). These results highlight the importance 

of studying CRISPR-Cas systems within their native bacterial hosts in addition to through 

heterologous expression and in vitro models. Not only have we identified differences in the 

requirements of the Cas12a system for target recognition, but we have demonstrated the 

importance of studying their interactions and functional characteristics for understanding their 

relative contributions to the immune system of a bacterial pathogen. These differences and 

comparisons are critical for both understanding basic bacterial physiology and expanding the 

existing CRISPR toolset. 

The reprogramming of native CRISPR-Cas systems in bacteria, primarily Cas9 

dependent systems, is an evolving tool to modify the bacterial genome, combat antibiotic 

resistance, virulence, and manipulate the population balance in complex environments (131, 137-

145). The diverse applications of reprogramming bacterial systems represent one of the new 

frontiers of CRISPR-Cas technologies, and Cas12a may provide an ideal alternative for these 

tools. Studies have shown that the reprogramming of native and heterologously expressed 

CRISPR-Cas systems can be used to make targeted mutations in the bacterial chromosome, 

conduct genetic screens, or alter transcription of a gene (131, 137, 143-151). Cas12a and Cas9 

are found primarily in mammalian commensals and pathogens in both livestock and humans, and 

providing tools for making highly relevant microbes tractable for reverse genetic studies. 

Likewise, in both native and non-native bacterial hosts, Cas12a and Cas9 systems have 

additional applications in human health and agriculture as an antimicrobial and anti-virulence 

tool (152-154). The ability to transfer functional CRISPR-Cas systems between diverse bacteria 

and lethality of CRISPR-Cas targeting of the bacterial genome has led to the highly sensitive 

removal of specific bacteria from mixed cultures (142, 153). Similarly, CRISPR systems can be 
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used to selectively alter the fitness of specific organisms, for example through the conjugated 

targeting of pathogenic strains as well as emerging virulence factors and antibiotic resistance 

cassettes (25, 148). The reprogramming of multiple systems for new targets could be combined, 

native or supplemented into a prokaryote of interest, to effectively avoid resistance mutations or 

anti-CRISPR proteins that exist for one CRISPR-Cas system (155-157). Therefore, the use of 

multiple single-effector CRISPR systems within a host provides a more comprehensive toolset, 

much like how naturally in F. novicida, as demonstrated herein, the presence of both Cas12a and 

Cas9 provides a more comprehensive DNA defense program. 

Materials and methods 

Bacterial strains and growth conditions 

All strains and plasmids can be found in Table S1. All strains of Francisella novicida U112 were 

grown at 37 °C, shaking, in Tryptic Soy Broth (VWR International Inc) supplemented with 0.2% 

Cysteine (BD Biosciences, Sparks, MD). All strains were plated on Tryptic Soy Agar (VWR 

International Inc) plates supplemented with 0.1 % Cysteine. Escherichia coli DH5-α were grown 

in Tryptic Soy Broth and plated on Tryptic Soy Agar. Kanamycin sulfate (30 µg/ml, Fisher 

Scientific Company) was used for selection for both liquid cultures and solid agar. 

 

Mouse infections 

Mice were infected subcutaneously with ~2 x 105 cfu bacteria. Spleens were harvested at 48 hours 

post infection, homogenized in PBS, and the bacterial burden per organ was determined. in vivo 

protocols are described in detail in the “STAR methods” section of Chapter 3. 

 

PAM prediction  
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Francisella spp CRISPR-Cas12a spacers that target a putative prophage in F. novicida U112 

3523 were confirmed using BLASTn 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch). The protospacer was 

identified by the location of the hairpin secondary structure in the CRISPR repeat relative to the 

spacer for each strain, and the sequence flanking both sides of the protospacer was identified by 

BLASTn. The flanking sequences for all Francisella spp 3523 protospacers were compiled and 

the relative nucleotide contribution of each base at each position in these 5’ and 3’ sequences 

were determined using a sequence logo plot (link to weblogo), indicated by relative letter height.  

 

Francisella novicida strain construction 

Null deletion and point mutants listed in Table S1 were constructed by allelic exchange using the 

primers in Table S2. Homologous sequences (500-1000bp) up and downstream of the region of 

interest were amplified by PCR from genomic DNA of F. novicida U112, using Phusion high-

fidelity DNA polymerase (New England Biolabs). These fragments were used to construct the 

allelic exchange substrate, a kanamycin selectable marker containing Flp recombinase target 

sites (FRT) was inserted between the flanking sequences using overlapping PCR, as previously 

described (158). Point mutants were constructed using the same technique and primers encoding 

the single amino acid substitution (Table S2). Linear fragments were transformed into 

chemically competent F. novicida and mutants were selected on kanamycin plates. DNA was 

isolated using Qiaquick Tissue Extraction Kit (QIAGEN, INC), and mutants were confirmed by 

PCR amplification from outside of the recombined region followed by sequencing (Genewiz). 

Strains were unmarked using a temperature sensitive suicide vector, pFFlp, carrying the Flp 

recombinase in trans, as described previously (159). Strains were complemented in cis.  
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Plasmid manipulations 

Plasmids were transformed and isolated from competent E. coli (NEB 5-alpha) using Zyppy 

Mini, midi and Maxi prep kits (Zymo Research). The broad host range vector pBAV1K-T5-GFP 

(pBAV) was used as the control plasmid and backbone for the target plasmids in all assays. 

Overlapping PCR was used to construct Cas12a_target and Cas9_target plasmids, and the panel 

of PAM mutants in the Cas12a_target_5 plasmid (Table S1-2). In the target plasmids the 

prophage region and/or protospacer sequence inserted immediately downstream of the EcoR1 

site of the pBAV backbone with the primers indicated in Table S1.  

 

Plasmid Inhibition Transformation Assays 

Overnight cultures of F. novicida were used to make competent cells by diluting 1:100 and 

growing to an OD600 of 1.0-1.2. To make competent cells, cultures were concentrated ten-fold in 

4°C chemical transformation buffer (CTB) and incubated at 4°C for 15 minutes. Competent cells 

(300 µl) were incubated with plasmid DNA (500ng or 1000ng) for 25 minutes, shaking at 37°C 

before recovering in 1 ml of TSB+0.2% cysteine for 2.5 hours (shaking, 37°C). Transformations 

were plated on TSA plates with kanamycin selection and incubated at 37°C overnight. A no-

DNA transformation was used as a negative control.  

Quantitative real time-PCR 

RNA was isolated over the course of the Plasmid Inhibition Transformation Assay (at OD600 1.0, 

Competent Cells, Transformation, Recovery (45 minutes), Recovery (120 minutes)) using TRI-

reagent and a Direct-zol RNA MiniPrep Kit (Zymo Research, Irvine, CA). Wild-type F. novicida 

was grown to late log phase (OD600 1.0). The OD600 1.0 F. novicida cultures were concentrated 

10x in 4°C chemical transformation buffer (CTB) and stored at 4°C for 20 minutes (Competent 



 

 

130 

cells). For each transformation, 300µl of competent cells and shaken at 37°C for 25 minutes 

(Transformation). After 25 minutes, 1 ml of F. novicida media (TSB+0.2%cys) was added to 

each transformation and shaken at 37°C for 120 minutes (Recovery). DNA was removed from 

the samples using Turbo DNaseI (Ambion Biosciences). Power Sybr Green RNA-to-CT one-step 

kit (Applied Biosystems) was used to generate cDNA and conduct the quantitative real-time 

PCR using the primers indicated in Table S2 (qRT-PCR). Relative transcript levels were 

calculated by normalizing CT values to the Francisella novicida housekeeping gene DNA 

helicase II (uvrD and FTN_1594) to determine 2-ΔΔCt for each condition. Each experiment was 

normalized to the expression level in the starting culture (OD600 1.0), resulting in the fold change 

in expression between conditions. Results were plotted as fold change in expression relative to 

the starting culture (OD600 1.0 culture).  

 

Statistical analysis 

Unpaired, two-tailed, Student’s t-tests were used to determine significance for all of the figures 

except for the in vivo infection in Figure 1, for which a Mann-Whitney test was used.  
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Abstract 

CRISPR-Cas systems are widespread in prokaryotes and function as adaptive immune systems 

that use small RNAs (crRNAs) to guide Cas protein(s) to recognize and cleave harmful foreign 

nucleic acids. There is increasing evidence for broader endogenous roles of these systems, and a 

large percentage of the crRNA targets remain unidentified. The CRISPR-Cas9 system of 

pathogenic Francisella novicida (FnoCas9) regulates endogenous gene expression using Cas9, 

tracrRNA, and a small CRISPR-associated RNA, scaRNA, which is distinct from crRNAs. 

scaRNA leads to repression of transcription without cleavage through reduced complementarity 

to the DNA target and binding near the transcriptional start site. It was unclear if FnoCas9 

crRNAs have a similar ability to repress transcription in the absence of DNA cleavage. We 

observed that, indeed, FnoCas9 can repress transcription using partial crRNA complementarity. 

Furthermore, this ability extended to the Cas12a system of F. novicida (FnoCas12a), indicating 

that it is not restricted to Cas9. We further found that when reprogrammed, FnoCas12a can 

regulate the transcription of physiologically important genes in a native bacterial host. These 

results highlight the bifunctional capacity of Cas9, Cas12a, and possibly other CRISPR-Cas 

systems for DNA cleavage or transcriptional repression as directed by the extent of 

complementarity of associating small RNAs and their targets. This paradigm of CRISPR-Cas 

functionality suggests that a broad re-analysis of crRNAs for endogenous targets with reduced 

complementarity could reveal new and diverse roles for CRISPR-Cas systems in prokaryotic 

biology.  
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Author Summary 

The CRISPR-Cas9 system is best known as an adaptive immune system in prokaryotes that 

recognizes and cleaves foreign DNA. However, the breadth of CRISPR-Cas functions have not been 

completely elucidated. In the bacterial pathogen Francisella, Cas9 has an additional role in binding 

and repressing transcriptional read-through of endogenous genes, using a non-canonical small RNA 

(scaRNA). We have now tested whether crRNAs, which unlike scaRNA are ubiquitous in every 

CRISPR-Cas system, could similarly guide Cas9 to repress endogenous transcription. Indeed, we 

found that both native CRISPR-Cas systems of F. novicida, Cas9 and Cas12a, can transcriptionally 

repress genes without cleaving DNA. Furthermore, the difference in functionality from DNA 

cleavage to repression is directed by the reduced extent of crRNA complementarity to its target. 

Since myriad crRNAs have not previously been explored for limited complementarity to endogenous 

targets, many instances of endogenous transcriptional regulation may not yet have been uncovered. 

This work therefore suggests that reanalysis of crRNAs for their potential to regulate endogenous 

targets could lead to a paradigm shift in our understanding of the roles of these systems in 

prokaryotic biology. 

 

Introduction 

CRISPR (clustered, regularly interspaced, short, palindromic repeats) - Cas 

(CRISPR-associated) systems are widespread in prokaryotes, where their best known role is as 

adaptive immune systems that protect against foreign genetic elements (13, 22). While these 

systems are diverse in composition and mechanism, the CRISPR-Cas9 and CRISPR-Cas12a 

(Cpf1) systems in particular have been widely repurposed for molecular biological and 

therapeutic genome engineering applications (37, 160-162). These two systems use single 
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effector proteins (Cas9 or Cas12a) to cleave foreign nucleic acid targets by forming a complex 

with a small RNA, CRISPR RNA (crRNA) (15, 135, 163). Each crRNA contains a repeat which 

is bound by the effector protein and a spacer that binds to complementary sequences on foreign 

nucleic acid targets, guiding Cas9 or Cas12a to cleave the target (called the protospacer) and 

protect the cell (15, 135, 163). While the Cas12a crRNA independently directs the protein to its 

target, Cas9 interacts with the crRNA as an RNA duplex with tracrRNA, a second small RNA 

transcribed from the CRISPR-Cas9 locus (82).  

