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ABSTRACT 

CRISPR-Cas systems provide their prokaryotic hosts with an adaptive and 

efficient defense mechanism against invading nucleic acids, and are structurally 

and functionally classified into six types (Type I-VI). Type III CRISPR-Cas 

systems are distinguished from the other types of systems by their special 

requirements and features of target interference. However, our knowledge about 

adaptation by the Type III systems is very limited. To provide a detailed study to 

determine the specific properties and patterns of adaptation by the Type III 

systems, we examined the adaptation by the Type III-A system of Streptococcus 

thermophilus, and the adaptation by the Type II-A system in the same host as a 

comparison. Unlike Type II systems and some Type I systems, deletion of genes 

involved in Type III crRNA biogenesis or interference did not disrupt adaptation 

nor detectably change spacer uptake patterns except those related to counter-

selection. No PAM was observed with the Type III system. The lengths of Type 

III-A spacers were on average longer than the Type II-A spacers: 36 bp. 

Interestingly, certain regions of plasmids and the host genome were particularly 



well-sampled during Type III-A, but not Type II-A, spacer uptake. These regions 

included the single-strand origins of rolling-circle replicating plasmids, rRNA and 

tRNA encoding clusters, and promoter regions of expressed genes. We also 

found that the Type III-A system could adapt and protect the cell from a lytic 

phage. Collectively, this work indicates that the Type III adaptation machinery 

preferentially targets DNA secondary structures including imperfect hairpins and 

other partially double-stranded DNAs.  

Primed adaptation provides CRISPR-Cas systems with an important co-

evolutionary strategy to minimize the escaping invading nucleic acids. Primed 

adaptation by a Type III system had never been reported. In this dissertation, 

preliminary evidence of Type III primed adaptation was obtained. Moreover, by 

studying primed adaptation of the Type I-E CRISPR-Cas system in 

Streptococcus thermophilus, we established a novel method for the future primed 

adaptation studies, based on natural CRISPR-Cas escaping viruses.
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1. CRISPR: Clustered regularly interspaced short palindromic repeats. 

2. Cas: CRISPR-associated. 

3. Sth: Streptococcus thermophilus. 

4. crRNA: CRISPR RNA. 

5. crRNP complex: crRNA and Cas protein complex. 

6. PAM: protospacer adjacent motif. 

7. PFS: protospacer flanking region. 

8. dsDNA: double-stranded DNA. 

9. ssDNA: single-stranded DNA. 

10. RCR: rolling-circle replication. 

11. dso: double-strand origin. 

12. sso: single-strand origin. 

13. RSB: recombination site in sso. 

14. CS-6: conserved 6 nucleotide sequence in sso. 

15. RT: reverse transcriptase. 

16. HTS: high-throughput sequencing. 

17. LTR: long terminal repeat. 

18. LAB: lactic acid bacteria. 

19. GRAS: generally recognized as safe. 

20. CDM: chemically defined medium. 
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21. orf: open reading frame. 

22. WT: wildtype. 

23. LM17: M17 medium supplemented with 0.5% lactose.  

24. M.O.I.: multiplicity of infection. 

25. PTS: phosphotransferase system. 

26. BIM: bacteriophage insensitive mutant.  

27. CEM: CRISPR-Cas escaping mutant. 

28. cAn: cyclic oligoadenylates. 

29. PPS: priming protospacer. 

30. CFU: colony forming unit. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Eubacteria and archaea are always threatened by viruses (1). They are also 

constantly exposed to environmental plasmids, and the non-beneficial plasmids 

result in fitness cost for their hosts (2). As a consequence, prokaryotic cells 

evolved multiple strategies to defend themselves against foreign nucleic acids, 

including abortive infection, restriction-modification systems (3), and more 

recently discovered and extensively studied CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats)-Cas (CRISPR-associated gene) 

systems (4-6). 

CRISPR-Cas systems provide the hosts with an adaptive mechanism 

against invading nucleic acids (7-12). The specific defense activity of a CRISPR-

Cas system is acquired by adaptation step, during which a short fragment 

(protospacer) of the foreign DNA is captured and integrated into the CRISPR 

locus at the leader proximal end as a spacer, simultaneously with a duplication of 

the first repeat (7,13-16). A spacer in a CRISPR array can be expressed as a 

small CRISPR RNA (crRNA) and then guide an interference protein or a protein 

complex (crRNP) to destroy the previously encountered foreign nucleic acids 

from which it was originally derived (7,17,18) (Figure 1.1). CRISPR-Cas systems 



 

2 

 

are structurally and functionally diverse, and have been classified into six types 

(Type I-VI) and multiple subtypes (5,6,8,19-21).  

Functional studies of CRISPR-Cas systems, especially those regarding 

target interference, have inspired researchers to develop many unprecedented, 

convenient and powerful tools for genome editing, gene expression control, 

disease detection and cures, and many other purposes (22). Adaptation abilities 

of CRISPR-Cas systems and the dynamic CRISPR arrays they generated have 

been used for bacterial strain typing (23), bacterial virome detection (24), and 

even digital movie encoding and data storage (25). The tremendous contribution 

of CRISPR-Cas systems to biotechnology makes their fundamental studies 

invaluable, especially those investigating adaptation, since it is the least 

understood process of CRISPR-Cas functions.  

 

Adaptation by CRISPR-Cas systems 

        All CRISPR-Cas systems function in three major steps: adaptation, crRNA 

biogenesis, and target interference (Figure 1.1). The heritable defense memories 

against foreign nucleic acids are acquired during adaptation, which includes 

protospacer recognition, processing, and integration into a CRISPR array at the 

leader-proximal end (15,26,27). 

 

Integration by Cas1-Cas2 complex 

A CRISPR array is usually associated with cas genes, and each Cas protein 

participates in one or more major steps of the CRISPR-Cas system-mediated 
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defense, including adaptation, crRNA biogenesis, and target interference (6,14). 

Among the cas genes, cas1 and cas2 are highly conserved in nearly all the 

CRISPR loci, and have been shown not to be involved in crRNA biogenesis or 

the downstream target interference (7,14). Instead, Cas1 and Cas2 have been 

shown to be essential for adaptation of all tested CRISPR-Cas systems, in that 

knockout of the two genes or mutations of the endonuclease domain of Cas1 

results in the studied systems losing their adaptation abilities (7,28-33). 

Mutations of the enzymatic domain of E. coli Cas2 does not influence the 

adaptation, indicating that Cas2 plays a structural role in this process, at least in 

that Type I system of E. coli (29). Cas1 and Cas2 proteins form a hexamer (four 

Cas1 monomers centered by two Cas2 monomers) both in vivo and in vitro 

(29,34-36) (Figure 1.2). Through the aid of this complex, the 3’-OH groups of the 

two strands of the prespacer (protospacer processed for integration) 

successively attack the junctions between the leader and the first repeat, and 

between the first repeat and the first pre-existing spacer (37,38) (Figure 1.2). By 

transesterification reactions, Cas1-Cas2 complex integrates the double-stranded 

prespacer into the CRISPR array, splitting the plus and the minus strand of the 

first repeat, and leaving two gaps (37,38). DNA polymerase(s) and ligase(s) are 

thought to be required to fill the gap and finish the whole process (Figure 1.2). 

Since DNA polymerase I has been shown required for the Type I adaptation in E. 

coli (39), it is proposed to be the polymerase that fills the integration gap.  

For some of CRISPR-Cas systems, e.g., the Type I-E system in E. coli K12, 

Cas1 and Cas2 are the only two Cas proteins required for adaptation 



 

4 

 

(28,29,40,41); while for some other systems of different types, other Cas proteins 

are also required for protospacer recognition or processing (7,30,31,42). Besides 

Cas proteins, the leader sequence and at least one repeat unit (28,43-45), and 

some other host factors are also required to ensure the integration to happen at 

the correct position (32,36,46-49).  

 

The recognition, selection, and processing of the proper protospacers 

For well-studied Type I and Type II CRISPR-Cas systems, the protospacers 

are selected along foreign DNAs by system-specific protospacer adjacent motifs 

(PAMs) (Figure 1.1) (50-53). PAM recognition is also required for the 

authentication of the interference process (50,51,54,55), by which the crRNP 

complexes of Type I and Type II systems can protect the CRISPR loci 

(containing the same sequence as the target) within its own genome from 

interference (Figure 1.1). The Cas1-Cas2 complex of the Type I-E system in E. 

coli K12 is sufficient to recognize the ATG PAM upstream of protospacers 

(28,29,40,41); while some other Type I systems require Cas4 to recognize PAM 

sequences (42,56,57). The Cas9 protein of the Type II system of Streptococcus 

pyogenes contains a PAM binding motif and performs PAM recognition to select 

the proper protospacers (31).  

Besides PAMs, some other specific sequences also facilitate or discourage 

adaptation, and influence the patterns of adaptation, although at different levels. 

In 2019, Heler et al. found that PAM-proximal sequences of the protospacers 

determined the frequency of adaptation by the Type II systems in Streptococcus 
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pyogenes (58). Additionally, Li et al. found that in the Type I-B system of 

Haloarcula hispanica, the 3rd nucleotide at 3’- end of the spacers tended to be 

cytosine, and the presence/absence of the cytosine influenced the sizes of the 

new spacers (59). Results such as these suggest that specific features of 

protospacers, or protospacer adjacent sequences play important roles in the 

selection of new spacers. 

