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Abstract 

Streptococci are one of the most important and common constituents of the 

host’s microbiota and can colonize and live in the upper respiratory and 

urogenital tract of humans and animals. The CRISPR-Cas systems (i.e., 

clustered regularly interspaced short palindromic repeat, with 

CRISPR-associated proteins) found in bacteria and archaea provide 

sequence-based adaptive immunity against mobile genetic elements, especially 

in the streptococci. Here, recent research progress on CRISPR-Cas systems in 

the streptococci is reviewed, including their classification (mainly type I, type II, 

and type III), physiological function, defense mechanism (CRISPR adaptation, 

crRNA biogenesis, and target interference) and applications, which are useful for 

a better understanding of the functions of such systems. Finally, the advances 
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that have been made in streptococci may help in the discovery of further novel 

CRISPR-Cas systems for use in new technologies and applications in other 

species. 

 

1. Introduction 

Streptococci, a heterogeneous group of Gram-positive facultative anaerobic 

bacteria, commonly colonize and live in the upper respiratory and urogenital tract 

of humans and animals, but also are present in other hosts. The genus 

Streptococcus consists of more than 100 diverse species (Willenborg and 

Goethe, 2016) that tend to be adapted to their hosts, reflecting co-evolution. 

Thus, streptococci are very important components of the host’s microbiota. 

Although streptococci are commonly regarded as commensals, streptococcal 

diseases range from moderately serious infections such as impetigo, cellulitis or 

pharyngitis to severe life-threatening diseases such as meningitis, pneumonia, 

endocarditis and septicemia. Of the streptococci only Streptococcus 

thermophilus does not have pathogenicity-related genes and is therefore 

regarded as nonpathogenic (Hols et al., 2005). However, Streptococcus 

pyogenes, Streptococcus pneumoniae, Streptococcus mutans and 

Streptococcus agalactiae are considered as important human pathogens. For 

instance, S. pyogenes usually colonizes skin epithelial surfaces or the throat and 

can cause a series of clinical diseases such as necrotizing fasciitis or 

streptococcal toxic shock syndrome in humans (Hamada et al., 2015); S. 

pneumoniae is the most common cause of community-acquired pneumonia and 

meningitis (Lynch and Zhanel, 2009); S. mutans is regarded as the major 

etiological agent of dental caries (Tanzer et al., 2001) and S. agalactiae is an 
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emerging cause of septic arthritis in some countries (Louthrenoo et al., 2014). 

Nevertheless, other streptococcal species related to the human microbiota can 

also cause invasive or noninvasive diseases, including S. sanguinis 

(endocarditis) (Jung et al., 2012) and S. gordonii (septic arthritis) (Yombi et al., 

2012). 

 

Streptococcus species undergo frequent and extensive horizontal gene transfer 

(HGT), through transformation, transduction, or conjugation (Choi et al., 2012). 

HGT has played a major role in genomic evolution, helping in the acquisition of 

new traits that impact processes such as metabolic pathways, pathogenesis and 

antibiotic resistance. For example, prophages make up to 14% of the S. 

pyogenes genome and encode virulence factors including DNases, pyrogenic 

exotoxins and the phospholipase SlaA (Fischetti, 2007). However, some innate 

strategies have also evolved to protect against invading foreign genetic material, 

including ComX or SigX factors, CSP (competence stimulating peptide), 

restriction-modification (R-M) systems or recombination machinery (Fontaine et 

al., 2015). 

 

Besides the innate immune strategies mentioned above, some bacteria also 

possess an alternative adaptive immune system. CRISPR-Cas systems 

(clustered regularly interspaced short palindromic repeat, with 

CRISPR-associated proteins) are found in 40% of bacteria and 90% of archaea 

and provide sequence-based adaptive immunity against mobile genetic 

elements such as phages, invasive conjugative plasmids and transposable 

elements (Marraffini, 2015). The two essential components, CRISPR loci and 
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their associated cas genes, constitute a small RNA-guided system that helps 

prokaryotes ward off invasive genetic elements. A CRISPR locus contains arrays 

of ‘spacers’ derived from the genomes of previous invaders, usually viruses or 

plasmids, and those critical ‘spacer’ sequences are inserted between the repeat 

elements of natural CRISPR loci. A cluster of cas genes is located upstream of a 

CRISPR locus and different CRISPR-Cas systems possess diverse cas genes 

(Makarova et al., 2011). CRISPR-Cas systems were first identified as a specific 

sequence-based barrier against three major routes of foreign DNA introduction: 

plasmid conjugation, phage transduction and DNA transformation (Marraffini, 

2015). To date, the CIRSPR-Cas system is the only known prokaryotic immune 

system that enables precise recognition and targeting of phages once a specific 

sequence of from its genome has been ‘memorized’. Importantly, this ‘memory’ 

can be passed down to subsequent generations. 