The pathogen Francisella novicida encodes CRISPR-Cas9 (FnoCas9) and -Cas12a 

(FnoCas12a) systems, both of which are capable of directing DNA cleavage (88, 119, 135). In 

addition to crRNA-directed cleavage, FnoCas9 also represses the expression of endogenous 

genes, promoting virulence by facilitating evasion of the host immune system (164, 165). Cas9 

has been shown in other pathogens to regulate traits that are important for virulence, such as 

attachment to host cells and intracellular survival (118, 166-168). We recently interrogated the 

mechanism for endogenous gene repression by FnoCas9 and developed an updated model. We 

found that FnoCas9 can act as a transcriptional repressor, using tracrRNA and an additional 

CRISPR-associated RNA, scaRNA, to guide FnoCas9 to bind but not cleave endogenous DNA 

targets located near transcriptional start sites (TSSs). Limited scaRNA:DNA target 

complementarity facilitated the cleavage-independent DNA binding of FnoCas9, leading to 

transcriptional repression (165). Interestingly, computational predictions of scaRNAs in 

organisms with type II CRISPR-Cas systems suggest a correlation between the presence of these 

small RNAs and increased strain virulence (168). 

Given the ability of both scaRNA and crRNA to direct Cas9 to DNA targets, and the 

ability of scaRNA to direct transcriptional repression, we hypothesized that crRNAs of the F. 
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novicida CRISPR-Cas systems may also be capable of regulating transcription through a similar 

mechanism. We observed that small modifications to crRNA spacers that reduced target 

complementarity were sufficient for transitioning the activity of FnoCas9 from cleavage to 

transcriptional repression. We subsequently found that FnoCas12a displayed similar bi-

functionality and repressed transcription upon reduced crRNA complementarity. Based on this 

finding, we engineered the FnoCas12a CRISPR array, successfully harnessing the transcriptional 

regulatory activity of this protein to repress endogenous gene expression. The ability of partially 

complementary crRNAs to regulate endogenous targets may represent a widespread function of 

the CRISPR-Cas9 and CRISPR-Cas12a machineries, and may be a general activity of other 

CRISPR-Cas systems as well. Thus, in addition to demonstrating that the bi-functionality of 

CRISPR-Cas systems can be rationally engineered by modifications to crRNAs, these data 

suggest that a broad re-analysis of known crRNAs for partial complementarity to endogenous 

targets could reveal new regulatory functions of CRISPR-Cas systems in prokaryotic biology.  

 

Results 

FnoCas9 crRNAs with reduced target complementarity can repress transcription 

We previously showed that scaRNA mediates FnoCas9 binding to the F. novicida 

chromosome and repression of transcription, using 15 bases of complementarity between its tail 

and the target DNA (165). When scaRNA complementarity to the chromosome was artificially 

extended to 20 bases, lethal cleavage of the chromosome or target plasmid occurred instead 

(165). It was unclear if crRNAs could act similarly to scaRNA and direct these distinct functions. 

To determine whether Cas9 crRNAs with reduced complementarity to a DNA target could 

repress transcription without inducing cleavage, we developed a panel of FnoCas9 crRNA target 
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plasmids. Each plasmid contained a construct in which a synthetic constitutive promoter (p146) 

drives the expression of gfp, with 0, 8, 11, or 15 bases of complementarity to an FnoCas9 crRNA 

(the first crRNA spacer in the CRISPR array was used) (169). In addition, an FnoCas9 

protospacer adjacent motif (PAM), a short nGG sequence adjacent to the DNA target, was 

included between the transcriptional start site and gfp as this is required for FnoCas9 binding 

(Figure 1A-B) (165). Each plasmid was transformed into WT and Dcas9 strains, and gfp 

expression was quantified. The full spacer plasmid was not included as it has been shown 

previously to be targeted by Cas9 for cleavage (129). For plasmids containing 11 and 15 bases of 

complementarity to crRNA, gfp expression was lower in WT as compared to Dcas9, indicating 

that FnoCas9 significantly repressed expression (Figure 1C). In contrast, FnoCas9 did not 

similarly repress gfp from plasmids with 0 or 8 bases of complementarity (Figure 1C). These 

data are consistent with the level of complementarity required for scaRNA-mediated gfp 

repression from a plasmid (8 bases is insufficient while 11 bases is sufficient)(165). Together, 

the data indicate that an F. novicida crRNA can direct FnoCas9 to repress transcription from a 

target plasmid.   

To determine whether the observed transcriptional repression occurred in the 

absence of DNA cleavage, and to confirm that full complementarity between the crRNA and 

DNA target leads to cleavage, we measured the ability of FnoCas9 to inhibit transformation with 

each of the plasmids as well as a plasmid with the full protospacer target which includes the  20 

bp of complementary to the FnoCas9 crRNA that is required for cleavage (Figure 1A-B). 

Plasmids with 0, 8, 11, or 15 bases of complementarity to the crRNA were transformed at the 

same efficiency into WT F. novicida and Dcas9, indicating the lack of plasmid restriction (Figure 

1D). Conversely, transformation with the plasmid harboring the full (34 bp) sequence 
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Figure 1. Reduced crRNA:target complementarity shifts Cas9 function from DNA cleavage to 

transcriptional repression. A) Diagram of the pBav-derived vectors used in B-D. B) Sequence 

alignment of the Cas9 protospacer target and PAM (NGG; underlined) inserted into the vector (A) with 

varying complementarity to the Cas9 crRNA, used in C-D. C) Relative gfp transcript levels were 

measured by qRT-PCR from constructs containing targets with varying lengths of complementarity to the 

Cas9 crRNA (0, 8, 11, 15 bp). Results are presented as % gfp expression from each plasmid in WT 

relative to that in Δcas9 (n=6, error bars represent s.e., *p≤0.05; **p≤0.005). D) Transformation of WT F. 

novicida and Δcas9 with the plasmids from (C) with 0 bp, 8 bp, 11 bp, 15 bp, and full (34 bp) 

complementarity to the Cas9 crRNA. Results are presented as percent transformation into WT relative to 

Δcas9. (n=6, error bars represent s.e., ***p≤0.001).  
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complementary to the FnoCas9 crRNA spacer resulted in significantly reduced levels of 

transformation in WT compared to Dcas9 (Figure 1D). These results indicate that similar to 

scaRNA, the ability of FnoCas9 to repress transcription or cleave DNA is determined by the 

extent of complementarity between the target and the guiding crRNA.  

Cas12a crRNAs can direct different functions based on target complementarity 

We next sought to investigate whether this RNA-determined bifunctionality of FnoCas9 could be 

extrapolated to the other native CRISPR-Cas system of F. novicida, CRISPR-Cas12a. To test the 

ability of crRNAs to direct Cas12a to repress transcription, we again used a panel of plasmids 

containing a construct with the p146 promoter driving the expression of gfp, with an FnoCas12a 

PAM (TTTn) and 0, 8, 11, or 15 bases of complementarity to an FnoCas12a crRNA located 

between the transcriptional start site and gfp (Figure 1A and 2A). Following transformation of 

each plasmid into WT and Dcas12a strains, the relative gfp expression from the plasmids was 

measured. gfp expression from the plasmid with 15 bases of complementarity to the crRNA was 

significantly lower in WT compared to Dcas12a, indicating Cas12a-dependent repression (Figure 

2B). In contrast, no repression of gfp was observed from plasmids with 0, 8, or 11 bases of 

complementarity to the FnoCas12a crRNA in either WT or Dcas12a (Figure 2B). This highlights 

a difference with FnoCas9, where 11 bases of complementarity was sufficient to repress gfp 

expression from the plasmid construct (Figure 1B). These results indicate that FnoCas12a is 

capable of directing transcriptional repression using crRNAs.  

We measured the ability of FnoCas12a to restrict transformation of plasmids with 

0, 8, 11, 15, or 29 bp (full) complementarity to the fifth spacer in the FnoCas12a CRISPR array 

(Figure 1A and 2A). FnoCas12a did not inhibit transformation of plasmids containing 0, 8, 11, or  
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Figure 2. crRNA complementarity to target DNA shifts Cas12a from transcriptional repression to 

DNA cleavage. A) sequence alignment of the PAM + Cas12a protospacer sequences with varying 

complementarity to the Cas12a CRISPR array spacer, used in B-C. The PAM sequence (TTTA) is 

underlined. B) Relative gfp transcript levels were measured by qRT-PCR from constructs containing 

sequences with different lengths of complementarity to the Cas12a spacer (0, 8, 11, 15 bp) between a 

synthetic promoter and gfp. Results are presented as % gfp expression from each plasmid in WT relative 

to that in Δcas12a (n=6, error bars represent s.e., *p≤0.05; ***p≤0.001). C) Transformation of WT F. 

novicida and Δcas12a with plasmids with 0 bp, 8 bp, 11 bp, 15 bp, and full complementarity to the 

Cas12a spacer between the promoter and gfp. Results are presented as percent transformation into WT 

relative to Δcas12a. (n=6, error bars represent s.e., *p≤0.05). 
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15 bases of complementarity to the crRNA (Figure 2C). However, transformation efficiency with 

the construct containing the full protospacer was strongly inhibited in WT relative to Dcas12a 

(Figure 2C). These results indicate that catalytically active FnoCas12a can both repress 

transcription and direct target cleavage, and that this functional differentiation is determined by 

the extent of complementarity between the target and the crRNA. 

 

Cas12a can be reprogrammed to repress endogenous Cas9 targets  

FnoCas9 uses scaRNA to repress 4 genes encoded on 2 mRNA transcripts (1104-1102 

and 1101)(Figure 3A) (165). We attempted to further validate the functionality of Cas12a-

mediated transcriptional repression by reprogramming FnoCas12a to repress these genes. We 

reprogrammed the FnoCas12a CRISPR array to have partial complementarity to the 5’ UTR of 

the 1104-1102 open reading frames (ORF), which are transcribed on a single mRNA, to 

determine whether the reprogrammed crRNA could repress endogenous targets (Figure 3B). To 

investigate the specificity of FnoCas12a-mediated targeting, we generated the construct such that 

the crRNA would not also bind the 1101 5’ UTR, unlike scaRNA which naturally targets both 

regions (Figure 3B). First, we measured the levels of each transcript in the native FnoCas9 

regulon in WT, Dcas12a, and Dcas9 strains, observing that the levels of 1104, 1103, 1102 and 

1101 were not altered in the Dcas12a mutant compared to WT, but were expressed at higher 

levels in the Dcas9 strain (Figure 3C-F). This confirmed the requirement of FnoCas9 in the 

repression of these genes and further demonstrated that FnoCas12a is not naturally involved 

(Figure 3C-F). We then measured the levels of the genes in the FnoCas9 regulon in strains with 

the reprogrammed FnoCas12a CRISPR array in the absence of FnoCas9 and in a Dcas9/Dcas12a  
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Figure 3. Cas12a can be reprogrammed to repress endogenous targets. A) Model of Cas9 in complex 

with tracrRNA and scaRNA binding to the 1104 and 1101 5’ UTRs on the F. novicida chromosome with 

the scaRNA tail to repress 1104-1101 transcription. B) Model of Cas12a interacting with the 1104 5’ 

UTR with the reprogrammed crRNA to repress 1104-1102 transcription. C-F) Relative levels of  (C) 

1104, (D) 1103, (E) 1102, and (F) 1101 transcripts were measured by qRT-PCR in WT, Δcas9, Δcas12a, 

Δcas9 + Cas12a crRNA reprogrammed, and Δcas9Δcas12a + Cas12a crRNA reprogrammed strains. 

(n=6, error bars represent s.e., *p≤0.05; **p≤0.005; ***p≤0.001). 
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double mutant as a control for baseline expression. Compared to a Dcas9 strain that is unable to  

repress these genes naturally, the Dcas9 strain with the reprogrammed Cas12a crRNA had 

reduced levels of the 1104-1102 transcript (Figure 3C-E). This suggested that Cas12a was 

actively repressing these genes in the presence of the reprogrammed crRNA. To determine if this 

transcriptional repression in the reprogrammed strain was Cas12a-dependent, we compared the 

expression levels of 1104-1102 in the Cas12a reprogrammed strain (Dcas9, intact Cas12a) and a 

reprogrammed strain without Cas9 and Cas12a (Dcas9/Dcas12a). We found that 1104-1102 

expression was restored to the level of the Dcas9 strain in the absence of Cas12a, demonstrating 

that Cas12a can be reprogrammed to repress transcription through modification of the CRISPR 

array (Figure 3C-E). As an additional control, 1101 expression was unaltered between the Dcas9 

and Dcas12a/Dcas9 reprogrammed strains, consistent with the specific effect of FnoCas12a on 

1104-1102 (Figure 3F). Taken together, these results show that Cas12a can repress endogenous 

transcription and highlight the functional flexibility of the F. novicida CRISPR-Cas systems.  