RecBCD complexes and their homologous protein complexes in prokaryotic 

cells bind to double-stranded DNA (dsDNA) breaks, and then use their helicase 

and nuclease activities to repair the broken DNAs by degradation and 

homologous recombination (60). RecBCD complexes have been shown required 

for adaptation of some tested Type I systems, and the helicase activity of the 

enzymes was essential, while the nuclease activities and the homologous 

recombination they mediated were redundant (39,61,62). Since dsDNA breaks 

largely happen during DNA replication, the plasmids with high copy numbers and 

all extensively replicating invaders become more sensitive than the cellular 

genome to adaptation (39,61). Moreover, RecBCD can be hampered by chi 

sequences (60), and the enrichment of the chi sites around the replication termini 

of the prokaryotic genomes helps the adaptation machineries to more specifically 

recognize foreign DNAs (39,61).  

Besides DNA replication, other parts of the life cycles of invaders also 

establish the patterns of adaptation of the CRISPR-Cas systems. In 2017, Modell 

et al. found that the Type II CRISPR-Cas system of Staphylococcus aureus 

immediately acquired new spacers after phage injection, and most of the new 



 

6 

 

spacers were acquired within the cos site, which was the first part of the phage to 

be injected into the cells (63). In my work here, I found that the Type III CRISPR-

Cas system of Streptococcus thermophilus efficiently adapts against the single-

strand origins (ssos) of rolling-circle replicating (RCR) plasmids, the beginning of 

the highly transcribed genes of both the invader and the host, the rRNA and 

tRNA encoding strands, and the early transcribed genes of a lytic phage, to 

ensure efficient defenses (see Chapter 2). 

Cas4 is a RecB-like nuclease (64,65), and has been shown to recognize 

PAM and determine the length and the orientation of the new spacers for some 

of the Type I CRISPR-Cas systems (42,56,57,66,67). A structural study of the 

adaptation machinery of a Type I-D system revealed a two-step procedure of 

prespacer capture by the adaptation complex (68). In the absence of a 

prespacer, Cas4 but not Cas2 assembles with Cas1 to recognize and process 

the protospacers; and in the presence of a mature prespacer, Cas2 but not Cas4 

binds to Cas1 with a strikingly higher affinity to form the complex for the following 

integration (68). However, another in vitro investigation of a Type I-C system 

suggested that Cas4 formed a complex with both Cas1 and Cas2, and then 

processed the protospacers into mature prespacers for the integration (66). 

The processing of the protospacers from the long substrates to the short and 

mature prespacers is a prerequisite of adaptation, but it is the least understood 

step of the adaptation process. The existence of 3’- single-stranded DNA 

(ssDNA) tails of the prespacers substantially facilitate adaptation 

(16,37,38,47,69,70). Cas1 is a non-specific exonuclease in vitro when associated 
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with Cas2 in the adaptation complex (62,71-73), and it trims 5’ ends of the 

protospacers, leaving 3’- ssDNA tails for the following integration (32,53). In 

Streptococcus thermophilus (Sth), Cas2 of the Type I-E system possesses a 

DnaQ-like 3’-5’ exonuclease domain, which has been proposed to process the 3’- 

overhangs of the prespacers to promote integration (74). Some other non-Cas 

exonucleases have also been shown to be involved in the 3’- ssDNA tail 

generation of the prespacers (75).  

 

Primed adaptation 

Target nucleic acids can escape from CRISPR-Cas-mediated interference 

by mutation(s) at pivotal positions within the protospacers/targets or the PAMs 

(76,77) (Figure 1.3). However, a pre-existing spacer in a CRISPR array, which is 

partially or totally complementary to a fragment of a molecule, can greatly 

stimulate adaptation against the same molecule (41,78). To acquire new spacers 

from a molecule that the system has never processed before is termed ‘naïve 

adaptation’, whereas adaptation triggered by a pre-existing spacer (priming 

spacer) is termed ‘primed adaptation’ (Figure 1.3). Primed adaptation is 

substantially more efficient than naïve adaptation (79), and directs the adaptation 

machinery to the invader DNA instead of self-genome (41), thus providing the 

hosts with a co-evolutionary strategy to minimize the amount of CRISPR-Cas 

escapers. Different studies have revealed that primed adaptation has strand or 

position biases. For the Type I-E system in E. coli, a priming spacer stimulates 

adaptation against the primed strand (41,78); while for the other tested Type I 
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systems, the secondarily acquired spacers were distributed across both primed 

and non-primed strands with an obvious gradient centered at the 

target/protospacer of the pre-existing spacer (41,78-83). While Cas1 and Cas2 

are sufficient for Cas elements in naïve adaptation of Type I-E system (28), all 

tested primed adaptation processes of different systems require all the Cas 

proteins involved in crRNA biogenesis and target interference (41,78-80,83-85).  

Although primed adaptation has been extensively studied only for Type I 

systems, bioinformatic analyses of the clustering of spacers acquired from 

viruses suggests that primed adaptation and the consequential host-viral 

coevolution probably exists in some Type II systems as well (86,87). In 2019, 

Nussenzweig et al. reported primed adaptation by a Type II-A system of 

Streptococcus pyogenes, which increased the efficiency of the secondary 

adaptation against the phage by Cas9-mediated DNA breaks, and the new 

protospacers acquired during priming located to the immediate vicinity of the 

target (88). In 2021, a second report regarding primed adaptation by the Type II-

A system of Streptococcus mutans revealed the same distribution pattern of the 

secondary protospacers (89).  

While the outcome of primed adaptation (extensive spacer uptake) is easily 

observed, the mechanism(s) of primed adaptation are still under research and 

debate. Several very possible functional models have been proposed, including: 

1) The DNA breaks or short DNA fragments caused by target interference (even 

if DNA cleavage is very inefficient due to mutations of the escaping targets) 

facilitate adaptation (90-94); 2) Single molecule studies have revealed that the 
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DNA interference complex can recruit Cas1-Cas2 complex to the targeted 

invaders, which is thought to facilitate adaptation (95); 3) The crRNPs and the 

critical subunits acquire different conformations when binding to a bona fide 

target compared to an escaping target, and consequently authenticate target 

interference or primed adaptation, separately (96,97). It is worth noting that the 

models do not conflict with each other, and they may all be real mechanisms of 

primed adaptation. In E. coli, Cas3 and RecG, a helicase that dissipates R-loops, 

are required for primed adaptation to resolve invader DNA blocks by the crRNP, 

in order to enable adaptation (39). 

 

Adaptation by Type III CRISPR-Cas systems 

While Type I, Type II and Type V systems target DNAs (7,54,98-101), and 

Type VI systems target single-strand RNAs (ssRNAs) (102-105), Type III 

systems have been shown to have both DNA and RNA cleavage abilities both in 

vivo and in vitro (106-114) (Figure 1.4). DNA target interference by Type III 

systems requires the directional transcription of the target, as the DNase activity 

of the crRNPs is stimulated by base pairing between the guiding crRNAs and the 

transcript of the target DNAs (107,112,115-118) (Figure 1.4). Additionally, the 

Palm domain of Cas10 (Csm1 for Type III-A) synthesizes cyclic oligoadenylates 

(cAns) as secondary messengers, which bind to CARF domain of Csx1 (Csm6 

for Type III-A) and activates the RNase activity of HEPN domain of Csx1 to non-

specifically cleave the foreign DNA transcripts (119-121) (Figure 1.4). In 

Staphylococcus epidermidis, the non-specific RNase activity of Csm6 is 
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redundant for defense when the target is extensively transcribed, and Csm6 

hampers the growth of the bacteria when active; however, when the target is 

weakly transcribed, the DNase activity of Csm1 appears insufficient to cleave the 

invader, and consequentially, Csm6 becomes necessary for invader clearance in 

this situation (122). The DNase activity of Csm1 is sequence-non-specific as well 

(107,112,115-118), which not only cleaves the invading DNAs, but also promotes 

the mutagenesis of the host genome and increases the diversity of the host 

strains (123). Since the RNase activity of Csx1 and the DNase activity of Cas10 

are non-specific, there is a risk to the prokaryotic cells that Type III systems may 

degrade host nucleic acids as well. Type III crRNPs specifically cleave the 

transcribed triggering RNAs of targets (110,114), which is reasoned to be a 

regulating mechanism of the ribonuclease activities of Cas10 and Csx1 

(124,125). Moreover, the CARF domain and the HEPN domain of Csx1 degrade 

the cAns, which has been shown a regulatory mechanism of Csx1 when the 

defense against the invader is complete (126). While PAM recognition is required 

for authentication of the interference process of Type I and Type II systems 

(50,51,54,55), target interference by Type III systems tolerates a broad range of 

protospacer flanking region (PFS) sequences (112,127,128). Type III systems 

have been used for genomic editing of the hyperthermophiles, in which the 

CRISPR-Cas9-based modules might not function (129), and the target RNA 

cleavage abilities of Type III systems have been used for gene expression 

control (113,130). 
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Although Type III systems are intriguing, our knowledge about their 

adaptation is very limited. In 2016, Silas et al. reported the Type III-B system of 

Marinomonas mediterranea (MMB-1), revealing a novel reverse transcriptase 

(RT)-fused-Cas1 protein (33). While the reported RT-free systems can only adapt 

DNAs as CRISPR spacers, the Type III-B system can use both RNAs and DNAs 

as substrates, and adaptation against RNAs is dependent on the RT. This 

additional adaptation against RNAs makes the system preferentially acquire new 

spacers from highly transcribed regions versus weakly transcribed regions, which 

is beneficial for the function of the system, since target interference by Type III 

systems requires transcription of the targets (33). Soon after this exciting finding, 

a similar RT-Cas1-Cas2 complex of Fusicatenibacter saccharivorans was used 

as a novel and efficient tool to record transcription event in E. coli (131). A similar 

RT-mediated Type III adaptation against highly transcribed regions was reported 

by Gonzalez-Delgado et al. in 2019, and moreover, they observed a preference 

against the coding strand of the rRNA genes (132). They speculated that the 

rRNA-encoding strand preference was also caused by RT and there was a 

correlation between gene transcription and new spacer orientation (132). 