 

In this review, we discuss current knowledge on the distribution, physiological 

functions and mechanisms of CRISPR-Cas systems encoded in streptococci, 

their role in the biology of these organisms and their applications. 

 

2. Distribution of CRISPR-Cas systems in streptococci 

CRISPR-Cas systems are divided into two distinct classes, characterized by 

their effector module design (Amitai and Sorek, 2016). Class 1 CRISPR-Cas 

systems, containing the most common and diverse type I systems, type III 

predominantly in archaea, as well as type IV systems, are defined by the 

presence of a multi-subunit crRNA-effector complex. Class 2 CRISPR-Cas 

systems, including the most prevalent type II, type V, and a new type VI, are 
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defined by the presence of a large, single, multi-domain crRNA-effector module. 

Each type can be further partitioned into several subtypes, up to 19 subtypes in 

all (Koonin et al., 2017). More and more CRISPR-Cas systems are being 

revealed in the streptococci. As shown in Table 1, streptococci mainly harbor 

three types of CRISPR-Cas systems: type I, type II and type III, in addition to the 

individual type V and unknown CRISPR loci. Of these, the number of type II 

systems, especially subtype II-A, is much larger than the other types, suggesting 

that streptococci mainly depend on type II systems to defend against invading 

foreign genetic material or participate in physiology and pathogenesis, whereas 

many types remain to be identified. The CRISPR loci of several representative 

types are shown in Figure 1. 

 

 

Figure 1. The characteristics of four representative CRISPR-Cas systems in 

streptococci. 
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2.1 Type I CRISPR-Cas systems 

As shown in Table 1, 30% (9/30) of analyzed streptococci harbor type I-C, 13.3% 

(4/30) have type I-E and there are two unknown CRISPR loci (2/30). All type I 

loci contain the signature gene cas3 (or its variant cas3ʹ), which encodes a 

helicase protein with a demonstrated capacity to unwind double-stranded DNA 

(dsDNA) and RNA-DNA duplexes (Huo et al., 2014). Type I systems are 

currently divided into seven sub-types, I-A to I-F and I-U (Makarova et al., 2011), 

of which subtype I-B, containing the complete gene locus 

(cas1-cas2-cas3-cas4-cas5-cas6-cas7-cas8) seems to be best defined by 

ancestral type I gene composition, whereas other subtypes are divergent 

derivatives of type I-B with loss of different genes or rearranged gene order 

(Makarova et al., 2013). For example, subtype I‑C seems to be a derivative of 

subtype I‑B that lacks cas6, which seems to be functionally replaced by cas5. 

Subtype I-E appears to lack cas4, suggesting that diverse types may undergo 

evolution in complex environmental conditions. 

 

2.2 Type II CRISPR-Cas systems 

63.3%(19/30) of the analyzed streptococci in Table 1 contain type II 

CRISPR-Cas systems (mostly type II-A and several type II-C), which are 

currently divided into three subtypes: II-A, II-B, and II-C (Chylinski et al., 2014). 

The signature gene for type II systems is cas9, which encodes a multi-domain 

protein that combines the functions of the crRNA-effector complex to cleave 

double-stranded DNA targets (Gasiunas et al., 2012), and also contributes to 

adaptation (Heler et al., 2015). The type II-A CRISPR-Cas system is regarded as 

the minimal CRISPR-Cas system and contains a repeat-spacer array, only four 
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cas genes (cas9, cas1, cas2 and csn2), a partially complementary trans-acting 

RNA (tracrRNA) and RNase III (Figure 2). Subtype II-B lacks csn2 but includes 

cas4, and the Cas4 protein belongs to the PD-(D/E)xK family of nucleases that 

have been shown to possess 5’ to 3’ single-stranded DNA (ssDNA) exonuclease 

activity or both directions (Makarova et al., 2015). While Csn2 functions in spacer 

integration, the role of Cas4 in the CRISPR-Cas system remains to be identified 

(Barrangou et al., 2007). Subtype II-C loci only have three protein-coding genes: 

cas1, cas2, and cas9 (Chylinski et al., 2013). 