Discussion  

Based on our recent discovery that scaRNA uses limited target complementarity to guide 

FnoCas9 to repress transcription of endogenous genes (165), we explored whether crRNA:target 

complementarity could be modulated to facilitate transcriptional repression by the two native 

CRISPR-Cas systems of F. novicida. Both the FnoCas9 and FnoCas12a systems could efficiently 

repress transcription without cleaving the DNA when the target sequence contained 15 bases of 

complementarity to the crRNA (Figure 1C, 2B), but cleaved when there was full 

complementarity of the crRNA spacer to the target (Figure 1D, 2C). We harnessed this 

functionality to, for the first time, reprogram cleavage-capable Cas12a to repress transcription 

(Figure 3A-F). 



 

 

144 

The work presented here is supported by in vitro, structural, and heterologous expression 

studies that demonstrate that Cas9 crRNAs with partial target complementarity prevent cleavage 

of DNA (135, 141, 170). Coordinated double strand cleavage by Cas9 involves a conformational 

shift into a cleavage-activated state that depends on sufficient base pairing between the crRNA 

and DNA target (170). However, binding can still occur when Cas9 has insufficient 

crRNA:target complementarity to direct cleavage. We observed that when reduced 

complementarity between a crRNA and DNA target resulted in a loss of cleavage by Cas9, the 

effector gained the ability to repress transcription, and this crRNA-directed shift between DNA 

restriction and transcriptional repression could be extrapolated to a different CRISPR-Cas 

system, Cas12a. These data are supported by a recent study demonstrating the ability of an 

engineered Cas12a to exhibit crRNA-directed transcriptional activation in eukaryotic cells (171). 

Particularly interesting is that Cas12a, unlike Cas9, is able to process its own crRNAs without 

the assistance of cellular RNases, indicating that the system is both highly independent and 

functionally versatile, able to process crRNAs that could likely guide multiple distinct effector 

functions (128, 171, 172). Our data highlight the unexplored ability of cleavage-capable Cas12a 

systems to act as regulators of transcription, which may be an important natural role of these 

systems (Figure 2). Furthermore, the similar ability of both Cas9 and Cas12a to interfere with 

transcriptional repression and restrict foreign DNA suggests that crRNA-directed functional 

flexibility could be a feature that is conserved in other systems as well. 

Other CRISPR-Cas systems, including those that use multi-protein effector complexes, 

may utilize crRNAs with partial complementarity for endogenous regulatory functions. A 

systematic analysis of Type I-E spacer sequences in an E. coli strain found that self-targeting 

spacers were more likely to target the host than foreign nucleic acids (173). Most interestingly, 
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the bioinformatic predictions of the crRNA binding sites suggest that they regulate endogenous 

transcription by binding in a PAM-dependent manner to transcriptionally active regions of the 

genome with partial complementarity(173), similar to what we describe here.   

Furthermore, there exist examples of crRNAs influencing bacterial physiology. In the 

type I-E CRISPR-Cas system of Pseudomonas aeruginosa, a crRNA directs degradation of the 

mRNA for lasR, a transcriptional regulator which helps the pathogen evade the mammalian 

immune system (174). The type I-F CRISPR-Cas system of P. aeruginosa is involved in 

regulating motility through partial complementarity of a crRNA to a prophage (175). 

Additionally, some orthologs of Cas9 have been demonstrated to guide ssRNA cleavage through 

a ~20bp crRNA:target RNA interaction, although the biological importance of this mechanism is 

not fully understood (83-85). 

Interestingly, self-targeting spacers were identified early in the study of CRISPR-Cas 

systems. While a recent analysis investigated predicted DNA targets of crRNAs with extensive 

complementarity (95% coverage and identity between spacer and predicted target), potential 

targets based on reduced complementarity were not studied (81). It remains unknown how many 

self-targeting spacers may exist with reduced complementarity to endogenous targets and could 

result in transcriptional regulation. Furthermore, the targets of the majority of spacers are not 

known (81). This could be due to the sequences of their exogenous targets being absent from 

current databases, but would also be consistent with them having endogenous regulatory targets 

of limited complementarity. Importantly, as we have shown, regulatory functions of CRISPR-

Cas systems can co-exist with the canonical adaptive immune functions for multiple CRISPR-

Cas systems. We hypothesize that as self-targeting spacers are investigated further, many more 

roles for CRISPR-Cas systems in diverse aspects of endogenous physiology will be revealed. 
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Materials and methods. 

Strains and growth conditions 

Francisella novicida strains were grown at 37 °C shaking. Tryptic Soy Broth (VWR 

international) with 0.2 % cysteine (BD biosciences) supplementation was used as the growth 

media for liquid cultures. For colony-based assays strains were grown on Typtic Soy Agar 

(VWR international) plates with 0.1% cysteine at 37 °C.  For selection of mutants and 

maintanence of plasmids, media was supplemented with kanamycin sulfate (30 µg/ml, Fisher 

Scientific). For removal of the kanamycin resistance cassette, the system utilized tetracycline 

selection, in which media was supplemented with 15 µg/ml tetracycline (Alfa Aesar) and the 

strains were grown at 30 °C during the unmarking. 

 

Francisella novicida mutant generation 

All strains used in experiments were derived from Francisella novicida U112 (“WT”) (Table 

S1). Dcas12a and Dcas9/Dcas12a deletion mutants and the reprogrammed crRNA array were 

made using allelic exchange with the primers listed in Table S3. The reprogrammed crRNA was 

made by replacing the Cas12a CRISPR array with a repeat-spacer-repeat in the same location, 

with the spacer targeting the 1104 5’ UTR. Linear allelic exchange products were used as the 

substrates for the mutations, the 500-1000bp regions of homology for recombination into 

specific sites of the genome flanking the new inserted sequence (where necessary) and a 

selection cassette. For mutant selection a kanamycin selectable marker was used, containing Flp 

recombinase target sites (FRT) between the flanking sequences to enable unmarking (158). 

Fragments for construction of the allelic exchange products were amplified from genomic DNA 

(isolated with Qiaquick Tissue Extraction Kit) and sewn together using overlapping PCR as 
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described previously (165). Phusion high-fidelity DNA polymerase (New England Biolabs) was 

used for PCR amplification and the Qiaquick gel extraction kit (Qiagen) was used to purify DNA 

from PCR reactions. Chemically competent F. novicida was transformed with the allelic 

exchange substrates (158) and recombinants were selected for on kanamycin and confirmed by 

amplification and sequencing (Genewiz) using “ampli” and “seq” primers (Table S3) (165). The 

selection cassette was removed a vector containing the Flp recombinase in trans, using 

temperature and tetracycline selection as described previously (Table S2) (159). The Dcas9 strain 

was described in previous work (Table S1) (114) (117, 118).  

 

Plasmid construction 

Plasmids (Table S2) were constructed in the broad host range vector pBAV1K-T5-GFP (pBAV) 

using the primers listed in Table S3(176). In the plasmids used in the transformation and Cas9-

/Cas12a-dependent transcriptional repression assays, the promoter and RBS that drive gfp 

expression in WT pBAV were replaced with a synthetic constitutive promoter “p146” followed by 

varying amounts of homology to the Cas9 or Cas12a crRNAs and respective PAMs, in front of gfp 

(169) (165). As per the functioning of each system, the Cas9 PAM was placed directly after the 

target sequence (-NGG) while the Cas12a PAM was inserted before the target sequence directly 

after the TSS (-TTTN) (Figure 1A, 2A).  Plasmids were constructed, amplified and isolated from 

competent E. coli (NEB 5-alpha) as described previously (165).  

 

Transformation Assays 

Chemically competent F. novicida was made by 10C concentration of log-phase cultures (OD600 

nm of 0.8-1.0) in 4°C chemical transformation buffer (CTB) as described previously (158) (165). 
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As described in Ratner et al, 2019, competent cells were mixed with DNA and incubated at 37°C 

shaking (20 min), followed by a 2 hour recovery in 1 ml of liquid growth media at 37°C shaking 

and plating on selective agar plates overnight (37°C) (165). For transformations with plasmid 

vectors, the same amount of plasmid was transformed into WT and either the Dcas9 and Dcas12a 

strains (~500 ng per plasmid). Transformants were enumerated for each strain and compared 

between WT and either Dcas9 or Dcas12a strains to determine the % transformation relative to the 

CRISPR-effector protein deficient strain (165). As described in (165), Cas9 and Cas12a repression 

of gfp expression was measured by isolating transformants from each strain and for each plasmid, 

for growth in liquid growth media with kanamycin supplementation. At OD600 nm of 0.8-1.0, RNA 

was isolated from the transformants and used to measure gfp transcript level in each strain (see 

qRT-PCR methods).  

 

Quantitative real-time PCR  

RNA extraction and qRT-PCR was conducted from cultures at OD600 nm of 0.8-1.0 as described 

in (165). RNA was extracted using TRI-reagent and a Direct-zol RNA MiniPrep Kit (Zymo 

Research) followed by Turbo DNaseI (Ambion Biosciences) (165). Power Sybr Green RNA-to-

CT one-step kit (Applied Biosystems) was used for measurement of transcript levels by qRT-PCR 

(Primers in Table S3, (165). To determine 2-DDct, CT values for 1104-1101 were normalized to 

DNA helicase II (uvrD, FTN_1594) and plasmid gfp expression was normalized to the kanamycin 

resistance cassette (118) (165). For the plasmid assays, the results are presented as % transcript in 

WT relative to the uninterrupted expression in the respective CRISPR-effector deficient strain 

(Dcas9 or Dcas12a strains). .  
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Statistical analysis 

Unpaired, two-tailed, Student’s t-tests were used to determine significance.  
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Chapter 6. Discussion and Relevance  

BLP repression in F. novicida virulence 

Cas9 protects against combinatorial killing by host antimicrobials 

We demonstrated that in the intracellular pathogen F. novicida, the repression of 4 

predicted BLPs (1104, 1103, 1102 and 1101) by Cas9 is required for virulence. It was previously 

demonstrated that 1103 helps F. novicida evade the Tlr-2 and the AIM2/ASC inflammasome 

innate immune defenses (115). This work suggested that repression of 1103 both decreases 

activation of Tlr-2 by reducing the abundance of its ligand and fortifies the bacterial membrane 

by decreasing permeability (115). Studies of 1103 have shown that deletion of this BLP from a 

cas9 mutant strain can partially, but not fully, recover virulence (115, 118). We found that the 

virulence of a cas9 mutant is fully restored upon the deletion of all four regulated genes, and that 

repression of each BLP contributes to infectivity in a murine model (177). Further elucidation of 

the connection between the repression of 1104, 1102, and 1101, immune evasion, and changes to 

the bacterial envelope will provide insight into how envelope architecture contributes to the 

fitness of intracellular pathogens.  

We have begun to investigate the role of 1104-1101 in F. novicida virulence, 

hypothesizing that Cas9, by repressing proteins near the host-pathogen interface, may promote 

intracellular survival by conferring resistance to antimicrobials produced in the phagosome to 

enable infection. We investigated the role of Cas9 in resisting reactive oxygen species (ROS) and 

lysozyme, which are important host-antimicrobials involved in killing intracellular pathogens. 

Interestingly, bacteria lacking Cas9 were more susceptible to combinatorial killing by H2O2 and 

lysozyme in vitro (Appendix A). Virulence of a Cas9 mutant, which is attenuated in WT mice, 

was increased in mice that were unable to produce both antimicrobials (Appendix B).  Based on 
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the observation that lysozyme alone was unable to kill F. novicida, but when combined with a 

sub-MIC concentration of H2O2 in vitro resulted in a combinatorial killing effect (Appendix A), 

we interrogated the specific role of ROS in the Cas9-mediated virulence of F. novicida.  

We found that Cas9 confers resistance to H2O2 in vitro through BLP repression 

(Appendix C). Interestingly, ROS-production by the host does not alter BLP-mediated activation 

of Tlr-2, suggesting that the role of BLP repression in evading killing by ROS is independent of 

this pathway (Appendix D). In further support of this finding, we found that Cas9-conferred 

resistance to H2O2 killing is physiologically important; in WT mice a cas9 mutant is fully 

attenuated, while in a mouse that is unable to produce ROS as an innate immune defense, the 

cas9 mutant is virulent (Appendix E). These data reveal an unexpected and previously 

uncharacterized role for Cas9 in promoting resistance to oxidative stress-dependent killing, and 

facilitating virulence.  