However, since adaptation against the other genes had no strand bias, it appears 

less likely that the bias was caused by transcription and RT activity. The results 

of my work presented in this dissertation consider the RT-free Type III-A 

CRISPR-Cas system of Sth, and show a similar trend toward rRNA and other 

highly transcribed genes. However, my findings indicate that it is more likely that 

the coding strand of the rRNA genes forms secondary structures when in their 
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single-stranded forms (e.g., when the template strand is being processed by 

RNA polymerase), which serves as additional substrates for CRISPR-Cas 

adaptation (See Chapter 2).  

The reported RT-encoding Type III systems are not representative, because 

less than 10% of Type III systems have RT activity (33). Very recently, 

Artamonoka et al. observed and reported adaptation against a lytic phage by a 

RT-free Type III system of Thermus thermophilus (133). They found that the 

system performed robust adaptive defense against a lytic phage, phiFa. The 

protospacers detected by high-throughput sequencing (HTS) had a strand bias in 

that the template strands of the phage were adapted more extensively than the 

encoding strands, which was caused by counter-selection, since the crRNAs of 

the Type III system needed to bind to the mRNAs of the phages to be functional 

(Figure 1.4). More interestingly, they found that the long terminal repeat (LTR), 

as the firstly invading part and early transcribed region of the phage, was 

adapted substantially more efficiently than the other parts of the phage, and they 

reasoned that maybe the LTR region encoded an anti-CRISPR element that 

blocked the functions of the CRISPR-Cas system (133). While not inconsistent 

with the data, it is more likely that the LTR formed secondary structures since it 

was a repeat-rich region, including palindromic, direct, and inverted repeats, and 

such structures could be recognized by Type III CRISPR-Cas system (see my 

findings in Chapter 2); or only adaptation against the early transcribed genes 

could perform timely defense against the phage (see my findings in Chapter 2).  
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As to well-studied Type I and Type II systems, the protospacers are selected 

along foreign DNAs by system-specific PAMs, and are inserted at the leader 

proximal end of the array in a PAM directed orientation (50-53); while the 

adaptation by the tested Type III systems are PAM-independent (33,132,133) 

(See also my findings in Chapter 2). 

 

Genetics of Streptococcus thermophilus 

Lactic acid bacteria (LAB) have been used for thousands of years in human 

history to produce dairy and other fermented products, and they are regarded as 

at ‘generally recognized as safe’ (GRAS) status of worldwide food safety 

administrations. Streptococcus thermophilus (Sth), a low-GC gram-positive 

bacterial species, is the second most used LAB (second only to Lactococcus 

lactis), as a starter for the production of yogurt and a large variety of cheeses 

(134,135). Sth produces not only lactic acids, but also bio-functional molecules, 

which increase the nutrition and immune values of milk products (136). As many 

as 1021 Sth cells are ingested by human beings annually, with a market value of 

40 billion dollars (137). Besides its tremendous industrial and commercial values, 

Sth is also a well-studied and extensively used model gram-positive species to 

study protein function, vaccine activity, and cellular metabolisms (138). 

 

Metabolism of Streptococcus thermophilus 

To adapt its fitness to growth in milk, Sth has experienced reductive 

evolutions of its genome, primarily in the decay of its sugar metabolism, protein 
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transport, and pathogenic genes (139,140). It has also acquired genes for stress 

tolerance, phage immunity, and acetaldehyde and exopolysaccharide production 

which benefits the flavor and nutrition of the milk products (141). Sth strains have 

lost the abilities to catabolize a variety of carbohydrates, and preferentially use 

milk-enriched lactose for glycolysis (140). Sth strains encode PrtS or other cell 

wall associated serine proteases to catabolize casein, which is the major nitrogen 

source in milk, into oligopeptides (142-144). Sth uses ABC transporters, Ami and 

OTS systems to uptake the oligopeptides (145), and digests them into free amino 

acids (although Sth has few amino acid requirement) (140). This proteolysis is 

valuable for mild acidification and flavor improvement of milk products. Sth has a 

symbiotic relationship with another LAB, Lactococcus bulgaricus, in that Sth 

uptakes amino acids and oligopeptides produced by Lactococcus bulgaricus, 

while Lactococcus bulgaricus uptakes the formic, folic and pyruvic acids, carbon 

dioxide, glutathione and long chain fatty acids produced by Sth (143,146). This is 

termed as protocooperation, which contributes to fast growth of the cells and the 

acidification of milk. 

 

Natural transformation of Streptococcus thermophilus 

To use Sth for better industrial production and biological studies, the 

development of genetic tools has been highly desired. Traditionally, the approach 

of genome editing for Sth was plasmid-based homologous recombination 

(147,148). However, this traditional way suffered from low efficiency of 

recombination, reverse mutation to wild type (WT) by secondary recombination 
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events, and huge laboratory efforts for plasmid construction and curing. Natural 

competence is a transient physiological status, during which prokaryotic cells can 

uptake environmental DNAs. Natural competence of Sth can be induced to a 

very high level, allowing genome editing by antibiotic selection-free and non-

replicating DNA fragments of the homologous recombinant templates (149,150), 

thus avoiding the difficulties of plasmid construction and curing.  

Natural competence status of most organisms is usually transient and tightly 

regulated (151), to optimize the benefits and the costs of lateral gene transfer. 

Natural competence of Sth is initiated by competence-related late com genes, 

which are not expressed under standard growth conditions. ComX is a sigma 

factor (σX) that transiently associates with the RNA polymerase, and directs the 

later to specifically target ComX-box. ComX-box is a protein binding motif located 

in the promoter of com genes, and ComX-directed RNA polymerase binding to it 

triggers the expression of com genes (151). The expression of comX gene is 

regulated by ComRS signaling system (152). In chemically defined medium 

(CDM), which lacks oligopeptides, the ComS precursor is produced, matured, 

and secreted outside the cell membranes by an unknown mechanism (153,154). 

When the mature and short ComS with its C-terminal pheromone domain is 

accumulated to a certain concentration in the extracellular environment, the cells 

uptake the mature ComS oligopeptides back to the cytoplasm (150,154-156). 

The re-imported ComS forms a dimer with a transcription activator, ComR, and 

ComRS complex facilitates the transcription of comX and induces natural 

competence status of the Sth cells (152). The transcription of comR is 
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downregulated by cell density (152,157,158), and the transcription of comX is 

downregulated by the accumulation of the late com gene products it stimulated 

(159), thus providing negative feedback regulation of natural competence.  

Under laboratory conditions, this system can be artificially induced by adding 

extracellular ComS. If transforming DNAs such as substrates for homologous 

recombination, efficient genome editing can be achieved without antibiotic 

selection or any plasmid (See Chapter 2 and 3). 

 

Plasmids of Streptococcus thermophilus 

Sth must balance the cost of harboring plasmids with the selective 

advantages they can bestow, e.g., antibiotic resistance and phage immunity 

conferred by natural environmental plasmids. Most natural plasmids described in 

gram-positive bacteria, including Sth, and many of those of gram-negative 

bacteria, replicate via a rolling-circle replication (RCR) mechanism (160). Here, a 

Rep protein encoded by a RCR plasmid recognizes the short and partially 

palindromic double-stranded origin (dso) of the plasmid, generates a dsDNA nick 

at the dso, and displaces the 5’- end of the plus strand. The plus strand is then 

continuously replicated, a process which is initiated by the cognate 3’-OH end of 

the parental plus strand. The plus strand is displaced and re-ligated after the 

complete replication of the minus strand (Figure 1.5). The single-stranded origin 

(sso) is partially palindromic and comprises a long hairpin structure when the 

plus strand is in the single-stranded and circular DNA form. This hairpin structure 

acts as a signal to initiate replication of the minus strand (161-163) (Figure 1.5). 
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This replication initiation of the minus DNA strand requires the synthesis of short 

RNA primers by RNA polymerase III, similar to lagging strand replication of 

prokaryotic and eukaryotic genomes (163). Single stranded origins are diverse in 

sequence, and are classified into 5 types according to their secondary structures 

and consensus motifs, including ssoA, ssoL, ssoT, ssoU, and ssoW (163). The 

loop distal regions of the stems of the ssos are termed recombination sites 

(RSBs), and are required for RNA polymerase binding, together with promoters 

within the ssos (163-165). There is usually a conserved 6 nucleotide sequence 

(CS-6) existing in the loop of a sso, which terminates the short RNA primer 

synthesis and is important for the minus DNA strand replication (163,166,167).  