 

2.3 Type III CRISPR-Cas systems 

Of the analyzed streptococci, 26.7% (8/30) possess type III-A CRISPR-Cas 

systems, and an unknown CRISPR locus (1/30). All type III systems contain the 

signature gene cas10 and the Cas10 proteins show significant sequence 

variation among the diverse type III CRISPR-Cas systems. In fact, there are four 

type III subtypes: III-A to III-D (Makarova et al., 2015). Type III CRISPR loci have 

more diverse genetic organization than type I systems due to gene duplications 

or deletions, and domain insertions or fusions. For instance, type III-C and type 

III-D system lack the well conserved cas1 and cas2 genes (Vestergaard et al., 

2014). Moreover, subtype III-A loci usually include cas1, cas2 and cas6 genes, 

but most type III-B loci lack these genes and therefore depend on other 

CRISPR-Cas systems present in the same genome. Both subtype III-A and III-B 

CRISPR-Cas systems have been shown to co‑transcriptionally target RNA and 

DNA (Samai et al., 2015). 

 
2.4

 
Other putative CRISPRs in streptococci
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CRISPR-Cas systems that have been identified bioinformatically (Table 1). With 

the rapid development of complete genome sequencing technology, bioinformatic 

tools have been used to identify CRISPR-Cas systems in many streptococci. 

These tools include CRISPRFinder (Grissa et al., 2007b), CRISPRdetect (Biswas 

et al., 2016), CRISPROne (http://omics.informatics.indiana.edu/CRISPRone) for 

detecting CRISPRs, CRISPRTarget (Biswas et al., 2013) and so forth. For 

example, prediction of CRISPRs in S. iniae SF1 (serotype I) was performed 

using the CRISPR recognition tool (http://crispr.u-psud.fr/crispr/). It has also 

been reported that S. anginosus contains a type V CRISPR-Cas system 

(Makarova et al., 2015). Moreover, CRISPRs were detected in the genomes of 

Streptococcus infantarius subsp. infantarius CJ18 and ATCC BAA-102T using 

CRISPRfinder and CRISPRdb (Grissa et al., 2007a, b), but CJ18 contains a 

smaller number of CRISPR spacers, which indicates a reduced defense 

capability against foreign DNA (Jans et al., 2013). S. mitis, S. oralis, S. 

parauberis, S. trogolodytae and S. ubris have also been found to possess 

CRISPR sequences via CRISPRfinder, but these have not been characterized 

(Kilian et al., 2014; Makarova et al., 2015; Okamoto et al., 2016). 

 

3. Physiological functions of CRISPR-Cas systems 

Recent studies have shown that CRISPR-Cas systems can possess alternative 

roles in pathogenesis or host cell physiology, including in biofilm formation, DNA 

repair, stress response, immune evasion, quorum sensing and interactions 

between bacteria (Louwen et al., 2014; Sampson and Weiss, 2014) in addition to 

their classical function in defense against foreign DNA. For example, the number 
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of CRISPR sites in forty-five S. mutans strains isolated from plaque samples was 

associated with the clinical manifestations of early childhood caries (ECC). This 

study found that the biofilm formation and the ability to synthesize EPS by S. 

mutans strains with two CRISPR sites were significantly improved compared to 

strains without CRISPR loci, suggesting the CRISPR sites might contribute to the 

cariogenic potential of S. mutans (Chen et al., 2017). The CRISPR-Cas system 

in Pseudomonas aeruginosa plays an important role in modulating biofilm 

formation. Although the detailed mechanism remains unknown, the study 

showed that when a certain bacteriophage invades Pseudomonas aeruginosa, 

the CRISPR-Cas system can interact with a gene in the chromosomally 

integrated prophage to inhibit biofilm formation (Cady and O'Toole, 2011; 

Zegans et al., 2009). In S. mutans UA159, the CRISPR-Cas system was also 

found to be involved in the stress response, DNA repair and gene expression 

(Serbanescu et al., 2015). Moreover, Cas1, found in all CRISPR systems, and a 

crRNA array derived from Escherichia coli are essential for DNA repair (Babu et 

al., 2011). Cas2 also influences the ability of Legionella pneumophila to survive 

within amoebae (Gunderson and Cianciotto, 2013). As amoebae are essential 

for Legionella pneumophila to survive in a complex environment (Abu et al., 

1998), the function of Cas2 is predicted to be essential for environmental 

persistence and subsequent transmission to other hosts.  