Connection between the bacterial envelope and sensitivity to ROS 

Next, it will be important to determine the mechanism of increased ROS sensitivity when 

BLPs are expressed. In some Gram-negative bacteria, it has been shown that regulation of 

membrane permeability is important for reducing susceptibility to hydrogen peroxide, a reactive 

oxygen species (ROS) antimicrobial that is produced by the host (178). The previous implication 

of 1103 in membrane integrity points to a possible contribution of 1104, 1102, and 1101 as well. 

Furthermore, lysozyme alone has been shown to potentiate H2O2 generation at physiologically 

relevant levels in eukaryotic cells (179, 180). The link between these two antimicrobials during 

infection is likely important for pathogens that passage through the phagosome and has been 

minimally explored in this context. It will be important to examine the contribution of membrane 

permeability to H2O2 sensitivity, how the oxidation of membrane BLPs alters the fitness of F. 
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novicida and interaction with other host-produced antimicrobials, and the direct interactions 

between ROS and lysozyme that may contribute to their synergy.   

Future work should aim to identify the native function of these four genes in Francisella, 

the physiological changes occur at the membrane in a cas9 mutant when they are highly 

expressed, and the mechanism and extent to which they alter fitness during passage through 

eukaryotic cells. It will be important for this investigation to determine the precise localization, 

membrane orientation, and interaction partners of each of the gene products of Cas9-regulated 

genes. Collectively, this will provide insight into how features of the bacterial envelope, in 

particular bacterial lipoproteins, membrane integrity, and interactions between ROS and 

antimicrobial peptides, contribute to the fitness and lifecycle of intracellular pathogens.  

Implications of the ecological distribution of CRISPR-Cas9 systems for human 
health 

Continued study of how CRISPR-Cas systems alter interactions between bacteria and 

their surroundings, such as host-pathogen interactions, will provide new insight into the 

alternative functions of these widespread systems. Our interrogation of the non-DNA targeting 

functions of the F. novicida CRISPR-Cas9 system may help to explain the unique ecological 

distribution of Class II CRISPR-Cas systems, which all use single proteins to recognize, bind, 

and cleave their targets (36). The prevalence of Cas9 is enriched in host-associated organisms 

such as pathogens and commensals. The reason for this clustering is not known, but does not 

appear to be linked by habitat or phylogeny. Conversely, Class I CRISPR system are found 

throughout the domain of prokaryotes and use a distinct multiprotein mechanism recognize and 

cleave their targets (36). One hypothesis is that this distribution is the result of the ability of 

systems with single effector proteins to adapt to environmental changes and mediate additional 
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functions in bacterial physiology beyond foreign DNA defense. More broadly, these findings 

highlight the need for a systematic bioinformatic and, when possible, experimental exploration of 

the functions of these systems in prokaryotic physiology beyond adaptive immunity.   

Case to Broaden the Search for New CRISPR functions. 

Considerations for the identification of RNAs that direct non-cleavage CRISPR-
Cas9 functions.   

We have described how the F. novicida CRISPR-Cas system regulates endogenous genes 

to facilitate virulence. Cas9 has been shown to be regulate traits that are important for virulence 

in other pathogens as well, such as attachment to host cells and intracellular survival, although 

the mechanism of underlying these functions have yet to be determined (118, 166, 167). 

Interestingly, computational predictions of scaRNAs in organisms containing Type II CRISPR 

systems suggest that scaRNAs may be more common in strains associated with increased 

virulence (168). To determine whether Cas9 is a potential endogenous regulatory factor via a 

small RNA such as scaRNA in other Cas9-harboring organisms, specific parameters for these 

analyses, based on the mechanism of scaRNA activity, should be taken into account.  

In our work, the homology between scaRNA and the endogenous DNA targets was 

undetectable by searches for sequence similarities due to scaRNA’s low number of consecutive 

bases of homology to the genome (11-12 bp). Identifying the location of scaRNA binding first 

required identification of the targeted locus and detailed genetic interrogation of the coding, non-

coding, and promoter regions of the targeted locus to narrow in on the 5’ UTR targets. From 

there, the location and target of scaRNA (DNA vs RNA) was identified and validated efficiently 

as the result a single putative PAM in each targeted UTR.  
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The most significant limitation to correctly identifying Cas9-associated small RNA 

targets remains the low sequence complementarity required for transcriptional repression. 

However, now that the Cas9 scaRNA mechanism has been elucidated, it may be possible to 

design bioinformatics tools, such as those being developed by the Djordjevic group, to identify 

these RNAs (168, 173). The search for the genomic target of the “spacer” or tail sequence of 

small RNAs containing CRISPR-like repeats, identified by small RNAseq, can be narrowed 

down by excluding targets without a PAM and requiring proximity to a promoter or TSS and 

complete complementarity within the seed sequence. The inclusion of the PAM sequence in the 

searches extends the minimum target sequence in the genome, reducing false targets. Therefore, 

when possible, it is necessary to experimentally interrogate the PAMs and PAM flexibility of 

culturable and genetically tractable organisms of interest. This is evidenced by our results 

indicating that Cas12a in F. novicida has a high level of flexibility in tolerated PAM sequences, 

although they do vary in cleavage efficiency, and this flexibility could not have been picked up 

by bioinformatics PAM prediction. In the identification of scaRNAs, applying an understanding 

of the level of repeat degeneration that is tolerated whilst retaining DNA binding function is also 

important, when possible. Analyses should extend beyond the host bacterium to the mobilome 

and potential interaction partners, prokaryotic and otherwise, because this may shed light on 

another new class of CRISPR functions, regulating the transcription of predating nucleic acids or 

interacting species. More broadly, it remains important to continue interrogating other functions 

and mechanistic flexibility of these systems, beyond this work, as evidenced by the recent 

findings that certain Cas9 orthologs can also degrade RNA (83-85). CRISPR-Cas systems may 

execute non-cleavage functions through a wide variety of mechanisms, some of which have yet 

to be discovered.  
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 crRNA-directed Cas9 and Cas12a functional versatility 

We demonstrated that through a mechanism similar to scaRNA, F. novicida Cas9 and 

Cas12a crRNAs are capable of repressing transcription without cleaving DNA (Chapter 5). This 

functional shift is determined by crRNA complementarity. When reprogrammed, FnoCas12a 

crRNAs can repress the native targets of scaRNA in the absence of Cas9. Importantly, the 

extension of this RNA-directed functional flexibility to the Cas12a system of F. novicida 

(FnoCas12a) suggests that it is a broader capability CRISPR-Cas systems that may include 

additional systems as well. The ability of Cas9 and Cas12a crRNAs to regulate gene expression 

while maintaining protective CRISPR systems indicates that there is not a fitness cost of having 

cleavage-capable CRISPR systems with additional beneficial functions in gene regulation, 

further suggesting that DNA defense is just one of many functions of CRISPR-Cas systems in 

prokaryotes. It is now pertinent to identify all of the systems that are capable of this shift. One 

hypothesis for the clustering of some systems, such as Cas9 and Cas12a, in host-associated 

organisms, is that the ability of certain systems to bind DNA or cleave DNA using the same 

effector (or possibly effector complex) results in a functional repertoire that is particularly 

beneficial for organisms with specific lifestyles or niche ecology.    

The ability of crRNA and other small RNAs to direct diverse CRISPR-Cas activities 

likely encompasses a paradigm of CRISPR functions. As demonstrated herein, multiple Cas 

effector proteins can act as efficient, sequence specific transcriptional regulators by binding to 

the DNA, which could fulfill any endogenous regulatory role. They could also be altering 

transcription from mobile genetic elements to broaden the nature of their protective functions.  

DNA binding could have other functions within the bacterium as well, including but not 

restricted to occlusion of restriction modification sites and sequestration of the protein to the 
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DNA. Based on associations between CRISPR-Cas non-cleavage phenotypes and changes that 

occur at the membrane or in response to environmental changes, it is easy to theorize that these 

systems could more sensitively fine-tune interspecies and inter-domain interactions, proactively 

or defensively, by repressing transcription rather than cleaving DNA (33).   

A need to re-analyze spacer targets 

Fascinatingly, non-cleavage functions of CRISPR-Cas systems that result from partial 

RNA:nucleic acid interactions have been largely overlooked by the current analyses of crRNA 

spacer targets. These analyses typically look for protospacers with >90-98% homology to a 

spacer sequence, which would exclude spacers with partial homology to a target (81). In these 

cases that identify homology with perfect or near perfect homology to the bacterial chromosome, 

self-targeting spacers have been described, but exist alongside with mutations to the CRISPR 

system or PAM that would prevent lethal cleavage of the bacterial chromosome.  An analysis of 

crRNA spacers in all available prokaryotic genomes suggested that the majority of spacers with 

identifiable targets (those with near-perfect homology and therefore likely to induce cleavage) 

were associated with prokaryotic mobile genetic elements (81). Importantly, these identifiable 

spacer targets made up just 7% of the spacers in the analysis, which was unable to identify 

targets (protospacers) for the vast majority (~93%) of spacers (81). 

 The work presented herein indicates that less than 60% homology of the crRNA 

that is involved in cleavage is required to direct transcriptional repression, and it is likely that 

many of the unidentified crRNA targets have partial complementarity that can direct non-

cleavage functions. We propose that the targets of CRISPR array spacers, orphan crRNAs, and 

small RNAs containing repeat-like sequences such as scaRNA, need to be re-analyzed using the 

parameters we have outlined for non-cleavage Cas9 and Cas12a functions. These have also been 
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discussed in the previous section about identifying putative scaRNAs. The considerations include 

searching only for protospacers with undisrupted complementarity to the spacer seed sequence 

directly adjacent with a PAM and overall ~11-18 bp homology to the processed spacer. 

Promising binding sites are likely located at places that could contribute to a non-cleavage 

function, such as proximal to a promoter. This can be used to increase the stringency of the 

search. Alternatively, if the target sites with reduced complementarity to the spacer exhibit clear 

patterns of localization, it could independently signal particular functions of partial crRNAs. By 

changing the parameters of spacer sequence analysis, we will likely uncover many new CRISPR-

Cas systems functions that extend far beyond nucleic acid defense and will likely provide insight 

into important mechanisms of prokaryotic physiology, such as adaptation to environmental 

changes, stress responses, and inter- and intra-species communication.  

Type I-E CRISPR-Cas system of E. coli provides a fascinating example of how 

sequencing historical strains and innovating new approaches to analyzing spacer targets can be 

utilized to narrow in on unexpected targets and functions of CRISPR systems. The CRISPR 

arrays of the Type I-E system in E. coli have undergone minimal changes in the last 42000 years 

(181). Given the propensity of bacterial genomes to lose unnecessary genetic information, and 

previous work demonstrating that this system is activated in response to envelope stress, it has 

been hypothesized that the ancient spacers make some persistent contribution to E. coli 

physiology (181) (173).  

A subsequent systematic analysis of Type 1-E spacers sequences in E. coli found that a 

high frequency of spacers have complementarity to putative targets on the host bacterial genome 

(173). Interestingly in the study of Type I-E spacers, there was an enrichment for spacer targets 

in genomic areas where transcription could be regulated, suggesting similarities to the 
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mechanism of scaRNA activity in F. novicida (173). Although not yet validated experimentally, 

this study provides preliminary bioinformatic evidence that self-targeting crRNAs may promote 

binding but not cleavage extends beyond Cas9 and Cas12a systems, possibly even Class I 

systems.   

Experimental evidence of non-cleavage and endogenous crRNA functions 

Lending support for a re-analysis of spacers for low-homology targets, there is increasing 

evidence that the functions of CRISPR-Cas systems may extend widely beyond foreign DNA 

defense, and that crRNAs may play an important role in diversifying these functions though 

targeting endogenous nucleic acids. Although there are no natural examples of a crRNA with 

partial complementarity repressing transcription from endogenous DNA, the best examples of 

crRNAs influencing bacterial physiology are in the Type I-E and I-F systems of Pseudomonas 

aruginosa, which unlike Cas9 and Cas12a use a multiprotein complex to degrade DNA targets. 