pWV01 is a RCR plasmid originally isolated from Streptococcus cremoris 

(168), and has been developed as a shuttle vector between E. coli and many 

Lactococcus and Streptococcus species (169). pWV01 has been observed to 

generate ssDNA forms in Bacillus subtilis and Lactococcus lactis, which is the 

major difference between RCR plasmids and theta-replicating plasmids, 

indicating that it replicates via a RCR mechanism (169). pWV01 has 4 open 

reading frames (orfs): orfA (repA gene) encodes the Rep protein, orfC product 

regulates the expression of repA and is required for replication of pWV01 (169), 

orfB and orfD do not appear necessary for any known plasmid function and may 

not be expressed (169).The partially palindromic dso and the DNA nicking site 

within pWV01 were identified by a simulation assay with a well-studied RCR 

plasmid, pLS1 (169). The long and partially palindromic sso was identified by the 

studies with a series of deletion derivatives, and the stem-loop structure was 
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predicted in silico (169,170). The sso of pWV01 belongs to the ssoW family and 

shows similarities with the conversion signal of phage φX174 (170). The RSB site 

and the promoter for RNA primer synthesis, as well as the CS-6 sequence for the 

termination of the short RNA oligo synthesis were localized within the ssoW by 

sequence alignment (166). pWAR (171), pTRK882 (172), pNZ123 (173) are 

derivatives of pWV01 and maintain its replication elements, and they are used in 

my work to determine the adaptation features of the Type III-A CRISPR-Cas 

system (see Chapter 2).  

pSMQ172 is a RCR plasmid first isolated from Sth (174). The partially 

palindromic dso and the DNA nicking site within pSMQ172 were identified by a 

simulation assay with well-studied RCR plasmids, including pMV158, pFX2, and 

pE194 (174). The sso of pSMQ172 belongs to the ssoA family, encoding a well 

conserved RSB site and the promoter for RNA primer synthesis, but not any 

known CS-6 sequence for the termination of short RNA oligo synthesis (174). 

pSMQ172 has 4 orfs, and putative promoters are recognized upstream of orf1, 

orf3, and orf4 (174). orf1 and orf2 products are a plasmid copy number control 

protein and a Rep protein, respectively (174). orf3 is homologous to mob genes, 

and the associating oriT is present closely upstream of it (174). During conjugal 

transfer, MOB acts as a relaxase that binds to the transfer origin, oriT, and 

generates a dsDNA nick within it. The nicked DNA strand then dissociates from 

the circular ssDNA, and is injected into the recipient cell by a Type IV secretion 

system of gram-positive bacteria (175,176). Like other oriTs, the oriT of 

pSMQ172 has inverted repeats, and its nicking site is predicted by sequence 
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similarity (174). Although no secretion system has been identified in the plasmid 

or Sth genome (176), the oriT of pSMQ172 is predicted to form a crucial 

structure, and MOB may be able to generate the dsDNA break at oriT even in the 

absence of other conjugation machineries. orf4 is not homologous to any known 

gene (174). pNT1 was constructed by inserting the gene encoding 

chloramphenicol acetyltransferase into pSMQ172 (177), and is used in my work 

to determine the adaptation features of the Type III-A CRISPR-Cas system (see 

Chapter 2). 

In contrast to RCR, plasmid theta replication does not require any DNA 

break or ssDNA formation. Theta replication continuously synthesizes the leading 

strand of the plasmid, starting from the replication origins and discontinuously 

synthesizes the lagging strand in a manner similar to that of genome replication. 

There are 4 different classes of the theta replication, from Class A to D (178). 

Theta replicating plasmids are rare in gram-positive bacteria, however, Class D 

theta replicating plasmids, including pAMβ1 plasmid isolated from Enterococcus 

faecalis, are able to replicate in a broad range of gram-positive bacteria. pAMβ1 

plasmid encodes a RepE protein, which specifically binds to an AT-rich region of 

the pAMβ1 ori immediately downstream of the repE gene, and processes the 

RNA primer for DNA replication (179-181). The replication of the leading strand 

and the lagging strand are unidirectional, and require DNA polymerase I and PriA 

as the initiating replisomes (181,182). pIB184 (183), pRSNPed (184), and pG+off 

(185) are derivatives of pAMβ1 and maintain its replication elements, and are 
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used in my work to determine the adaptation features of the Type III-A CRISPR-

Cas system (see Chapter 2). 

 

Virulent phage 2972 of Streptococcus thermophilus 

Phages of LAB are some of the most extensively investigated 

bacteriophages as they cause lactic acid fermentation failures and tremendous 

economic loss in human history. All Streptococcal phages belong to Siphoviridae 

family of Caudovirales order, and the majority can be divided into cos-type and 

pac-type according to their dsDNA packaging mechanisms and structural 

proteins (186). The other several Streptococcal phages identified recently are 

classified into three smaller independent groups, because of some differences in 

their morphologies, although they share significant homology with the other 

Streptococcal phages in the two major groups (187-189).  

Phage 2972 is a pac-type virulent Sth phage isolated from yogurt. It has an 

isometric head capsid with the diameter of 55 nm, and a noncontractile tail of 260 

nm (190). It has the smallest genome among Sth phages (37,704 bp), with 44 

putative orfs involved in packaging, head morphogenesis, tail morphogenesis, 

host lysis (functional)/lysogeny (not functional), replication, or transcription 

regulation (190). Phage 2972 has a 34 mins latent period in Sth hosts cultured in 

LM17 broth at 42oC, and starts releasing new progeny by 30 mins (191). The 

maximum burst happens at 40 mins, indicating that it is able to adsorb on the 

host efficiently and complete the life cycle rapidly (191). The 44 genes are 

divided into early, middle, and late groups, according to their expression starting 
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times, and the genes of each group are clustered together. Genes 30-44 along 

with Gene 1 are early genes, which are involved in phage DNA replication and 

transcription control; Genes 2-12 are middle genes, which are involved in 

packaging and head morphogenesis; and Genes 13-29 are late genes, which are 

involved in tail morphogenesis and host lysis (191).  

Phage 2972 was used extensively in this dissertation as a means to 

challenge the Type III CRISPR-Cas system of Sth JIM8232, and to analyze 

spacer acquisition by the Type III CRISPR-Cas system. 

 

CRISPR-Cas systems of Streptococcus thermophilus 

The adaptive defense function of CRISPR-Cas systems was first observed 

and reported in Sth (7), one of the most extensively used model organisms for 

CRISPR-Cas-related studies. Sth has 4 independent CRISPR-Cas systems: 

CRISPR1 and CRISPR3 belong to subtype Type II-A, and CRISPR2 and 

CRISPR4 belong to subtypes Type III-A and Type I-E, respectively (192-194). 

These 4 loci express mature crRNAs (195), and my work showed that all 4 

systems were active in target interference (see Chapter 2, 3 and 4). It is worth 

noting that like several other Sth strains, Sth DGCC7710 has a degraded Type 

III-A system, in that csm6 genes were disrupted by a nonsense mutation 

introducing multiple premature stop codons. As a result, target interference by 

CRISPR2 of DGCC7710 was not observed. In contrast, Sth JIM8232, which was 

the major model organism used in this dissertation, has an intact Type III-A 

system and performed efficient CRISPR2-mediated defense. CRISPR1 and 
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CRISPR3 had been shown to be active in adaptation (7), with CRISPR1 to be 

dominant and CRISPR3 to be active but less efficient in adaptation (50,192). 

Adaptation by the Type I system was not reported when my dissertation work 

was initiated and subsequently found to be a highly rare event (196), and the 

Type III system was thought to be inactive in adaptation before my work. 

Although CRISPR-Cas systems protect the hosts by eliminating foreign nucleic 

acids, the expression of cas genes is costly to Sth, and the cas deleted Sth 

mutants are much more competitive than WT in an invader-free environment 

(197). 

 

Type II CRISPR-Cas systems of Streptococcus thermophilus 

In silico analyses revealed the existence of CRISPR-Cas systems and 

spacers with sequence identity to extrachromosomal elements in 24 different Sth 

strains (198). The sensitivities of Sth strains to phages were correlated to the 

spacer numbers, suggesting a phage immunity role of CRISPR-Cas systems in 

Sth (198). In 2007, excitingly, Barrangou et al. detected and reported CRISPR-

Cas-mediated defense against two phage species by adaptation in a Type II-A 

system (CRISPR1) of Sth DGCC7710, which was the first report of CRISPR-Cas 

spacer acquisition and target interference (7). All the cas genes around 

CRISPR1 array, including cas9, cas1, cas2, and csn2 (7), as well as tracrRNA, 

the leader sequence and at least one repeat (43,45), were required for 

adaptation, while only cas9 was involved in target interference (7). In 2008, 

Deveau et al. reported for the first time that protospacers were selected along 



 

23 

 

foreign DNAs by consensus PAMs (NNAGAAW for CRISPR1), which was critical 

for the authentication of target interference (50). Phages were found to be able to 

escape from CRISPR-Cas-mediated defense of the BIMs (bacteriophage 

insensitive mutants) by deletion(s) or mutation(s) within the PAMs or the 

protospacers (50). Soon after, CRISPR1 was shown to be able to perform 

adaptive defense not only against phages, but also against plasmids, and to be 

able to generate a cut within the protospacer of the dsDNA target (199). Although 

Cas1 and Cas2 of CRISPR1 are sufficient for the integration of a prespacer (43), 

adaptation against an unprocessed invading DNA required Cas9 and Csn2 (7). In 

2012, Lee et al. purified Csn2 of the system, and reported its crystal structure 

(200). Csn2 forms a homotetramer centered by a channel, and binds to linear 

dsDNAs but not circular ones (200). Csn2 is proposed to determine the lengths 

of the new spacers (30 bp for CRISPR1) (200). Cas9 has been shown to 

recognize the PAM in another Type II system of a different organism (31).  

The other Type II-A system, CRISPR3-Cas, is able to generate a cut within 

the dsDNA target to interfere with the invading phage (201). When transplanted 

into a distant gram-negative host, E. coli, the phage and plasmid interference 

ability of the system was maintained (202). Moreover, mutagenesis studies in E. 

coli revealed that target cleavage relied upon the HNH and the RuvC domains of 

Cas9 (202).  