 

In pathogens, such as the Gram-negative intracellular pathogen Francisella 

novicida, its type II CRISPR-Cas system plays an important role in bypassing 

detection by the host’s recognition receptors. This system targets an 

endogenous transcript encoding an immunostimulatory bacterial lipoprotein 
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(BLP), resulting in mRNA degradation and decreased transcript levels. In 

contrast, in the absence of this CRISPR system, BLP levels increase slowly, 

which triggers the activation of a Toll-like Receptor 2 (TLR2)-dependent 

proinflammatory response, leading to destruction of the bacteria during infection 

(Jones et al., 2012). Based on the diverse roles of CRISPR systems in different 

organisms, we speculate that different bacteria may have co-opted distinct 

CRISPR-Cas components for diverse functional outcomes. As the physiological 

roles of CRISPR-Cas systems in streptococci are still poorly understood, other 

functions of these systems remain to be identified. 

 

4. Defense mechanism of CRISPR-Cas systems in streptococci 

The molecular mechanism of the CRISPR-Cas system mediates immunity in 

three phases: (1) CRISPR adaptation, (2) crRNA biogenesis and (3) target 

interference (see Figure 2). The adaptation phase involves the integration of new 

spacers derived from plasmids or viruses into the CRISPR array. In the second 

phase, the CRISPR array is transcribed as a precursor CRISPR RNA 

(pre-crRNA), which is then processed to form mature crRNAs including a part of 

the repeat and the spacer. During the interference phase, the mature crRNA in 

combination with single or multiple Cas proteins, functions as a guide to 

recognize and cleave invading nucleic acids (also known as protospacers), such 

as plasmids or viruses (Makarova et al., 2015). In some CRISPR-Cas systems 

(i.e., types I, II and V), a short protospacer adjacent motif (PAM) sequence found 

adjacent to the targeted protospacer sequence is required for both the 

adaptation and interference phases. For these CRISPR-Cas systems, the PAM 

sequence is located on the 3’ or 5’ end of the foreign targeted DNA but is absent 
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in the CRISPR array, which functions in target recognition between its own and 

foreign DNA (Leenay and Beisel, 2017). However, CRISPR-Cas systems without 

PAM sequences possess strategies to avoid self-targeting, such as lacking 

complementarity between the 5’ repeat handle of the crRNA and the 3’ flanking 

region of the target RNA in some type III systems (Tamulaitis et al., 2017). 

 

 

Figure 2. The three stages of CRISPR-Cas9 adaptive immunity: (1) CRISPR 

adaptation, (2) crRNA biogenesis and (3) target interference. 

 

4.1 CRISPR adaptation 

During the CRISPR adaptation phase, short fragments of exogenous DNA 

derived from plasmids or viruses are incorporated into the CRISPR array within 
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the bacterial genome, and these protospacers act as new spacer sequences. In 

this way hosts can combat future attacks by similar invaders and keep a genetic 

record for similar encounters (Makarova et al., 2015). The adaptation 

mechanism is best characterized in E. coli. The Cas1 and Cas2 proteins, which 

form a Cas14-Cas22 complex (hereafter, Cas1-Cas2), are mainly responsible to 

spacer integration, whereas some elements such as at least one CRISPR repeat 

that is part of the leader sequence (Wei et al., 2015) and a few host factors for 

repair of the insertion sites (Ivancic-Bace et al., 2015) are also required. Spacer 

acquisition can be divided into three steps: (1) substrate capture, (2) recognition 

of the CRISPR locus and (3) spacer integration into CRISPR loci (Jackson et al., 

2017) (Figure 3). 