In the type I-E CRISPR system, a crRNA directs degradation of the mRNA of lasR, a 

transcriptional regulator, which helps the pathogen to evade the mammalian immune 

system(174). The Type I-F CRISPR system of P. aruginosa is involved in regulating motility 

through partial complementarity of a crRNA to a prophage. For some orthologs of Cas9, crRNAs 

have been shown to direct Cas9 to degrade ssRNA, although what role this is playing in bacterial 

physiology has yet to be determined. Furthermore, imperfect binding of crRNAs to target DNA 

has been shown to inhibit cleavage by Cas9 but not interactions with the DNA altogether. Yet, 

the role of these Cas9 activities in microbial biology have yet to be fully elucidated, and the 

broader ability of crRNAs to modulate non-cleavage activities in other native systems, such as 

the ability of Cas12a to repress endogenous transcription was previously unknown.  



 

 

159 

Evolution of non-cleavage functions 

      Our results demonstrating that Cas9 guided by scaRNA represses endogenous 

transcription and that Cas9 and Cas12a are capable of a similar phenomenon guided by the 

crRNA, raise the question: can regulatory CRISPR-Cas functions can arise from protective 

CRISPR systems?  

     We discuss two non-exhaustive possibilities: 1) Acquisition of a spacer with off-target 

binding that serendipitously improves fitness and 2) selection for strains that escape self-

targeting in conditions where it is also lethal to lose adaptive immunity functions. 

     In the first model, spacers are acquired that have regulatory activity due to random 

complementarity to off-target sites on the DNA that is sufficient for binding. This is selected for 

and maintained either because it is beneficial to the organism or simply, because it isn’t costly 

and the spacer provides a fitness advantage because of its protective role. Given the low 

complementarity (~11bp) required for Cas9-dependent transcriptional repression in F. novicida, 

it is possible that it could occur by random chance.  

   We addressed the second possibility experimentally. Due to the lack of a viable phage for 

F. novicida, we were not able to test this with natural adaptation during predation, or to test what 

escape mutants arise from being forced to take up DNA into the chromosome with a crRNA self-

target during phage predation.  Instead, we simplified the system, hypothesizing that one route 

for the selection of regulatory CRISPR-Cas9 functions could be through the avoidance of self-

targeting. We utilized the efficient ability of FnoCas9 to cleave DNA targets in order to select for 

insertion of a sequence into the chromosome that was targeted for cleavage by an FnoCas9 

crRNA. The frequency of escape from lethal self-targeting was extremely rare, resulting in just 

three escape mutants. All three strains contained the same single base deletion in the protospacer 
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sequence (Appendix F). Fascinatingly, the single base deletion successfully shifted crRNA 

function from DNA cleavage to transcriptional repression. This experimental model provides one 

in silico example of how, in the escape from self-targeting, new CRISPR functions can be 

selected for while maintaining protective CRISPR function.  

Multifunctional CRISPR effectors in research and engineering. 

The results in Chapter 4 demonstrate that complementary activity of Cas9 and Cas12a in 

DNA defense and Chapter 5 demonstrates the shared ability of these systems to be 

commandeered to repress transcription. In both Chapters 4 and 5 we reprogram the crRNA loci 

for new targets, to cleave DNA (Cas9) or cleave DNA and repress transcription (Cas12a and 

Cas9). We furthermore reprogrammed scaRNA, the small RNA naturally responsible for guiding 

Cas9 to repress transcription in F. novicida to repress polymyxin resistance genes, re-sensitizing 

the pathogen to treatment with this antimicrobial. The engineering applications of Cas9 and 

Cas12a in DNA cleavage are discussed in Chapter 4. The utility of scaRNA-guided Cas9 

transcriptional repression and reprogramming enables the same version of Cas9 to be expressed 

or delivered to a cell while simultaneously targeting DNA and repressing transcription, a 

technique that can be applied to any system that requires complex fine-tuning of the both RNA 

levels and DNA sequences, without burdening the cell by expressing a second large protein. 

Then, by extending these findings to Cas12a systems, we broaden the versatility of the 

technology. Cas12a has mechanistic differences such as sequence of the PAM and location 

relative to the spacer, and inducing staggered breaks rather than a blunt cut. Most importantly, 

Cas12a uses a single crRNA with no accessory tracrRNA that it processes from a CRISPR array 

itself. Cas12a can therefore be supplied with a CRISPR array containing spacers and can 

multiplex cleavage- and binding-based activities simultaneously within the cell.  
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        The possibilities for extending these findings are open-ended. Cas12a could be used as 

the basis for a new category of synthetic repressors that modulate the level of any gene of 

interest, to a high level of sensitivity, by simply providing crRNAs. In prokaryotes, they could be 

used to easily screen for interaction partners in gene networks, synthetic lethality and functional 

redundancy, by simultaneously utilizing the cleavage and repression functions. It could be used 

to target certain proteins to specific places on the DNA for occlusion, recruitment, or to 

interrogate DNA packaging, among other possibilities. As more endogenous functions of 

CRISPR-Cas proteins are discovered, these possibilities will extend even further.  

Conclusion 

It was observed early in the study of CRISPR-Cas systems that many spacers have 

homology to foreign mobile genetic elements and their function as prokaryotic adaptive immune 

systems was demonstrated. The mechanism each system uses to target nucleic acids has been a 

research priority, and alongside this work, a vast majority of research has focused on developing 

and applying CRISPR-based technologies to new systems. As a result, CRISPR-Cas systems 

have revolutionized our capacity to make targeted alterations to nucleic acids in diverse cell 

types. 

CRISPR-Cas systems are ubiquitous in prokaryotes making it imperative to understand 

their role in biology. Diverse associations between CRISPR-Cas systems and endogenous 

functions have been identified. It becomes increasingly important to address: what are the 

functions of CRISPR-Cas systems, and how do they occur? 

We demonstrated how Cas9 regulates virulence in F. novicida by repressing 

transcription, and extended these findings to show that through a similar mechanism, Cas9 and 

Cas12a can function similarly as directed by their associated crRNA. Importantly, we found that 
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these non-cleavage CRISPR functions can exist simultaneously with adaptive immune activity in 

F. novicida. This CRISPR-Cas based mechanism could regulate physiological changes in diverse 

organisms, and this work provides a framework for identifying new classes of CRISPR-cas 

system functions. Re-analysis of the crRNAs and small RNAs from the genomes of organisms in 

which the CRISPR-Cas systems have been associated with other physiological roles will likely 

uncover still more examples of CRISPR-Cas systems regulating transcription through this 

mechanism. This should be paired with exploration of the regulation of the CRISPR-Cas systems 

themselves. We propose that as more non-cleavage functions of CRISPR proteins and crRNA 

targets are explored, this work might lead to a broader shift in our understanding of CRISPR-Cas 

systems away from their initial description as primarily prokaryotic adaptive immune systems to 

a more comprehensive tool that prokaryotes utilize to broadly improve fitness in different 

environments. Furthermore, we have applied all of these findings to illustrate how both systems 

can be used as more versatile tools. As the biology of these adaptable and precise systems 

continues to be explored, mysteries surrounding their functions and crRNA targets will be 

solved, and new paradigms regarding the breadth of their activity in prokaryotes will continue to 

be established.   
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Appendix 

Appendix A. 

 
To investigate the role of Cas9 in resisting host antimicrobials, we first looked in vitro at the 

sensitivity of wild-type (WT) F. novicida compared to a Cas9 mutant (Δcas9) during exposure to 

antimicrobials, measured in percent survival relative to untreated samples. We examined the 

effects of two host antimicrobials that are found in the host, lysozyme and hydrogen peroxide. 

Hydrogen peroxide (H2O2) damages cellular pathways through production of ROS via the Fenton 

reaction, and lysozyme inserts into and disrupts the membrane, much like polymyxin, while also 

having peptidoglycan degradation activity. F. novicida is highly resistant to lysozyme, and at the 

highest soluble concentration we were unable to see killing of WT or Δcas9 (Figure 1A). We 

then assessed the survival of F. novicida following combination treatment with a concentration 

of H2O2 that is just below the MIC for WT and the highest concentration of lysozyme, both of 

which were unable to kill WT or Δcas9 F. novicida individually. When combined, the 

antimicrobials had a synergistic effect, decreasing survival of WT by approximately 2 log from 

the untreated and individually treated samples. Δcas9 was more susceptible to this combination 

than WT, with survival decreasing by approximately 3 log. This data suggests that Cas9 plays a 

role in resisting combinatorial killing by host antimicrobials. 

Cas9 protects against combinatorial killing 
by antimicrobial peptides and ROS. Bacteria 
were incubated at 37 °C shaking in growth media 
with sub-inhibitory concentrations of antimicrobials 
both individually and in combination. CFU were 
enumerated at 4 hrs and represented as % survival of 
treated relative to untreated. Lysozyme kills by 
disrupting the membrane and degrading 
peptidoglycan. F. novicida is resistant to lysozyme at 
the highest soluble concentration (30 mg/mL). When 
combined with a sub-inhibitory concentration of 
H

2
O

2
 (0.625 mM) there was a striking increase in 

killing of F. novicida, with Δcas9 more susceptible 
than WT, n.s.; not significant, **; P<0.005. 
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Appendix B.  

 
We examined whether Cas9 is important for evasion of these host antimicrobials within the host 

by infecting a panel of WT and knock out mice with Δcas9 and asking if disruption of lysozyme 

and H2O2 production within the context of infection could recover virulence of a Cas9 mutant. 

We measured the bacterial burden in the liver 48 hours post infection with a low dose of Δcas9. 

The Δcas9 is almost fully attenuated in WT mice, while Mice deficient in H2O2 production 

(cyBB-/-) were slightly more susceptible to low-dose infection. LysM-/- cyBB-/- double knockout 

mice had a significant increase in sensitivity to Δcas9 infection compared to WT mice and cyBB-

/- mice. This suggests that Cas9 is important for evading combinatorial killing from lysozyme 

and ROS during infection and dissemination through the mammalian host, suggesting that ROS 

stress may play an underlying role individually. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Virulence of Δcas9 in host antimicrobial 
knockout mice. Mice were infected subcutaneously 
with a low dose of a Δcas9 strain (102-3 colony forming 
units (cfu)/mouse). Bacterial burden in the liver was 
measured by cfu 48 hours post infection.  
*; P< 0.05, **; P<0.005, ***; P<0.0001 
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Appendix C.  

 
We compared the sensitivity of WT and Δcas9 F. novicida at higher concentrations of H2O2, 2x 

the MIC. At these concentrations, Δcas9 is more susceptible to killing by of H2O2 than WT in vitro 

(A). This data suggests that Cas9 may play an important role in resisting H2O2 produced by the 

host. To determine if the sensitivity of Δcas9 was due to 1104-1101 expression, we compared the 

sensitivity of WT, Δcas9, Δ1104-1101, and Δcas9Δ1104-1101 strains to H2O2. Δcas9, which 

expresses 1104-1101 is more susceptible to killing by H
2
O

2
 than WT F. novicida or a 1104-1101 

mutant (Δ1104-1101) which has no 1104-1101 and thus resembles WT (B). In a Δcas9Δ1104-1101 

strain resistance to H
2
O

2
 is restored (B). These results indicate that BLP repression is responsible 

for Cas9-based resistance to H
2
O

2
.  

 
 

 

 
 
 
 
 

BLP repression underlies Cas9-mediated resistance to H2O2. A) WT F. novicida and Δcas9 were incubated 
at 37 °C shaking in growth media with 1.25 mM H

2
O

2
. Colony forming units (cfu) were enumerated at 1 and 3 hrs. 

B) Bacteria were incubated at 37 °C shaking in growth media with 1.25 mM H
2
O

2
. CFU were enumerated at 4 hrs, 

*P<0.05.  
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Appendix D.  

 
Although Cas9 confers resistance to host antimicrobials, it remains unclear whether the cas9 

mutant is restored in virulence in the knockout mice due to an increased ability to survive in the 

absence of host antimicrobials, or reduced signaling through the innate immune pathways as a 

result of decreased membrane disruption in absence of ROS production in cybb-/- mice. To 

compare the inflammatory response of cybb-/- vs WT mice, we infected BMDM from cybb-/- and 

WT mice with F. novicida U112 (WT) and Δcas9, and measured IL-6 production. Interestingly, 

we did not see a difference in IL-6 activation between the WT and cybb-/- macrophages for either 

strain (A). To remove external variables like bacterial replication and other physiological 

differences between Δcas9 and WT F. novicida, we treated macrophages with heat-killed U112 

and Δcas9, as well as the purified immunogenic component of BLP (B-C). In both cases, there 

was no difference in IL-6 production between the WT and cybb-/- macrophages, further 

confirming that ROS do not contribute to the attenuation of the Δcas9 strain through altered Tlr-

2 activation. 
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The absence of ROS production from the host (cyBB-/-) does not alter signaling from WT or 
Δcas9 F. novicida to TLR2. A) WT, cyBB

-/-
, Tlr2

-/-
+AIM2/Asc

-/-
, BMDM were infected with a 20:1 MOI of 

WT and Δcas9, and IL-6 production was measured by ELISA 6 hr post infection (n=6-12). B) WT and Δcas9 
were heat killed at 80°C for 1 hr and BMDM were infected with an MOI of 20:1. IL-6 production was quantified 
after 6 hr (n=6-12). C) BMDM were treated with 10 ng/mL of Pam3CSK4 (invitrogen) a triacylated lipopeptide 
that mimics BLPs, and IL-6 was measured after 8 hrs (n=12-13).  
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Appendix E. 