Adaptation by the Type II-A systems in Sth happens either against foreign 

nucleic acids (leading to immunity) or against the host genome (leading to 

autoimmunity and cell death) (30,203). Moreover, when PAMs are nearly evenly 
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distributed among phage 2972 genome, both of the Type II systems present a 

strong and reproducible bias regarding protospacer selection across the phage 

genomes, suggesting that there is an unknown selection mechanism during their 

adaptation (203). 

CRISPR3-Cas system has been expressed in E. coli to perform multiplex 

DNA interference (204), and both the Type II systems have been re-purposed for 

genome editing and gene regulation (205,206). 

 

Type I CRISPR-Cas system of Streptococcus thermophilus 

Target interference ability of Type I systems was first discovered in E. coli 

(99), in a system homologous to the Type I-E system of Sth. CasA, CasB, CasC, 

CasD, and CasE proteins are sufficient to maturate a crRNA and form a crRNP 

with the later (99). The HD nuclease domain of the trans-acting protein, Cas3, is 

essential for target cleavage (99). In 2011, Sinkunas et al. purified Cas3 protein 

of the Type I CRISPR-Cas system of Sth, and determined that both the ATP-

dependent HD nuclease domain and a helicase domain of Cas3 were necessary 

for ssDNA cleavage (207). Soon after, the entire interference machinery of the 

Type I system was reconstituted in vitro (208). While the PAM of the system was 

predicted to be AA immediately upstream by the pre-existing spacers, the in vitro 

work showed that only a single A or T nucleotide at the -1 position of the 

protospacer was required for authenticating the correct binding between the 

target and the crRNP, indicating that target interference had a broader range of 

tolerated PAMs than adaptation (208). Moreover, the in vitro work further 
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revealed that crRNP bound to the target strand of the invader, forming an R-loop 

and displacing the protospacer strand. The displaced ssDNA was a signal for 

Cas3 recruitment in trans, and the ATP-dependent nuclease of Cas3 generated a 

cut at the ssDNA, and further degraded the ssDNA in a 3’ to 5’ unidirectional way 

(208). Single-molecule supercoiling experiments revealed that the R-loop started 

from the PAM site, and zipped toward the target direction (209). The R-loop will 

stall and collapse upon encountering a mismatch, and will activate DNA cleavage 

by Cas3 upon reaching the end of the target (209). 

In contrast to Type II systems, adaptation by the Type I-E system was very 

inefficient, being barely detectable by high-throughput sequencing after tens and 

even hundreds of days of co-cultivation with phage (196), despite Cas1-Cas2 

complex being capable of integrating a prespacer into the CRISPR array in vitro 

(74). Interestingly, Cas2 of the system is unique, because it possesses a DnaQ-

like 3’-5’ exonuclease domain, which processes the 3’- overhangs of the 

prespacers to promote the integration (74). 

 

Type III CRISPR-Cas system of Streptococcus thermophilus 

Following characterization of Type I and Type II CRISPR-Cas systems, it 

was assumed that all the CRISPR-Cas systems bound to and degraded DNA 

targets. However, works by Tamulaitis et al. revealed that the Type III-A 

CRISPR-Cas system of Sth defended against a RNA phage in a Csm3 

endonuclease-dependent way (110). Moreover, they reconstituted the crRNP of 

the system in vitro, and found that it indeed bound to RNA targets rather than 
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DNA targets, and generated multiple cuts at 6 nt intervals (110). Later, the 

system was also found to interfere with plasmid DNAs and their transcripts in E. 

coli host by the non-specific nuclease activities of Csm1 and Csm6 (108,121). As 

stated above, Smalakyte et al. showed that the CARF domain and the HEPN 

domain of Csx1 of this system degraded the cAns, which was a regulatory 

mechanism of Csx1 when interference against the invader is complete (126). 

Adaptation by the Type III system of Sth had never been observed before my 

work.  

 

Dissertation overview 

The chapters of this dissertation describe the scientific studies and 

contributions I have made investigating naïve and primed adaptation by the Type 

III-A CRISPR-Cas system, as well as adaptation by the Type I-E CRISPR-Cas 

system of Sth. 

Chapter 2 investigates the properties of naïve adaptation by the Type III-A 

CRISPR-Cas system of Sth. Type III CRISPR-Cas systems are distinguished 

from other types of the systems by their interference activity, however, our 

knowledge about their adaptation is very limited. In this chapter, I for the first time 

provide detailed studies about spacer uptake properties of Type III systems. I 

examined adaptation by the Type III-A system of Sth, and adaptation by the Type 

II-A system in the same host as a comparison. Unlike Type II systems and some 

Type I systems, deletion of Type III crRNA biogenesis-related gene (cas6) or 

interference-related gene (csm1-6) did not disrupt adaptation nor detectably 
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change spacer uptake patterns (except those altered by counter-selection). No 

PAM was observed with the Type III system. The lengths of the Type III-A 

spacers averaged 36 bp. Interestingly, certain regions of plasmids and the host 

genome were particularly well-sampled during Type III-A, but not Type II-A, 

spacer uptake. These regions included the single-stranded origins (ssos) of RCR 

plasmids, rRNA and tRNA encoding clusters, and promoter regions of expressed 

genes. I also found that the Type III-A system could adapt and protect the cell 

from a lytic phage. Taken together, this chapter indicates that the Type III 

adaptation machinery preferentially targets DNA secondary structures including 

imperfect hairpins and other partially double-stranded DNAs.  

Chapter 3 investigates primed adaptation by the Type III-A CRISPR-Cas 

system of Sth. Our knowledge about adaptation by the Type III CRISPR-Cas 

systems was very limited before my work, and in particular, no evidence of 

primed adaptation had been reported. In this chapter, my work provided 

preliminary evidence of Type III primed adaptation. Here, primed adaptation 

increased the frequency of secondary adaptation by the Type III-A system 

against the invading plasmid, when compared to host genome. The DNA 

cleavage sites of the targeted plasmid were recognized and preferred by primed 

adaptation, and moreover, directional transcription of the DNA target and DNase 

activity of the system were both required for primed adaptation, implying that it is 

the initial DNA cleavage that facilitates secondary adaptation. This chapter 

provides preliminary information about primed adaptation by the mysterious Type 
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III system, and paves the way for further studies about primed adaptation by 

Type III CRISPR-Cas systems. 

Chapter 4 investigates both naïve and primed adaptation by Type I-E 

CRISPR-Cas system of Sth. Previously to the work of this dissertation, 

adaptation by the Type I-E system could only be very rarely detected. To better 

understand this process, in this chapter, I increased the frequency of adaptation 

of the Type I system to a high level by overexpression of cas1 and cas2 genes, 

allowing for a thorough investigation into protospacer selection and adaptation 

events. This work reveals that the Type I-E system of Sth preferentially selects 

protospacers with an upstream AA PAM. Studies regarding primed adaptation 

have been hampered by the difficulties in the design of escaping targets. To 

study primed adaptation of the Type I system, I developed a novel method to 

naturally obtain virulent phages that escaped from CRISPR-Cas-mediated 

defense and acquire the escaping target sequences that triggered primed 

adaptation. I showed that a priming spacer was able to increase the frequency of 

adaptation by this Type I-E system in the absence of overexpression of any cas 

gene. The secondarily protospacers acquired during primed adaptation 

accumulated at both primed and non-primed strands with an obvious gradient 

centered at the target/protospacer of the pre-existing spacer. This chapter not 

only characterized naïve and primed adaptation by the Type I-E system of Sth, 

but also provided a new method enable future work on understanding the 

detailed mechanism of primed adaptation.  
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Figure 1.1. Schematic of the process of CRISPR-Cas-mediated invading 

nucleic acid immunity. 

All the CRISPR-Cas systems function in three major steps: adaptation, crRNA 

biogenesis, and target interference. The heritable defense memories against the 

foreign nucleic acids are acquired during adaptation, where protospacers from 

foreign nucleic acids are selected (by PAM for the Type I and Type II systems), 

processed, and integrated into a CRISPR locus at its leader-proximal end as new 

spacers. The CRISPR locus is transcribed into a long and pre-mature RNA, 

which is further processed into short and mature crRNAs. crRNAs direct the 

formation of crRNPs, and the cleavage of invading nucleic acids. 
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Figure 1.2. Schematic of Cas1-Cas2 complex-mediated prespacer 

integration.  

The Cas1-Cas2 complex binds to a dsDNA prespacer substrate and directs the 

3’- hydroxyl groups of the prespacer to attack the leader-repeat junction and the 

repeat-Spacer1 junction. The resulting single-stranded repeats will be filled in by 

host DNA polymerase and ligase.  
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Figure 1.3. Schematic of the process of primed adaptation. 

A mature crRNA generated from a CRISPR locus directs a crRNP to recognize 

and degrade the foreign nucleic acid by base pairing. The invaders may be able 

to escape from CRISPR-Cas-mediated defense by mutation(s) within the target 

or the PAM. However, a crRNA which is totally or partially reverse 

complementary to a fragment of the invader, may be able to trigger the highly 

efficient secondary adaptation by Cas1-2 complex against the same invading 

molecule, thus minimizing the amount of the escaping invaders.  
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Figure 1.4. Schematic of target interference by Type III systems. 

A mature Type III crRNA directs the crRNP (Csm complex for Type III-A) to bind 

to the transcript of the target by base pairing. The DNase activity (HD domain) of 

the crRNPs is stimulated by base pairing, and non-specifically cleaves the 

ssDNAs. Additionally, the Palm domain of Cas10 (Csm1 for Type III-A) 

synthesizes cAns, which stimulate the RNase activity of Csx1 (Csm6 for Type III-

A) to non-specifically cleave the foreign DNA transcripts.  
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Figure 1.5. Schematic of the process of rolling-circle replication. 