 

4.1.1 Cas1-Cas2 substrate capture 

In the substrate capture phase, production of prespacers (partially duplexed 

dsDNA) from foreign DNA can occur by two pathways: naïve CRISPR adaptation 

and primed CRISPR adaptation (Heler et al., 2014). Cas1/Cas2-mediated 

acquisition can add a spacer-repeat unit to a CRISPR locus consisting of only 

one repeat sequence, which is referred to as naïve acquisition. However, primed 

acquisition occurs when the CRISPR array already possesses spacers matching 

the target DNA and the presence of spacers can increase the frequency of 

acquiring another spacer. The ends of the dsDNA prespacer combined with 

Cas1-Cas2 are separated by tyrosine wedges in each Cas1 dimer, which locks 

and opens the DNA branch points. Each 3’ end of the prespacer spreads into the 

active subunits of each corresponding Cas1 dimer (Nunez et al., 2015; Wang et 

al., 2015) (Figure 3).  
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Figure 3. Spacer integration process: (1) Cas1-Cas2 complex load with 

prespacer into Cas1-Cas2-prespacer complex, which binds leader and first 

repeat. For type I systems (e.g., I-E in E. coli), Cas1-Cas2 binding to the 

leader-proximal repeat is assisted by integration host factor (IHF), whereas 

Cas1-Cas2 binding to the leader-proximal repeat in type II systems (e.g., II-A in 

S. pyogenes) need recognize the leader-anchoring site (LAS). (2) The first 

nucleophilic attack likely occurs at the leader-repeat junction and forms a 

half-site intermediate. (3) The second nucleophilic attack occurs at the existing 

repeat-spacer junction into full-site integration. (4) and (5) Host DNA repair 

mechanisms fill the integration site to acquire perfect integration. 
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4.1.2 Recognition of the CRISPR array 

During recognition, the leader-repeat sequences upstream of the CRISPR arrays 

directly guide leader-polarized spacer integration and are assisted by direct 

Cas1-Cas2 complex recognition and host proteins (Wright and Doudna, 2016). 

For the type I-E system from E. coli, leader-repeat recognition is required by the 

integration host factor (IHF) heterodimer. IHF, which binds the CRISPR leader, 

helps to localize Cas1-Cas2 to the leader-repeat junction, which also contributes 

to stabilizing the interaction between Cas1-Cas2 and the leader-repeat, 

increasing the efficiency of spacer acquisition (Nunez et al., 2016). However, in 

type II systems from S. pyogenes, a short leader-anchoring site (LAS) adjacent 

to the first repeat has been found to be essential for CRISPR spacer adaptation 

(Wei et al., 2015) (Figure 3). 

 

4.1.3 Integration into the CRISPR array 

For CRISPR-Cas types that depend on PAM sequences for target recognition, 

prespacer substrates at specific positions are processed to produce suitable 

PAMs. While each of the four Cas1 proteins contains a PAM-sensing domain, 

one is sufficient (Wang et al., 2015). Furthermore, the presence of a PAM in the 

prespacer can also ensure integration of the CRISPR array in the correct 

orientation (Shmakov et al., 2014). The prespacer processed by Cas1 then 

creates the two 3’-OH ends necessary for nucleophilic attack on the junction 

between the repeat and other sequences. The first nucleophilic attack most likely 

occurs at the leader-repeat junction and a second attack at the existing 

repeat-spacer junction (Jackson et al., 2017). In brief, Cas1-Cas2 depending on 
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IHF or LAS binds to the leader-proximal repeat, which helps junction between 

the leader and the repeat, or repeat and spacer, finally, the DNA repair 

mechanisms fill in the integration site (Figure 3). 