 
We infected mice deficient in ROS production (cybb-/-) with the standard infectious dose of F. 

novicida to assess the contribution of ROS alone through in the classic murine model of F. novicida 

pathogenesis. The cas9 mutant is recovered for virulence in both organs, with a 3 log increase in 

bacterial burden relative to WT mice in the spleen and 2 log in the liver. This suggests that Cas9 

is especially important for evading ROS stress during infection, paralleling the in vitro sensitivity 

of the cas9 mutant to H2O2. 

 

 
 
 
 
 
 
 
 
 
 

Figure. Cas9 helps evade ROS stress during infection to promote dissemination through a 
mammalian host. WT (C57BL/J6) and Cybb

-/-
 mice were subcutaneously infected with WT or Δcas9 bacteria 

(2*105 cfu/mouse). Bacterial burden in the spleen and liver was measured by cfu 48 hours post infection. **; 
P<0.005, ***; P<0.0001.  
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Appendix F. 

F. novicida was forced to take up protospacer into the chromosome with perfect complementarity to 

a Cas9 crRNA spacer, located between a promoter and gfp (A). Escape mutants were very infrequent, 

with just three isolated from the transformations. All three contained a deletion in a string of Ts in the 

target site (B). The mutation resulted in transcriptional repression of the downstream gfp (C). We 

confirmed that the transcriptional repression was due to the mutation in the protospacer by 

amplifying the linear fragment containing the mutated protospacer, and complementing that back into 

WT and cas9 mutant strains. In the complemented strains, the same repression phenotype was 

observed (C). Furthermore, transformation of the allelic exchange fragment with the mutated 

protospacer was not restricted into WT relative to a cas9 mutant strain (D).  These results suggest 

that the mutation prevents cleavage but enables Cas9 to bind to the target and repress transcription.    
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Figure. Self-targeting spacers result in the 
selection of a subtle target variation that 
alters Cas9 function from restriction to 
transcriptional repression. A) Schematic of the 
allelic exchange fragment (AEF) selected for uptake 
into the chromosome with kanamycin. A 
protospacer targeted for cleavage by F. novicida 
Cas9 via a native crRNA was placed between a 
synthetic promoter and gfp. B) The protospacer 
sequence of the transformants in a Cas9 mutant 
(same as the original transformed sequence in the 
AEF) and the WT strain. The WT (+Cas9) strains 
that survived transformation contained the 
protospacer mutation “A2”. C) qRT-PCR of the 
relative gfp transcript levels in the “crRNA target” 
and “adaptation mutation” complement 
tranformants in  WT and Δcas9 strains. The first two 
colums showing the “crRNA target” is the gfp 
transcript level in a Δcas9 transformed with the 
“crRNA target” compared to a WT transformant 
with the “crRNA target”, which harbored the 
mutation A2. This mutation was complemented by 
amplification of the AEF from the WT transformant 
DNA, and re-transforming into Δcas9 and WT. The 
relative gfp levels in the “adaptation mutation A2” 
complement was determined. D) transformation 
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Appendix G.  

Table S1. Strains and plasmids used in this study (Chapter 5) 

 
 

a			pBav	vector	(176)	
b
	p146	(169)	

 
 
 
 
Table S2. RT-PCR and Cloning Primer Sequences (Chapter 5) 

# Name Sequence 5′-3′ Usage 

1 1104_rt_fwd CAGAGTCAAACTCCGCTGCG qRT-PCR 
2 1104_rt_rev TGGCAGCCAAAATGCGGTAG qRT-PCR 
3 1103_rt_fwd ATGGTGGGCAGTCTAGCGCA qRT-PCR 
4 1103_rt_rev ACCCAACTCACCATCGCCACA qRT-PCR 
5 1102_rt_fwd GAAGCTTTTGATCGCGATTATAGTA qRT-PCR 
6 1102_rt_rev TGTAACTTGCCAATATAGCAACACT qRT-PCR 
7 1101_rt_fwd TGAACAAGCAGATACGCCATGGGT qRT-PCR 

Name Genotype (Δmutants::insertion constructs)  Reference 

CRISPR-Cas9 system mutants and complement strains 

WT Francisella novicida U112 (background strain for all mutants) (117) 

Δcas9 Δcas9 (117) 

Δcas12a Δcas12a (118) 

Δcas9 +Cas12a crRNA 
reprogrammed for 1104-1102 

Δcas9 + Cas12a CRISPR array replaced with repeat-spacer-
repeat to repress the 1104-1102 transcript This study 

Δcas9 Δcas12a +Cas12a crRNA 
reprogrammed for 1104-1102 

Δcas9 Δcas12a  + Cas12a CRISPR array replaced with 
repeat-spacer-repeat to repress the 1104-1102 transcript This study 

 
Plasmids with Cas9 crRNA spacer complementarity between promoter and gfp 
pBAV1K-T5-GFP derived plasmids. a  T5/lac promoter region driving gfp was replaced with p146b + (0, 8, 11, 15, and 34 bp (full) 
crRNA complementarity +PAM) 
 
0 bp complementarity pBAV1K-T5-GFP :: p146 + (PAM) (Ratner et al., 2019) 
8 bp complementarity pBAV1K-T5-GFP :: p146 + (agtgtgattgg)  This study 
11 bp complementarity pBAV1K-T5-GFP :: p146 + (tatagtgtgattgg)  This study 

15 bp complementarity pBAV1K-T5-GFP :: p146 + (cttttatagtgtgattgg)  This study 
34 bp complementarity pBAV1K-T5-GFP :: p146 + (acaatggcaagcttgattacttttatagtgtgattgg)  Price et al., 2015) 
 
Plasmids with Cas12a crRNA spacer complementarity between promoter and gfp 
pBAV1K-T5-GFP derived plasmids. a  T5/lac promoter region driving gfp was replaced with p146b + (PAM + 0, 8, 11, 15, and 29 
bp (full) crRNA complementarity) 
 

0 bp complementarity pBAV1K-T5-GFP :: p146 + (PAM) This study 
8 bp complementarity pBAV1K-T5-GFP :: p146 + (tttaagattaaa)  This study 
11 bp complementarity pBAV1K-T5-GFP :: p146 + (tttaagattaaaagg)  This study 
15 bp complementarity pBAV1K-T5-GFP :: p146 + (tttaagattaaaaggtaat)  This study 
29 bp complementarity pBAV1K-T5-GFP :: p146 + (tttaagattaaaaggtaattctatcttgttgag) This study 
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# Name Sequence 5′-3′ Usage 

8 1101_rt_rev CCAACAGCCTGCCTGCCACT qRT-PCR 

9 HelC_RT_Fwd GGGATGTCGCCTTTTGATTTTC qRT-PCR 
housekeeping gene 

10 HelC _RT_Rev CTCTTTTGTCCCTTGTGCTTGC qRT-PCR 
housekeeping gene 

11 gfp_Fwd GTGCCATGCCCGAAGGTTAT qRT-PCR 
12 gfp_Rev GCGTCTTGTAGTTCCCGTCA qRT-PCR 
13 Pbav_kan_Fwd CTTCGGGCTTTTCCGTCTTT qRT-PCR 
14 Pbav_kan_Rev GCCGATGTGGATTGCGAAAA qRT-PCR 
 
Cas12a crRNA reprogrammed for 1104-1102  

15 Cpf1_bLPTarget_Lar
mFwd GCTGTTTCCAAGCATTGATAC cloning 

16 
crRNA2_L_rev_ArsR 

TATCGATCCTGCAGCTATGCTCTGTATATTATTGATTTCTAAATTAGA
ATTTTCTAATAT  

coning 

17 crRNA2_Kan_fwd 
ATATTAGAAAATTCTAATTTAGAAATCAATAATATACAGAGCATAGCT
GCAGGATCGATA cloning 

18 

ReprgCpf#1_RKanRe
v_Int (1st round of 
amplification with 
crRNA2_KanFwd) 

CTTTAAATAATTTCTACTGTTGTAGATGAGGTCGACGGTATCGATAA
GCGAAGTTCC 
 

cloning 

19 

Cpf1_reprgspcr#3Rev
Out (2nd round of 
amplification with 
crRNA2_KanFwd) 

CTATGATATGTATACGTACTGTCGCTAACTAGTCTAAGAACTTTAAAT
AATTTCTACTG 
 

cloning 

20 

Cpf1_bLPTarget_Lar
mRev (kan rev, 3nd 
round of amplification 
primer) 

CTACTGTTGTAGATTATAAATTAGCTGTATACGTACTGTCGCTAACTA
GTC 

cloning 

21 

ReprgCpf#1_RarmFw
d_int (1st round of 
amplficiation with 
Cpf1_bLPTarget_Rar
mRev) 

CAACAGTAGAAATTATTTAAAGTTCTTAGACCCGTTTTTGCCTAAATC
AGCAAAAAAAG 
 

cloning 

22 

Cpf1_bLPTarget_Rar
mFwd (2st round of 
amplficiation with 
Cpf1_bLPTarget_Rar
mRev) 

CGTATACAGCTAATTTATAATCTACAACAGTAGAAATTATTTAAAGTT
CTTAGACCCGTTTTTGCCTAAATCAGC 

cloning 

23 Cpf1_bLPTarget_Rar
mRev GACTTGGTATAAGCGTAAATC cloning 

24 Cpf1_bLPTarg_Ampli
Fwd CTGTGATACTGTAAATGAAAGC mutant confirmation 

25 Cpf1_bLPTarg_Ampli
Rev CATATAATGTTGTTTTAGACTTG mutant confirmation 

26 Cpf1_bLPTarg_seqRe
v CAAATTTCTAGAAAGTTATGGTG mutant confirmation 

 
Δcas12a:Kanr  
27 cas12a_L_fwd CAGAAAGCTTAGTTTTCACCTCATC cloning 

28 cas12a_L_rev CTTATCGATACCGTCGACCTCTTCATTCAAGAATATATTACCCTGTC
AG cloning 

29 cas12a-Kan-Fwd CTGACAGGGTAATATATTCTTGAATGAAGAGGTCGACGGTATCGAT
AAG cloning 

30 cas12a-Kan-Rev GAAATGTAGAGAATTTTATAAGGAGTCTTTATCGCATAGCTGCAGGA
TCGATATC cloning 

31 cas12a_R_fwd GATATCGATCCTGCAGCTATGCGATAAAGACTCCTTATAAAATTCTC
TACATTTC cloning 

32 cas12a_R_rev GTATTGTTTGATATATGGAGTAGCTGG cloning 

33 Cpf1_amplf4seq Rev  
 GGATAACAAGTGAAAATAGCCAGAT Mutant confirmation 
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# Name Sequence 5′-3′ Usage 

34 Cpf1_amplif4seq Fwd  
 CTCTACAGAAAATTGCCCGAG Mutant confirmation 

35 Fwdseq_LKanjxn_Cpf
1  CCTTGCTAAACTTATATCTTGCTCAAC Mutant confirmation 

36 

Fwdseq_RKanjxn_Cpf
1  
 
 

CTCCTTCATTACAGAAACGGC  Mutant confirmation 

 
 