The parental plus strand (nicked during the replication) is illustrated in blue, the 

parental minus strand is illustrated in orange, and the nascent strands are 

illustrated in green. The rectangles represent single-stranded origin (sso) and 

double-stranded origin (dso).  
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CHAPTER 2 

PROPERTIES OF SPACER ACQUISITION BY THE TYPE III-A CRISPR-CAS 

SYSTEM OF STREPTOCOCCUS THERMOPHILUS. 
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Abstract 

The requirements for interference in Type III CRISPR-Cas systems are 

broadly different from those in well-studied Type I or Type II systems, with no 

apparent PAM (protospacer adjacent motif) and the crRNA binding nascent RNA 

rather than DNA. In this chapter, I examined the process of adaptation to 

determine if CRISPR spacer uptake properties and patterns also differ for a Type 

III system. Streptococcus thermophilus JIM8232 strain contains interference-

proficient Type II-A and III-A systems, as assessed by target plasmid 

transformation efficiency. Both systems were also competent for adaptation, 

enabling direct comparison of spacer uptake patterns between Type II and III 

CRISPR systems in the same organism against a variety of plasmid or phage 

invaders. Several novel Type III characteristics were observed. First, unlike Type 

II systems that require the effector Cas9 nuclease for adaptation, deletion of 

Type III crRNP effector complex genes (csm1-csm6) or cas6 did not disrupt 

adaptation and did not detectably change spacer uptake patterns except those 

related to counter-selection. Moreover, in contrast to Type II adaptation, no PAM 

was observed with the Type III system for either the wildtype or the interference-

null (csm1-csm6 deletion) strain. Spacer lengths were also different between the 

systems, with the Type III-A spacers averaging 36 bp, consistent with the lengths 

observed for existing spacers in the native array. Interestingly, certain regions of 

plasmids and the host chromosome were particularly well-sampled during Type 

III-A, but not Type II-A, spacer uptake. These regions included the single-strand 

origins of rolling circle plasmids, rRNA and tRNA gene clusters, and promoter 
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regions of expressed genes. I also found that the Type III-A system could adapt 

and protect the cell from a lytic phage. Collectively, my findings indicate that the 

Type III adaptation machinery preferentially targets DNA secondary structures 

including imperfect hairpins and other partially double-stranded DNAs. I will 

discuss how this Type III spacer selection strategy may skew adaption toward 

the expressed genes of mobile genetic elements which can be recognized and 

targeted by III-A crRNAs. 

 

Introduction 

CRISPR-Cas systems are diverse, adaptive and heritable immune systems 

that protect many bacteria and archaea against potentially harmful viruses, 

plasmids and other invasive mobile genetic elements (1-6). The specific defense 

activity of a CRISPR-Cas system is acquired by the adaptation phase, during 

which a short fragment (protospacer) of the foreign DNA can be captured and 

integrated into the CRISPR locus at the leader proximal end as a spacer, 

simultaneously with a duplication of the first repeat (2,7-10). Subsequent 

expression and processing of the repeat-spacer units that comprise the CRISPR 

arrays, generates a pool of individual CRISPR RNAs (crRNAs) that each have 

the potential to direct Cas effector nucleases to destroy complementary nucleic 

acids of the invasive mobile genetic elements (2,11,12). Of the six broad types of 

CRISPR-Cas systems identified (I-VI) (3,13,14), Types I, II and VI systems 

recognize and destroy invasive DNAs (15-20), while Type VI systems target RNA 

destruction (15,21-23) (the mechanisms of action for Type IV systems are yet not 
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understood). Type III systems are unique in that they recognize complementary 

target RNAs but are capable of destroying both transcriptionally active DNAs and 

the RNA products of viruses and plasmids (Figure S1) (24-30).   

Recent progress has offered key insight into the detailed molecular 

mechanisms governing the ability of various CRISPR-Cas systems to recognize, 

excise, process and accurately integrate spacers at CRISPR arrays (a process 

known as CRISPR adaptation). Much of the work performed to date has centered 

on how distinct Type I and II (DNA targeting) systems operate. The available 

evidence indicates a key and universal role for Cas1-Cas2 integrase complexes 

in capturing spacer DNA and catalyzing integration of the DNA fragments at 

CRISPR loci (2,8,31-34). Moreover, an important role for specific sequence 

elements within the leader (a variably sized DNA region positioned immediately 

upstream of the CRISPR array) were determined to be critical in directing spacer 

integration at the leader-proximal repeats of both Type I and Type II systems 

(31,35-37). The polarized addition of new spacers specifically at the leader end 

of the CRISPR array generates a chronological record of past invasions (38). 

The key leader sequences have been shown to function either by providing 

recognition sites for direct binding of Cas1-Cas2 complexes (39) or for binding of 

additional non-Cas factors (such as integration host factor (IHF) for Type I-E and 

I-F systems) needed to recruit Cas1-Cas2 complexes to the leader-proximal 

CRISPR repeat (40-42). Biochemical and structural studies have revealed that 

spacer DNA integration proceeds via a two-step transesterification reaction 

whereby the 3’ hydroxyl groups of the incoming spacer DNA each attack the 
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terminal nucleotides of the CRISPR repeat element, followed by host cell repair 

of the gapped DNA intermediates (43,44). While all investigated systems were 

found to rely on Cas1 and Cas2, the various steps of spacer generation and 

integration have been shown to require additional Cas (e.g. Cas4, Cas9, Csn2) 

(2,33,34,45) and non-Cas factors (e.g. IHF, RecBCD, DNA polymerase) 

(40,42,46-50) in different systems and in different organisms. Indeed, in some 

systems but not others, efficient spacer acquisition by the adaptation machinery 

(including Cas1, Cas2 and any additional adaptation factors) depends upon the 

presence of the effector crRNP interference machinery required also for 

sequence-specific destruction of foreign nucleic acids (51). Adaptation is a highly 

infrequent event that only occurs in few cells of a population for all tested 

CRISPR-Cas systems. Moreover, the protospacer sources of spacers can be 

either foreign nucleic acids (leading to immunity) or the host chromosome 

(leading to autoimmunity and cell death) (33,52,53). Additional work with less 

characterized CRISPR-Cas systems is required to more fully comprehend both 

the common and unique mechanistic features associated with each diverse 

CRISPR-Cas system as well as the contribution of host cell environment to 

spacer acquisition process. 

We are only now just beginning to gain initial insights into mechanisms 

directing adaptation by Type III systems. Type III systems are among the most 

abundant and widespread CRISPR systems (second only to Type I systems) and 

occur in both bacteria and archaea (3). Type III systems have been classified into 

six distinct subtypes (Type III-A to F) based on the properties of the interference 
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proteins including Cas10 signature protein and other distinguishing features 

(3,54). Interestingly, most Type III-A systems include genes encoding their own 

Cas1 and Cas2 adaptation proteins, CRISPR arrays and crRNA processing 

(Cas6) enzymes, however, the majority of other Type III systems (III-B, C, D, E 

and F) lack these features and are predicted to be unable to adapt (1,3,54). 

Instead, there is evidence that these Type III subtypes co-occur with Type I 

systems and appear be functionally dependent upon the Type I systems to 

provide them with processed crRNAs (55). The picture that is emerging is one 

where most Type III systems (besides Type III-A) serve primarily as “back-up” 

interference modules that are acquired by horizontal gene transmission and 

provide major benefits to the organism including the ability to target at the RNA 

level and to resist phage escape by Type I systems (55). A notable exception to 

this trend is the rare reverse-transcriptase (RT)-Cas1 fusion systems that enable 

some Type III systems to adapt (55-58). While the other reported systems can 

only adapt DNAs as CRISPR spacers, the Type III systems with RT activity can 

use both RNAs and DNAs as the substrates, and the adaptation against RNAs is 

dependent on the RT (55-58). Work to understand how the RT-free Type III 

systems adapt has just begun. The best characterized Type III-A system of S. 

epidermidis (59), has yet to be observed to carry out adaptation. In contrast, a 

Type III-A system of Thermus thermophilus was very recently shown to be active 

against a phage and documented that new spacers were preferentially acquired 

from a region of the phage predicted to harbor genes that are expressed early in 

phage infection (60). Further work is necessary to understand in greater detail 
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the properties used by Type III-A systems to recognize and integrate foreign 

nucleic acid spacer sequences into their affiliated CRISPR arrays. 

Type III systems are particularly interesting systems to explore adaptation 

properties since they differ in several important ways to the more well-studied 

Type I and II systems and are therefore expected to have unique attributes. For 

example, the DNA targeting systems rely on a short (2-5 bp) PAM (protospacer 

adjacent motif) both as a signal recognized during adaption and interference (61-

64). During adaption, the PAM plays a critical role in directing spacers integration 

in an orientation that leads to a functional CRISPR RNA. At the interference 

stage, PAMs play a key role in self- vs. non-self, recognition as invader DNA but 

not captured spacer DNA in CRISPR arrays, contain PAMs (Figure S1) 

(16,61,62,65). In contrast, Type III systems appear to lack PAM sequences but 

like Types I and II systems, newly acquired spacers must be integrated in one of 

two possible orientations to give rise to functional crRNAs capable of recognizing 

the target RNAs by complementary base-pairing (Figure S1) (56,58,60). 