 

4.2 crRNA biogenesis 

During the second phase, crRNA biogenesis pathways diverge among the 

different CRISPR-Cas types. For example, in most type I and type III systems, 

Cas6 is essential for the primary processing of pre-crRNA (Makarova et al., 

2015). Cas6 is a metal-independent endoribonuclease that recognizes and 

cleaves a single phosphodiester bond in the repeat sequences of pre-crRNA 

transcripts (Marraffini and Sontheimer, 2010). Type I-C systems do not contain 

Cas6 but instead contain the metal-independent endoribonuclease Cas5. For 

example, Cas5c in S. pyogenes not only processes pre-crRNA but also binds to 

the crRNA 5’ handle, which is similar in function to Cas6 and Cas5 from type I-E 

systems in E. coli. Cas5d from the type I-C system in S. mutans UA159 also has 

RNase activity. Although present in types I-A, I-B and I-E, Cas5 is only directly 

involved in the maturation process in type I-C systems. However, type II-A 

systems in S. pyogenes use a distinct mechanism for crRNA biogenesis and this 

process depends on a tracrRNA and a host RNase III. The tracrRNA contains 

extensive secondary structure that is recognized and bound by Cas9 and also 

harbors a sequence that is complementary to the repeat sequence of the 

pre-crRNA. Annealing of these complementary sequences results in the 

formation of double stranded RNAs that are cleaved at one end by RNase III 

(Jinek et al., 2012). This cleavage liberates the small crRNAs from the precursor, 

which remain bound to Cas9 via their association with the tracrRNA (Pennisi, 2013). 
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4.3 Target interference 

In the final phase, target interference, each crRNA combines with Cas protein(s) 

to form an effector complex, which is guided to target specific sequences (DNA 

or RNA) for recognition and destruction. In most cases, selection of an 

appropriate target sequence isn't entirely complementary to the crRNA, but is 

complementary to a so-called seed sequence (about seven or eight base pairs in 

close proximity to the PAM) (Sternberg et al., 2014). Several base mismatches 

between the spacer and protospacer are often tolerated(Semenova et al., 2011).  

 

In type I systems, the Cascade complex scans DNA for complementary target 

sites, firstly identifying an appropriate PAM motif, then by partial melting and 

base pairing with the guide’s seed sequence and eventually the formation of a 

complete R-loop structure, resulting in DNA degradation by the Cas3 

nuclease/helicase (Jore et al., 2011). While type III systems are structurally 

similar to the type I systems (Jackson and Wiedenheft, 2015), there are some 

substantial mechanistic variations. Recently, it has been demonstrated that type 

III complexes are transcription-dependent DNA nucleases (Tamulaitis et al., 

2014) meaning that they initially recognize target sequences via a specific 

interaction between the crRNA and a complementary nascent mRNA, following 

which cleavage of the flanking DNA sequences occurs. However, class 2 

systems need only a single protein for interference. In the type II systems, the 

crRNA complex, which is involved in target recognition and cleavage, consists of 

Cas9 bound to a crRNA guide base paired with the tracrRNA. The crystal 
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structures of Cas9 show that the protein has two distinct roles in target 

recognition and nuclease activity. Finally, binding and cleavage of the target 

DNA by the Cas9-crRNA effector complex depends upon the recognition of an 

appropriate PAM located at the 3’ end of the protospacer. Cas9 generates a 

blunt-ended double-strand break, typically located 3 nucleotides from the 3’ end 

of the protospacer (Garneau et al., 2010). 

 

5. Applications of CRISPR-Cas systems 

5.1 Gene therapy  

Genome editing using CRISPR-Cas9 technology is revolutionizing studies of 

gene functions and likely will give rise to an entirely new class of therapeutics for 

a wide range of diseases. One such study has successfully removed a mutation 

in the dystrophin protein, which is responsible for the most common form of 

Duchenne’s muscular dystrophy (Dmd) (Nelson et al., 2016). Furthermore, 

CRISPR-Cas systems have been used in novel therapeutic approaches against 

human immunodeficiency virus type-1 (HIV-1), aiming to permanently inactivate 

all virus genomes or to prevent viral persistence in latent reservoirs (Wang et al., 

2018). Although it remains to be seen which disease indications are most suited 

for CRISPR-Cas9-mediated genome editing, optimization of delivery and 

assessment of specificity are critical for the safe and effective translation of this 

technology to the clinical, especially in terms of off-target effects. 