 
Plasmids with Cas9 crRNA complementarity between promoter and gfp 
  

37 33-39 Pbav 
_p146_Rev_Universal 

CCCTTATCTAATTTATATCAGAATCATTTATATATGTCAATTGGTATTT
ATAAATTTTTTATGATTTCCTCTAG cloning 

38 39_Pbav_p146_0sca_
Fwd GATATAAATTAGATAAGGGTGGATGCGTAAAGGAGAAGAACTTTTC cloning 

39 Pbav_RC_seq primer GCACTCTTGAAAAAGTCATAC sequencing 

40 49Cas9_34bpSpcr1_P
bav146_R 

CACACTATAAAAGTAATCAAGCTTGCCATTGTCCCTTATCTAATTTAT
ATCAGAATC cloning 

41 49Cas9_34bpSpcr1_P
bav146_F 

CAATGGCAAGCTTGATTACTTTTATAGTGTGATTGGATGCGTAAAGG
AGAAGAACTTTTC cloning 

42 50Cas9_15bpSpcr1_P
bav146_R CCAATCACACTATAAAAGCCCTTATCTAATTTATATCAGAATC 

cloning 

43 50Cas9_15bpSpcr1_P
bav146_F CTTTTATAGTGTGATTGGATGCGTAAAGGAGAAGAACTTTTC cloning 

44 51Cas9_11bpSpcr1_P
bav146_F GATAAGGGTATAGTGTGATTGGATGCGTAAAGGAGAAGAACTTTTC cloning 

45 51Cas9_11bpSpcr1_P
bav146_R CCAATCACACTATACCCTTATCTAATTTATATCAGAATC cloning 

46 52Cas9_8bpSpcr1_Pb
av146_F GATAAGGGAGTGTGATTGGATGCGTAAAGGAGAAGAACTTTTC cloning 

47 52Cas9_8bpSpcr1_Pb
av146_R CCAATCACACTCCCTTATCTAATTTATATCAGAATC cloning 

Plasmids with cas12a crRNA complementarity between promoter and gfp 
  

48 40Cpf1_0bp_Pbav146
_R CCTTTACGCATTAAACCCTTATCTAATTTATATCAG cloning 

49 40Cpf1_0bp_Pbav146
_F GATAAGGGTTTAATGCGTAAAGGAGAAGAACTTTTC cloning 

50 41Cpf1_8bp_Pbav146
_R TTTAATCTTAAACCCTTATCTAATTTATATCAG cloning 

51 41Cpf1_8bp_Pbav146
_F GATAAGGGTTTAAGATTAAAATGCGTAAAGGAGAAGAACTTTTC cloning 

52 42Cpf1_11bp_Pbav14
6_F GATAAGGGTTTAAGATTAAAAGGATGCGTAAAGGAGAAGAACTTTTC cloning 

53 43Cpf1_15bp_Pbav14
6_F 

GATAAGGGTTTAAGATTAAAAGGTAATATGCGTAAAGGAGAAGAACT
TTTC cloning 

54 44Cpf1_20bp_Pbav14
6_F 

GATAAGGGTTTAAGATTAAAAGGTAATTCTATATGCGTAAAGGAGAA
GAACTTTTC cloning 

55 45Cpf1_29bp_Pbav14
6_Fa 

GATAAGGGTTTAAGATTAAAAGGTAATTCTATCTTGTTGAGATGCGT
AAAGGAGAAGAAC cloning 

56 45Cpf1_29bp_Pbav14
6_Rb 

CTCAACAAGATAGAATTACCTTTTAATCTTAAACCCTTATCTAATTTA
TATCAG cloning 

57 45Cpf1_29bp_Pbav14
6_Fb 

TTTAAGATTAAAAGGTAATTCTATCTTGTTGAGATGCGTAAAGGAGA
AGAACTTTTC cloning 

kanr (159) 
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Abstract:  

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) - Cas (CRISPR-

associated) systems are prokaryotic RNA-directed endonuclease machineries that act as an 

adaptive immune system against foreign genetic elements (26, 182). Utilizing small CRISPR 

RNAs (crRNAs) that provide specificity, Cas proteins recognize and degrade nucleic acids (13). 

We previously demonstrated that the Cas9 endonuclease from Francisella novicida (FnCas9) is 

capable of targeting RNA (164). Here, we show that FnCas9 can be directed by an engineered 

RNA-targeting guide RNA (rgRNA) to target and inhibit a human +ssRNA virus, hepatitis C 

virus, within eukaryotic cells. This work reveals a versatile and portable RNA targeting system 

that can effectively function in eukaryotic cells and be programmed as an antiviral defense. 

 

Significance Statement: The Cas9 endonuclease has quickly become a revolutionary tool in 

genome engineering. Utilizing small guiding RNAs, Cas9 can be targeted to specific DNA 

sequences of interest, where it catalyzes DNA cleavage. We now demonstrate that Cas9 from the 

Gram-negative bacterium Francisella novicida (FnCas9) can be reprogrammed to target a 

specific RNA substrate in eukaryotic cells, the genome of the +ssRNA virus, hepatitis C virus 

(HCV). Further, this targeting results in inhibition of viral protein production. Overall, 

programmable Cas9-mediated viral RNA targeting likely represents one of myriad potential 

applications of FnCas9 in RNA targeting in eukaryotic cells.  
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Manuscript. 

Our recent work revealed a unique form of prokaryotic gene regulation, whereby Cas9 from 

Francisella novicida (FnCas9) targets a bacterial mRNA, leading to decreased mRNA stability 

and ultimately gene repression (164). Given the ability of specific Cas9 proteins to be 

reprogrammed to target and cleave DNA in numerous biological systems (87, 183, 184), we 

hypothesized that FnCas9 could be retargeted to a distinct RNA in eukaryotic cells and lead to its 

inhibition. To eliminate any confounding interactions of FnCas9 with DNA we targeted FnCas9 

to the +ssRNA virus, hepatitis C virus (HCV), which has no DNA stage in its lifecycle. HCV is 

an important human pathogen associated with liver fibrosis, cirrhosis, hepatocellular carcinoma, 

and is the leading cause of liver transplantation (185, 186).  

 

To target the RNA of HCV, we engineered a small RNA, which we term an RNA-targeting 

guide RNA (rgRNA). The rgRNA is similar in structure to that naturally created by the F. 

novicida tracrRNA and scaRNA, which are utilized for endogenous mRNA targeting (164). It 

consists of a dsRNA region thought to be important for interaction with Cas9, and a ssRNA 

targeting sequence complementary to a portion of the highly conserved HCV 5’ untranslated 

region (UTR), involved in both translation of the viral polyprotein and replication of the viral 

RNA (Fig. 1A, and Fig. S1). Vectors encoding either this rgRNA or FnCas9 (Fig. S2 and 

Supplementary Sequence File) were transfected into human hepatocellular carcinoma cells (Huh-

7.5) and subsequently infected with a previously described HCVcc genotype 2a, recombinant 

virus encoding Renilla luciferase (187). Expression of both the 5’ UTR-targeting rgRNA and 

FnCas9 together reduced the levels of viral proteins, as measured by immunostaining for the E2 

glycoprotein (Figs. 1B, C) or quantification of luciferase production (Fig. 1D). Conversely, 
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expression of either the rgRNA or FnCas9 alone had no effect (Figs. 1B-D), nor did expression 

of a non-specific rgRNA and FnCas9 (Figs. 1B-D), demonstrating the specificity of this system. 

Additionally, an rgRNA complementary to a portion of the 3’ UTR, necessary for replication of 

viral RNA, decreased viral protein levels similarly (Figs. 1A-D), demonstrating that the effect 

was not specific to a single site in the HCV genome. Therefore, FnCas9 can be programmed by a 

single rgRNA to target the RNA of a human virus in eukaryotic cells, leading to viral inhibition. 

 

In order to determine if FnCas9 was directly associated with HCV RNA, we performed co-

immuoprecipitation experiments. We transfected cells with an HA epitope-tagged version of the 

protein (which maintained its ability to inhibit HCV [Figs. S3A, B]) as well as the 5’ UTR-

targeting rgRNA and subsequently infected the cells with HCV. FnCas9 was immunoprecipitated 

from cell lysates, associated RNA was purified, and quantitative real-time PCR was performed 

for the rgRNA and HCV RNA. The rgRNA was present in association with FnCas9 (Fig. 2A), as 

was HCV RNA (Fig. 2B), suggesting that HCV RNA was directly targeted by the 

FnCas9:rgRNA complex. A non-specific rgRNA did not facilitate this interaction (Fig. 2B), but 

it did associate with FnCas9 (Fig. 2C). Thus, FnCas9 can be targeted to directly associate with 

viral RNA within eukaryotic cells. 

 

We next sought to determine how FnCas9 was inhibiting HCV—whether through degrading 

viral RNA, inhibiting translation, or blocking viral replication. We first found that addition of a 

nuclear localization signal (NLS) to FnCas9 abrogated its repression of viral protein production 

(Fig. 3A and Fig. S4), in line with its targeting of cytosolic HCV RNA. Since Cas9 proteins 

including FnCas9 are known to cleave DNA through two conserved structural domains, the 
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RuvC and HNH endonuclease domains (87), it is possible that these regions are important for 

inhibiting HCV. We therefore generated alanine point mutations in the conserved RuvC and 

HNH active sites of FnCas9 (D11A and H969A, respectively). Despite mutation in one or both 

of these domains, FnCas9 maintained its ability to inhibit HCV (Fig. 3B). However, mutation in 

the RNA-binding arginine-rich motif (ARM; R59A), which is necessary for interaction with 

nucleic acids both within F. novicida and in orthologous Cas9 (91, 92, 164), resulted in 

diminished HCV inhibition (Fig. 3B). It is therefore likely that FnCas9 inhibits HCV not through 

target cleavage, but instead by associating with the target RNA and preventing the function of 

the translational and/or replication machineries. 

 

We subsequently tested whether FnCas9 could inhibit translation of HCV. We performed an in 

vitro translation reaction using immunoprecipitated FnCas9 from transfected Huh-7.5 cells, 

purified RNA from cells transfected with either the 5’ UTR-targeting rgRNA or the non-

targeting RNA, as well as HCV genomic RNA. Addition of both FnCas9 and the 5’ UTR-

targeting rgRNA resulted in decreased translation of the HCV genome, as measured by viral 

luciferase production (Fig. 3C). Furthermore, a catalytically inactive FnCas9 (D11A/H969A) 

maintained its ability to inhibit translation of HCV, while the ARM (R59A) mutant displayed 

less translational inhibition (Fig. 3C). Taken together, these data suggest that FnCas9 is capable 

of directly inhibiting translation of target RNA. In order to determine whether FnCas9 also 

inhibits replication of HCV RNA, we targeted the negative-sense strand (generated during 

replication and which is untranslated) of the 5’ UTR. Such targeting resulted in inhibition of 

HCV (Fig. S5), suggesting that FnCas9 is capable of inhibiting viral replication as well. Overall, 
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these data strongly support a model whereby FnCas9 binds HCV RNA, does not cleave the 

target, but inhibits the function of both translational and replication machineries.  

 

We subsequently tested the sequence requirements for RNA targeting. Cas9 proteins require a 

short sequence adjacent to the targeted region, called a proto-spacer adjacent motif (PAM), to 

cleave DNA (188). We sought to determine if a similar conserved adjacent region was necessary 

for HCV inhibition. A 5’ UTR targeting rgRNA shifted to lack similar adjacent sequences still 

inhibited HCV (Fig. 4A). In fact, no common features are observed in the sequences adjacent to 

the targets of rgRNAs utilized in this study (Fig. S6A). In contrast, DNA targeting by FnCas9 

endogenously within F. novicida absolutely requires a PAM (Figs. S6B, C). Together, these data 

demonstrate that FnCas9-mediated inhibition of HCV is PAM-independent. 

 

DNA targeting RNAs utilized by Cas9 require a 3’ seed sequence within the targeting region, 

and even a single mismatch in this region can abrogate function (132, 189). To test if there was a 

similar requirement for RNA targeting, we generated a panel of rgRNA mutants containing 

mismatches within the targeting sequence. We found that mutation of up to 6 bases within the 3’ 

targeting region of the rgRNA were tolerated, without loss of HCV inhibition (Fig. 4B). Longer 

regions of mismatched bases at the 3’ end resulted in a loss of activity (Fig. 4B).  Specific 

mismatches in the 5’ region of rgRNA were also non-functional (Fig. 4C). A single mismatch in 

either the first or second base was sufficient to abrogate viral inhibition (Fig. 4C). However, a 

mismatch in the third base alone did not lead to a loss of activity (Fig. 4C). These data strongly 

suggest that unlike DNA targeting by other Cas9 proteins, FnCas9 inhibition of HCV requires a 
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critical sequence in the 5’ end rather than the 3’ end of the targeting region of the guiding RNA 

(132, 189).  