Analyses of native Type III-A CRISPR arrays reveal a major bias for spacers 

inserted in the sense orientation relative to their viral or plasmid RNA targets 

(66). However, it is not yet fully understood if Type III-A systems utilize a novel 

(PAM-independent) mechanism to ensure capture of spacers in a particular 

orientation or if as early work suggests, spacers are initially acquired in both 

orientations and downstream processes ultimately preserve spacers that impart a 

selective advantage to the organism and purge those that do not confer immunity 

or induce autoimmunity (60). It is also unclear if the Cas1 and Cas2 proteins are 



 

79 

 

sufficient for executing adaptation or if (like other Type I and II systems) the 

interference components including crRNA, Csm1-6 proteins are needed as well. 

Given that Type III systems ultimately recognize target RNAs from expressed 

mobile genetic elements, an important question is whether mechanisms 

governing spacer choice have evolved to enhance the probability of leading to 

functional spacers or if instead spacers are chosen on a random basis.  

In this chapter, I demonstrate that the native Type III-A system of 

Streptococcus thermophilus (Sth) JIM 8232 strain is active for executing 

adaptation against plasmid and phage invaders. By comparing the adaptation 

properties of Type III-A and a Type II system that co-exists in the strain, I show 

that Type III-A systems differ with regard to size range of spacers integrated, lack 

of PAM, and apparent lack of integration orientation bias. I show that Cas1 and 

Cas2 are necessary and sufficient for Type III-A adaptation and performing 

assays in the absence of an interference pathway revealed that spacers are 

normally integrated in both possible orientations but a strand bias found in wild-

type (WT) strains is due to negative selection against cells that incorporate self-

targeting spacers capable of triggering lethal autoimmunity or plasmid loss under 

selective growth conditions. Through challenging Sth with a variety of different 

plasmids and phage invaders, I found that spacer choice is non-random and that 

DNA secondary structures (e.g. hairpins formed on single-stranded rolling-circle 

replication intermediates or as a results of predicted R-loop formation during 

transcription or replication) are preferentially targeted by the Type III-A 

adaptation machinery. I discuss how this spacer selection strategy may promote 
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recognition of mobile genetic elements vs. host genomes and skew adaption 

toward the expressed genes of mobile genetic elements capable of being 

recognized by RNA-targeting Type III-A acquired crRNAs. 

 

Materials and methods 

Strain and plasmid manipulation 

Sth JIM8232 was kindly provided by Dr. Pierre Renault. Sth DGCC7710 and 

phage 2972 were kindly provided by Dr. Sylvain Moineau. Sth strains were 

inoculated in M17 medium supplemented with 0.5% lactose (LM17) (Oxoid or 

HiMedia), and the cultures were incubated at 37oC overnight, or at 42oC during 

the day. E. coli Top10 was used for plasmid construction and maintenance. E. 

coli Stellar (dcm-/dam-) was used to generate unmethylated plasmids for the 

target interference assay. pWAR, pTRK882, pNT1, pNZ123, pIB184, pG+Off, 

and pRSNPed plasmids were kindly provided by Drs. Michael Federle, Todd 

Klaenhammer, Sylvain Moineau, Indranil Biswas, Marie-Frédérique Lartigue, and 

John Renye. M13mp18 single-stranded DNA (ssM13) and RF DNA (dsM13) 

were purchased from New England BioLabs. When needed, chloramphenicol 

was supplemented at 2 μg/mL in LM17 liquid broth, and at 5 μg/mL in LM17 

plates (with 1% agar) for Sth; erythromycin and kanamycin were supplemented 

at 15 μg/ml and 150 μg/ml for Sth, separately. The construction of the Sth mutant 

strains were achieved by a well-developed natural transformation procedure (67). 

The primers used for PCR amplification of the recombination templates are listed 

in Table 2.1.  
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Target interference assay 

The Sth strains were inoculated in 5 mL LM17 and the cultures were 

incubated at 37°C overnight. 100 mL fresh LM17 was inoculated with 1% of an 

overnight culture, and incubated at 42°C until OD600 value reached 0.5. The 

culture was then placed on ice for 15 minutes and then centrifuged for 10 

minutes at 5000 RCF at 4°C. Supernatant was decanted and the pellet was 

resuspended in 2 mL ice-cold wash solution (10% glycerol + 0.4 M sorbitol). The 

resuspended cells were washed three times by centrifuge for 1 minute at 15000 

RPM at 4°C, followed by the resuspension in the wash solution. After the final 

wash, the electroporation-competent cells were resuspended in 500 μL wash 

solution and aliquoted. One μg unmethylated target or control plasmid DNA 

(generated in the E. coli Stellar strain), was mixed into 40 μL competent cells, 

and electroporated into the cells by Gene Pulser (BioRad) at 25 μF, 200 Ω, and 

1.8 KV. The transformants were incubated in 1 mL recuperation solution (LM17 + 

0.4 M sorbitol + 20 mM MgCl2 + 2 mM CaCl2) for 2 hours at 42°C, and then 

plated onto an LM17 plate (1% agar) with the appropriate antibiotic.  

 

Adaptation assay  

The foreign plasmids were transformed by the well-developed natural 

transformation procedure (67).Twenty to thirty colonies of the transformed Sth 

strains were inoculated into 10 mL LM17 with appropriate antibiotics, and the 

cultures were incubated at 37°C for overnight. The total DNA of the overnight 
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cultures was extracted by Quick-DNA Fungal/Bacterial Miniprep kit (Zymo 

Research).  

To monitor adaptation, the leader-proximal end of the CRISPR array was 

amplified by CAPTURE PCR or multiple round PCR from the extracted DNAs 

(Figure 1B). PCR primers are listed in Table 2.1. Expanded amplicons from the 

first round PCRs were separated from unexpanded products by gel 

electrophoresis, bands of the correct size were cut, and DNAs were isolated by a 

gel recovery kit (Zymo Research). When expanded amplicons were too faint to 

visualize, the region of a gel lane corresponding to amplicons in the expanded 

size range was cut. Illumina high-throughput sequencing (HTS) overhangs and 

Illumina HTS index barcodes were added to the expanded array amplicons by 

PCR. Purified PCR products were ranked by PCR intensity and then pooled, 

concentrated by ethanol precipitation, quantitated, and diluted to a suitable 

concentration for Illumina platform sequencing.  

Array libraries were sequenced on an Illumina MiSeq, set to yield 250 by 50 

paired end reads; the 250 base read 1 sequences were used in this study. After 

sequencing, samples were de-multiplexed by index, and the sequence 

corresponding to a new (expanded) spacer was extracted from each read. New 

spacers were aligned to reference sequences (bacterial chromosome and 

appropriate plasmids) using Bowtie (68) to identify the protospacer sequence. 

Protospacer sequences were then characterized with respect to length, PAM, 

and position on the genome or plasmid. To detect PAMs, protospacer adjacent 
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upstream and downstream sequences were extracted using bedtools (69) and a 

consensus sequence logo was made using weblogo (70).  

 

RNAseq assay 

To evaluate RNA expression patterns, RNA sequencing was done on 

cultures grown to either exponential or stationary phase. Briefly, cultures were 

pelleted and decanted, then frozen at -80°C. Pellets were thawed and 

resuspended directly in lysis buffer and RNA was isolated using the PowerBiofilm 

RNA Isolation kit (Qiagen). Stranded, total RNA libraries (with no rRNA or tRNA 

depletion) were prepared using the Illumina TruSeq kit and were sequenced on 

an Illumina NextSeq instrument, generating paired 2 by 150bp reads. Reads 

were demultiplexed by index, adapter trimmed, and aligned to the appropriate 

reference sequences (bacterial chromosome, plasmid) by bowtie2 (71).  

For both the adaptation and RNAseq assays, alignment outputs were 

processed (69,72) and custom genome browser tracks were generated using 

tools available from the University of California Santa Cruz Genome Browser 

(https://genome.ucsc.edu). We noted that the distribution of protospacers across 

the genome was not even, so regions with significant protospacer enrichment of 

were identified using the findPeaks software in the HOMER analysis package 

(73). For spacers that aligned within the boundaries of annotated protein-coding 

genes, we determined the percent that matched the coding versus template 

strand of those annotated genes using a custom python script. 
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Phage infection and BIM isolation and analyses. 

        The Sth strains were inoculated in 5 mL LM17 and the cultures were 

incubated at 37°C overnight. Five mL fresh LM17 with 10 mM CaCl2 was 

inoculated with 1% of an overnight culture, and incubated at 42°C until OD600 

value reached 0.3. Phage infection was performed with phage 2972 at multiplicity 

of infection (M.O.I.) of 0.1, 1, and 10, separately. After phage addition, Cells were 

kept incubated at 42°C for 60 minutes, 90 minutes, or overnight. At the end of 

each of the three time points, 100 μL of each culture was plated onto an LM17 

plate with 10 mM CaCl2. The plates were incubated at 37°C overnight, and then 

individual colonies were ramdomly picked and evaluated for CRISPR array 

expansion by colony PCR, using the primers listed in Table 2.1. The remaining 

volume of each of the cultures was subjected to total DNA extraction, CAPTURE 

PCR, and HTS to evaluate adaptation as described above.  

 

Results 

Type III-A system of Streptococcus thermophilus actively acquires new 

spacers at the CRISPR locus.   

Sth JIM8232 has an intact Type III-A CRISPR-Cas system in its genome, 

containing 17 pre-existing spacers, as well as a Type II-A system, and another 

Type II CRISPR array without cas genes adjacent to it (Figure 2.1A) (74). 