 

5.2 Transcriptional modulation 

To repurpose the CRISPR-Cas system for genome regulation as opposed to 

genome editing, investigators have found that a catalytically inactive version of 
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Cas9 can be used as a platform for RNA-guided transcriptional regulation. A 

RNA-guided DNA recognition platform using co-expression of a mutant Cas9 

with a small-guided (sgRNA) designed with a ~20 base-pair (bp) complementary 

region that yields specific silencing of a gene of interest without off-target effects 

has been developed and is known as CRISPR interference (CRISPRi) (Qi et al., 

2013). This minimal CRISPRi system can not only effectively silence 

transcription initiation and elongation but is also highly specific and efficient with 

up to 1,000-fold repression. Moreover, the CRISPRi gene knockdown system is 

inducible and reversible and can be used to simultaneously regulate multiple 

genes, meaning that the CRISPRi system has the potential for genome-scale 

analysis and regulation of microbial genomes (Qi et al., 2012) and can be utilized 

as a flexible framework for engineering transcriptional regulatory networks. 

Finally, the CRISPRi system can also be used to knock down gene expression in 

mammalian cells (Qi et al., 2013).  

 

5.3 Functional genomic screens 

The high efficiency of gene editing based on the CRISPR-Cas system makes it 

possible to enable thorough genome-wide functional screens to identify essential 

or non-essential genes. Genome-wide loss-of-function screens using RNAi have 

many disadvantages, including partial knockdown of genes and serious off-target 

effects. However, Cas9-mediated sgRNA screens have high screening 

sensitivity and practicality and can be easily designed to target almost any DNA 

fragment. For example, high-throughput CRISPRi phenotyping has identified 

new essential genes in S. pneumoniae through the construction of a knockdown 

library targeting potentially essential genes by CRISPR interference and showing 
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a growth phenotype for most of them (Liu et al., 2017). Future application should 

be involve using multiplex sgRNA libraries to perturb noncoding genetic 

elements, distant enhancers, general promoter architectures or other 

transcriptional regulatory factors (Shalem et al., 2014). 

 

5.4 Rapid cell generation and animal models 

In the past few years, studies have shown that gene editing based on the 

CRISPR-Cas system can be used to accelerate the generation of transgenic 

models. To generate new cellular models, the sgRNA is designed from the 

sequence of interest, which is cloned into a plasmid encoding Cas9 and this 

plasmid is introduced into the target cells through transient transfection. For the 

generation of transgenic animal models, a previous study showed that Cas9 and 

the desired sgRNA can be directly injected into fertilized zygotes to obtain 

heritable gene modification in animals such as monkeys (Yang et al., 2013). 

Double-stranded DNA breaks (DSB) produced by Cas9 at specific genomic loci 

are repaired by the error-prone non-homologous end-joining (NHEJ) pathway 

generating insertions or deletions, or by homology-directed repair (HDR) using a 

homologous DNA repair template to generate the desired mutants (Salsman and 

Dellaire, 2017). Furthermore, CRISPRi can also be used to repress gene 

expression to identify its functions, rather than produce DSB. Therefore, based 

on these strategies, new transgenic animal models can be constructed. 

Comparison with the traditional process of generating transgenic animals, the 

generation time for mutant models can be reduced from more than a year to only 

several weeks, saving costs and enlarging the scale at which these experiments 

can be performed. More interestingly, Cas9 can also be used for direct 
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modification of somatic tissue to bypass embryonic manipulation (Hsu et al., 

2014). 

 

5.5 Using CRISPR-Cas systems as antimicrobials 

Regulating the composition of microbial populations plays a critical role in 

medicine and biotechnology. While traditional strategies such as antibiotics and 

antimicrobial peptides provide partial solutions, these have many disadvantages, 

such as lack of specificity or high cost. A study demonstrated that RNA-directed 

CRISPR-Cas systems as antimicrobials can overcome those drawbacks (Gomaa 

et al., 2014). Although the CRISPR-Cas system naturally evolved to provide 

adaptive immunity against invasive genetic elements in bacteria and archaea, 

genome editing technologies using this system can be co-opted to target 

chromosomal sequences, also referred as ‘self-targeting’. However, 

self-targeting by CRISPR-Cas systems is typically lethal in bacteria if DNA repair 

is absent (Bikard and Barrangou, 2017). For example, studies have found that 

crRNAs guide Cas9 to cleave all copies of the genome in E. coli so efficiently that 

it is impossible to make repair these breaks through recombination with a sister 

chromosome, resulting in cell death (Cui and Bikard, 2016). However, a major 

limit remains in the effective and steady delivery of a CRISPR-Cas9 system into 

host cells, especially in Gram-positive bacteria, although several strategies using 

phages, lentivirus (LV), adenovirus (AV) and adeno-associated virus (AAV) as 

vectors have been successful (Wang et al., 2017). Future research should focus 

on CRISPR-Cas and delivery system combinations to develop specific and 

programmable antimicrobials that will open new avenues for the application of 

CRISPR-Cas9 systems to effectively kill pathogens and precisely alter 
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microbiome composition (Bikard and Barrangou, 2017; Citorik et al., 2014). 