 

The previous experiments demonstrated that FnCas9 could target an RNA and facilitate 

resistance to HCV infection. We next tested whether FnCas9 could be introduced following an 

established viral infection and inhibit the virus (Fig. 5A). Transfection of HCV-infected Huh-7.5 

cells with FnCas9 and 5’ or 3’ UTR targeting rgRNAs resulted in decreased viral protein 

production (Fig. 5B), while expression of either FnCas9 or rgRNAs alone was not sufficient to 

inhibit HCV infection (Fig. 5B). Thus, the FnCas9:rgRNA machinery can combat both new and 

established viral infections. 

 

These data demonstrate the successful adaptation of the CRISPR-Cas prokaryotic immune 

system as an intracellular eukaryotic antiviral defense. While other CRISPR-Cas systems can 

target RNA in archaea (23, 141, 190) and bacteria (17), and recently SpCas9 has been shown to 

cleave RNAs in vitro (191), this work represents the reprogramming of a Cas protein (FnCas9) to 

target RNA within a eukaryotic cell. Intriguingly, we find that orthologous Cas9 proteins from 

diverse Type II CRISPR-Cas families, including Streptococcus pyogenes, S. thermophilus, and 

Neisseria meningitidis, are also capable of inhibiting HCV during cellular infection (Figs. S7,8). 

This suggests a broader capability of diverse Cas9 proteins to target and associate with RNA 

targets.  Our results further demonstrate that FnCas9 inhibition of HCV is PAM-independent, 

unlike the in vitro RNA targeting ability of Streptococcus pyogenes Cas9 which requires 

exogenous PAM encoding oligomers (191). Thus, FnCas9-mediated RNA inhibition may be 

more flexible in its targeting. Importantly, this targeting is highly specific. Compared to cells 
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with a vector control, significant changes in host cell gene expression were not observed in cells 

expressing Cas9 in conjunction with either the HCV targeting or non-specific rgRNA, 

demonstrating the specificity of these complexes (Fig. S9 and Supplementary Table 1). 

Furthermore, the presence of FnCas9 in the cytosol is necessary to inhibit HCV, in contrast to 

DNA targeting by Cas9 that relies on nuclear localization (192). Cytosolic RNA targeting would 

potentially limit FnCas9 off-target effects on host DNA. Since the lifecycles of viruses with both 

RNA and DNA genomes require an RNA stage (generated during transcription, replication, or 

both), and FnCas9 can target both negative- and positive-sense strands of RNA and inhibit by 

blocking both viral translation and replication machineries (Fig. S10), it is likely that the 

FnCas9:rgRNA machinery can be utilized to target diverse viruses, including both +ssRNA 

viruses (such as flavivirus, poliovirus, and rhinovirus) and –ssRNA virus (such as filovirus, 

paramyxovirus and orthomyxovirus). Furthermore, some eukaryotic viruses have mechanisms to 

circumvent eukaryotic RNA-targeting antiviral defenses, such as classical RNAi systems (193-

195); however, these viruses have not evolved in the presence of Cas9, so it is unlikely that they 

have Cas9 evasion strategies. Thus, the FnCas9:rgRNA machinery could facilitate the targeting 

of viruses as soon as their genome sequences are available, without knowledge of the virus 

lifecycle or host receptors. 

 

Given the vast success of Cas9 as a mediator of genome engineering in a multitude of species 

(87, 90, 132, 183, 184, 196-201) our data suggest that FnCas9 could be used in a broad range of 

systems, representing a new paradigm in Cas9-mediated genetic engineering. This work 

demonstrates a portable, inter-domain machinery capable of viral inhibition, likely just one of 

myriad potential biotechnological and medical applications of Cas9-mediated RNA targeting 
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Materials and Methods 

Plasmid Construction. FnCas9 was amplified using the primers found in Supplementary Table 

2 and cloned into the XbaI and PmeI sites of pcDNA3.3 (Invitrogen, Grand Island, NY). FnCas9 

point mutants were amplified from strains published previously(164). StCas9, SpCas9, and 

NmCas9 were amplified from Addgene vectors #48669, 41815, 47872, respectively. To create 

rgRNA vectors, F. novicida CRISPR repeat sequences and the indicated targeting sequence were 

cloned into the gRNA-encoding plasmid from the Church Lab (Addgene #41824)(183), within 

the pCR-Blunt-II (Invitrogen) backbone, using overlapping PCR and the primers indicated in 

Supplementary Table S1. 

 

Cell lines and culture conditions. Huh-7.5 cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM, BioWhittaker, Walkersville, MD) containing 10% fetal bovine serum (FBS, 

Hyclone, Logan, UT) and 100 ug/ mL of penicillin/ streptomycin (Cellgro, Herndon, VA) at 37 

degrees in 5% CO2. 

Plasmid Transfection. Huh-7.5 cells were seeded to 80% confluence in 24 well plates in 

DMEM without antibiotics the day prior to transfection. Eight hundred ng of total plasmid DNA 

were transfected using LipofectamineTM 3000 transfection reagent (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s instructions.  Six hours following transfection, cell supernatants 

were aspirated and replaced with DMEM supplemented with FBS and antibiotics. 

Virus transcription and transfection. Rluc virus utilized for luciferase assays encodes the 

Renilla luciferase gene between the p7 and NS2 coding sequences of the previously described J6/ 
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JFH genotype 2a infectious clone Cp7(187). Rluc and Cp7 viral RNA were prepared as 

previously described(187). Purified plasmid encoding the cDNA copy of the full-length viral 

genome was linearized and 5’ overhangs were digested with Mung Bean Nuclease (New 

England Biolabs, Ipswich, MA). Linearized DNA was purified with phenol-chloroform 

extraction and ethanol precipitation. Transcription of the linearized DNA template was 

performed using a MEGAscriptTM T7 kit and the linear template was treated with DNAse I 

(Ambion, Austin, TX).  RNA was purified with phenol-chloroform extraction and isopropanol 

precipitation, and concentration and purity were determined using a Nanodrop 

spectrophotometer and standard agarose gel electrophoresis. 

 

Huh-7.5 cells were grown to 70% confluence, trypsinized, and washed twice in PBS. Ten µg 

purified RNA were mixed with .4 mL Huh-7.5 cells suspended at a concentration of 2 x 107 

cells/ mL. Samples were electroporated in BTX 2 mm gap cuvettes (Harvard Apparatus, Inc., 

Holliston, MA) using an ECM 830 apparatus (BTX Genetronics, San Diego, CA) with five 

pulses of 99 usec at 820 V over 1.1 sec. Cells were suspended in 25 mL complete DMEM and 

virus was harvested and stored at –80 degrees C three days following transfection. 

Immunoprecipitation. Anti-HA IP was performed according to the manufacturer’s instructions 

from lysates of Huh-7.5 cells infected with HCVcc and transfected with FnCas9 and rgRNA 

expression vectors as indicated (Sigma-Aldrich, St. Louis, MO). Total RNA was extracted from 

the precipitated fraction using an RNeasy Mini Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. 
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In vitro translation assay. Immunoprecipitated FnCas9 was incubated with 1µg HCV RNA, 

and 500ng RNA from Huh-7.5 cells transfected with either the 5’ UTR – targeting rgRNA or the 

Control rgRNA, in conjunction with the rabbit reticulocyte lysate in vitro translation kit (Life 

Technologies, Carlsbad, CA) according to the manufacturer’s instructions. Translated viral 

luciferase was measured as described below. 

Quantitative RT-PCR. Quantitative reverse transcription reactions were performed using 

Taqman One Step RT-PCR Master Mix Reagent (Applied Biosystems, Hammonton, NJ) 

and primers specific for the 5’ untranslated region of HCV (Supplementary Table 1). 

Sample analysis was performed on an Applied Biosystems 7500 apparatus. rgRNAs were 

quantified via Syber Green One Step RT-PCR, with primers found in Supplementary 

Table 1. 

Luciferase Assays. Huh-7.5 cells in a 96 well plate format were lysed and analyzed for relative 

light activity using the Renilla Luciferase Assay System (Promega, Madison, WI) according to 

the manufacturer’s instructions.  Briefly, 50 ul of Renilla substrate in assay buffer was added to 

50 ul of cell lysate and relative light units were quantitated on a Clarity 4.0 microplate 

luminometer (Biotek, Winooski, VT).  

 

Immunohistochemistry. Six thousand Huh-7.5 cells per well were plated in collagen coated 96 

well plates. The following day, cells were infected with the J6/JFH genotype 2a virus Cp7.  

Following three days of incubation, cells were fixed with methanol, washed twice with PBS, and 

permeabilized with PBS containing .1% Tween-20 (PBS-T). Fixed cells were incubated in 

blocking buffer containing 1% bovine serum albumin and .2% skim milk for thirty minutes.  
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Endogenous peroxidase was blocked using 3% H2O2, then cells were washed twice with PBS 

and once with PBS-T. Cells were then incubated with the 2C1 monoclonal antibody to HCV E2 

glycoprotein for one hour at room temperature. After two washes with PBS and one with PBS-T, 

cells were incubated with ImmPress anti-mouse HRP (Vector Laboratories, Burlingame, CA), 

washed, and developed using DAB substrate (Vector Laboratories). 
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Figure 1. FnCas9 can be reprogrammed to inhibit viral protein production in eukaryotic cells. (A) 

RNA-targeting guide RNA (rgRNA) schematic with targeting sequences (grey highlight) against the 5’ or 

3’UTR of HCV genomic RNA. (B) Huh-7.5 cells were transfected with the indicated combinations of 

FnCas9 and rgRNA and infected 48 hours later with HCV encoding Renilla luciferase. At 72 hours, cells 

were fixed and stained with anti-E2 antibody and imaged. (C) E2 positive foci from (B) were quantified 

and plotted as percent inhibition compared to the vector control. (D) Quantification of viral luciferase 

production displayed as percent inhibition compared to the vector control. (n=3, bars the SEM, data is 

representative of at least six experiments) 
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Figure 2. FnCas9 targets and associates with HCV RNA. Huh-7.5 cells producing an HA epitope-

tagged FnCas9 alone, or with either the 5’UTR targeting rgRNA or the control rgRNA, were infected 

with HCV. At 72 hours post infection, lysates were immunoprecipitated with anti-HA. Co-precipitating 

RNA was purified and analyzed by quantitative real-time PCR to detect the relative enrichment of the (A) 

5’UTR rgRNA, (B) HCV RNA, or (C) control rgRNA, normalizing to gapdh mRNA levels. (n=4, bars 

the SEM, data is representative of three experiments) 
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Figure 3. Molecular requirements for FnCas9 mediated HCV inhibition. (A) Huh-7.5 cells were 

transfected with FnCas9 ± nuclear localization signal (NLS), the 5’ UTR targeting rgRNA, and HCV. At 

72 hours, viral luciferase was quantified and the percent inhibition compared to the non-targeting rgRNA 

is displayed (n=8, data compiled from three independent experiments). (B) Experiments were performed 

as above, utilizing alanine point mutants in the RuvC domain (D11A), HNH domain (H969A), or the 

arginine rich motif (R59A) (n=8, data compiled from three independent experiments). (C) Rabbit 

reticulocyte lysate in vitro translation assays of HCV luciferase were performed utilizing the indicated 

Cas9 and RNAs and viral luciferase measured (n=4, data are representative of four experiments). 
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Figure 4. RNA sequence requirements for FnCas9 inhibition of HCV. (A) Huh-7.5 cells were 

transfected with FnCas9 utilizing the mutants in the indicated shifted alignments below. At 72 hours, viral 

luciferase was quantified and the percent inhibition compared to the non-targeting rgRNA is displayed 

(n=12, data is compiled from 3 independent experiments). (B) Experiments were performed as above, 

utilizing the mutants in 3’ region indicated in the alignment below. (n = 12, bars the SEM, and data is 

compiled from 3 independent experiments). (C) Experiments were performed as above, utilizing the 

mutants in the 5’ region indicated in the alignment below (n = 12, bars the SEM, and data is compiled 

from 3 independent experiments). 
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Figure 5. FnCas9 can inhibit an established viral infection. (A) Experimental outline. HCV transfected 

Huh-7.5 cells were transfected with FnCas9 and the indicated targeting RNAs, after 72 hours post 

infection (B) Quantification of viral luciferase production, displayed as percent inhibition compared to the 

vector control. (n=3, bars the SEM, data is representative of at least twelve experiments). 
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