 

5.6 Anti-CRISPR 

Like the human immune system, the CRISPR-Cas system can rapidly recognize 

and clear invading genetic elements in bacteria. However, some phages have 

also developed a way to escape recognition by CRISPR-Cas systems. These 

evasion strategies contain point mutations, large-scale deletions, DNA 

modifications or phage-encoded proteins known as anti-CRISPRs (Acrs) (Hynes 

et al., 2017). To date, 21 unique families of anti-CRISPR proteins against type I 

and type II CRISPR–Cas systems have been discovered. For example, AcrF1 

and AcrF2 were shown to interact directly with type I‑F Cascade complex in P. 

aeruginosa, inhibiting its ability to bind with DNA (Bondy-Denomy et al., 2013). 

Moreover, AcrIIA4 abolishes the type II-A CRISPR-Cas9 system in S. pyogenes 

by modeling DNA sequence and occupying the PAM site bound by Cas9, 

resulting in the failure of Cas9 to bind target DNA (Dong et al., 2017). However, 

hosts can also acquire more new spacers derived from viruses in response to 

these escape mutations (Fineran et al., 2014). Therefore, there is an 

evolutionary arms race between anti-CRISPR and CRISPR-Cas systems. The 

presence of anti-CRISPRs also contributes to CRISPR-Cas system diversity, 

which provides strong selective pressure on the evolution of anti-CRISPR 

proteins. Two anti-CRISPRs derived from L. monocytogenes have the ability to 

prevent genome editing commonly used by S. pyogenes Cas9 (SpyCas9) in 

human cells (Rauch et al., 2017), which may act as an ‘off-switch’ to control the 

activity of CRISPR-Cas systems. Moreover, as there are many human 

pathogens with CRISPR-Cas systems, phages used for gene therapy could be 
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equipped with a variety of anti-CRISPRs to prevent the bacterial adaptive 

immune response. Finally, our understanding of anti-CRISPRs in its infancy, but 

these studies have opened up a new area of CRISPR-Cas research and 

subsequent studies will uncover more mechanisms to enrich CRISPR-Cas 

system diversity (Maxwell, 2017).  

 

5.7 Other applications 

To study real-time interactions between specific genes, robust strategies are 

required to visualize DNA in living cells. Traditional methods (such as 

fluorescence in situ hybridization, FISH) for labeling DNA require sample fixation 

and can’t capture all live processes. Cas9 tagged with fluorescent labels for 

labeling specific DNA loci was recently developed as a powerful tool for 

live-cell-imaging and is known as DNA-FISH (Chen et al., 2013). Moreover, the 

application of CRISPR-Cas systems for molecular detection includes the 

detection of specific DNA or RNA sequences, detection of mutations and single 

nucleotide variants (SNVs), and the detection of pathogens (Zhou et al., 2018). 

To date, the majority of CRISPR-based applications have focused on the type 

II-A CRISPR-Cas9 system in S. pyogenes, whereas a significant diversity in 

CRISPR types remains to be utilized, expanding their potential applications. 

 

6. Conclusion 

This paper has reviewed current advances in our understanding of CRISPR-Cas 

systems in streptococci, and has looked at the potential for the application of this 

technology to other fields. Interestingly, those microbes that are responsible for 

some of the most prevalent infectious diseases in the world may also harbor a 
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cure for a number of genetic diseases and may provide new therapies to combat 

diseases and new genetic tools that can revolutionize medicine. However, the 

applications of CRISPR-Cas systems face several challenges, including 

off-target effects, delivery efficiency and unwanted mutations. Thus, future work 

is required to discovering other novel CRISPR-Cas systems, overcome current 

limitations and address the functions of the CRISPR-Cas locus in ecology, 

evolution and pathogenesis. 
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