Interestingly, the sequence of Spacers 3-8 of the Type III-A system is identical to 

those of Spacers 9-14. 
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To test adaptation ability of the Type III-A CRISPR-Cas system, I 

transformed Sth cells with pWAR plasmid (75) as a heterologous DNA, and 

examined the leader proximal ends of the CRISPR arrays by PCR and HTS 

(Figure 2.1B). As a comparator to the Type III system, we examined the 

adaptation by the Type II-A system in the same host in parallel. The homologous 

Type II system (CRISPR1-Cas) of another well-studied Sth strain, DGCC7710, 

has been shown very efficient in adaptation (2,33,37). However, adaptation by 

the Type II system of Sth JIM8232 strain was inefficient as a result of 

polymorphisms within the leader sequence (Figure S2A). As a consequence, we 

recovered the high efficient Type II adaptation phenotype by inserting the leader 

sequence and the following 4 repeat-spacer units of the DGCC7710 CRISPR1 

array into a pseudogene of JIM8232 genome that encoded non-functional 

components of the glucose phosphoenolpyruvate-dependent phosphotransferase 

system (PTS locus). The short DGCC7710 CRISPR1 array at PTS locus kept the 

adaptation features (Figure S2B and C) and mediated defense against the tested 

target plasmid (Figure S2D). We then monitored adaptation by the Type II 

system at PTS locus in the new strain.  

The sizes of the pre-existing spacers of Type III-A CRISPR locus ranged 

from 35 to 39 bp, with 36 bp to be the most frequent one. The lengths of about 

99% of the unique reads of new spacers acquired by the Type III-A system fell 

into a roughly normal distribution from 32 to 42 bp, with 36 bp as the peak of the 

curve (Figure 2.1C). As a comparison, more than 80% of the new spacers 

acquired by the Type II-A system were 30 bp, with the others being 29 or 31 bp 
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(Figure 2.1C). As to well-studied Type I and Type II systems, the protospacers 

are selected along foreign DNAs by system-specific PAMs, and are inserted at 

the leader proximal ends of the arrays in a PAM directed orientation (61-64), 

while the adaptation by the tested Type III systems are PAM-independent  

(56,58,60) (Figure S1). We examined the particular DNA bases of 5’- and 3’- 

protospacer flanking regions (PFSs) of the protospacers selected by the Type III-

A system, and no consensus sequence motif was identified (Figure 2.1D), which 

was expected since target interference by the Type III systems tolerates a broad 

range of PFSs (76). To rule out the possibility of survivor bias, since CRISPR-

Cas systems diminish the adapted nucleic acids, we examined the interference-

inert strains (Figure 2.2B), and still did not find any consensus PFS. In contrast, 

Type II-A system in the same host selected protospacers with a downstream 

NNAGAAW PAM (Figure 2.1D). The majority of new spacers were mapped to 

self-genome, which was not surprising, since the genome is about 464-fold larger 

than the plasmid (Figure 2.1E). 

 

Cas1 and Cas2 are the only two Cas proteins required for adaptation by the 

Type III-A system 

Little was known about which Cas proteins were involved in adaptation by 

the Type III CRISPR-Cas systems, since it had been tested only in the three 

studies with Type III systems employing RT-Cas1 fusion protein (55-58). In this 

work, new spacer acquisitions were observed by four round PCR for wild-type 

(WT) strain, the cas6 knockout (KO) strain, and the csm genes KO strains, but 
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not for the cas1 or cas2 KO strains (Figure 2.2A). These results indicate that 

Cas1 and Cas2 are essential for adaptation by the Type III systems and sufficient 

for Cas protein requirement. 

 

Adaptation-independent replication of the repeat-spacer units in both Type 

III-A and Type II-A systems 

A large number of the new spacers appeared to be derived from the pre-

existing spacer1 of the Type III-A system, and moreover, all the pre-existing 

spacers were ‘adapted’ at the leader proximal end of the CRISPR array (Figure 

2.2C). Interestingly, the same ‘adaptation’ against the pre-existing spacers also 

occurred in the arrays of the cas1 and cas2 KO strains, while the adaptation 

against the plasmid and genome was not detected except for several rare unique 

spacers which might be caused by contamination (Figure 2.2C). This indicated 

that the insertion of the repeat-spacer units at the leader proximal end were likely 

caused by homologous recombination or other DNA replication procedures at the 

repeat-rich regions during genomic replication, instead of adaptation events of 

the CRISPR-Cas system. The extensive repeat-spacer replications were also 

detected in the Type II CRISPR-Cas locus (Figure 2.2D), indicating that 

adaptation-independent replication of the repeat-spacer units happens in both 

Class 1 and Class 2 CRISPR-Cas systems (Figure 2.2E).  
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Type III spacers are integrated in both possible orientations 

Target interference by the Type III CRISPR-Cas systems requires the 

directional transcription of the target, as the DNase activity of the crRNPs and the 

RNase activity of Csx1 (Csm6 for Type III-A) are stimulated by base pairing 

between the guiding crRNAs and the transcript of the target DNAs (28,77-84). As 

a consequence, only when the template strands of the double-stranded spacers 

are integrated into the top strand of the Type III CRISPR array can defense be 

triggered; in contrast, spacers with the encoding strand on the top strand are not 

bona fide spacers (Figure 2.3A).  

Nearly all the pre-existing spacers of Type III-A systems of Sth strains were 

from the template strands of the heterologous DNAs (Figure 2.3B). Surprisingly, 

in this work, most of the new protospacers detected were from the coding strands 

of the plasmid or self-genome. However, after knocking out the interference-

related csm genes, approximately half of the spacers were acquired from the 

coding strands while the other half were from the template strands (Figure 2.3C, 

E, and F). These findings indicate that self-targeting spacers were subject to 

counter selection, as they are capable of triggering ‘defense’ by the Type III 

crRNPs. Interestingly, the most highly transcribed regions of the rRNA and tRNA 

encoding clusters were most extensively sampled by the Type III-A adaptation 

machinery but not by the Type II-A system (Figure 2.3D and S3). Moreover, the 

Type III adaptation machinery was revealed a coding strand preference in the 

rRNA and tRNA clusters even in the absence of csm genes (i.e., without the 

influence of the counter selection) (Figure 2.3D and S3). This phenomenon is 
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discussed further below (See Impact of transcription on protospacer selection 

and Discussion). 

 

Selective targeting of partially palindromic sequences by Type III 

adaptation 

pWAR is a rolling-circle replicating (RCR) plasmid (85,86). The Rep protein 

encoded by a RCR plasmid recognizes the double-strand origin (dso) of the 

plasmid, generates a double-stranded DNA (dsDNA) nick at the dso, and peels 

off the 5’-end of the plus strand. The plus strand is continuously replicated, which 

is initiated by the cognate 3’-OH end of the parental plus strand. The plus strand 

is displaced and re-ligated after the replication. The single-strand origin (sso) is 

partially palindromic and forms a hairpin structure when the plus strand is 

displaced in the circular single-stranded DNA (ssDNA) form, and the hairpin 

structure can trigger the replication of the minus strand (Figure 2.4A) (87,88).  

The new spacers acquired by the Type III-A system which target pWAR 

formed consistent peaks covering the sso. This was further amplified when the 

interference-required csm genes were absent, with two extraordinary peaks of 

mapped spacers appeared at the end of sso (Figure 2.4B). Since sso formed a 

hairpin structure during its ssDNA stage, we reasoned that this imperfect dsDNA 

structure could be a preferred substrate of Type III adaptation, and the 

adaptation peaks of WT system were not as pronounced due to plasmid 

elimination by downstream target interference.  



 

90 

 

To further test this finding, we monitored adaptation by both Type III-A and 

Type II-A CRISPR systems against 3 other RCR plasmids, pTRK882 (89), pNT1 

(90), and pNZ123 (91); 3 theta replicating plasmids, pIB184 (92), pRSNPed (93), 

and pG+Off (94); and non-replicating ssM13 and dsM13 DNAs, separately. For 

the Type III-A system, all the ssos of RCR plasmids were recognized by the 

adaptation machinery and covered by new spacer mapping peaks, while the 

replication origins of the theta replicating plasmids were not preferred DNA 

substrates for adaptation (Figure 2.4C and S4). pNT1 contains a mob gene for 

conjugation, as well as a putative oriT with its RSA recombination site, inverted 

repeats and nick site (95). Interestingly, both the sso and oriT of pNT1 were 

highly sampled by the Type III-A system (Figure 2.4D). Unlike the other plasmids, 

M13 DNAs are not able to replicate in Sth cells and do not contain any selective 

marker, hence detection of spacers targeting these DNAs is difficult. Despite this, 

we still successfully detected 5 unique spacers from dsM13 DNA, as well as 3 

unique spacers from ssM13 DNA over 6 independent experiments (Table 2.2). 

All the protospacers of ssM13 were located within lacI gene, which was a hairpin 

structure enriched region (96), and they were located at the partially palindromic 

sequences. These findings support our hypothesis that stem-loop structures or 

other secondary structures formed by a ssDNA could serve as additional 

substrates of adaptation by the Type III-A CRISPR system. 

Although the sso and dso sequences, as well as the oriT of pNT1 plasmid 

were adapted by the Type II-A system, they were not preferred over the other 
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parts of the plasmid (Figure S4), revealing the specificity of the features of the 

Type III-A adaptation.  

Besides the functions in the life cycles of plasmids, partially palindromic 

sequences also play an important role in expression control of some genes. For 

example, the replication rate-limiting gene repD of pIB184 is regulated by 

antisense RNA III and cis-acting sequences, which are enriched in partially 

palindromic structures (Figure 2.5A) (97,98). The upstream sequences of 

ribosomal protein L10 and amino acid synthetase genes are enriched of stem-

loop structures (Figure 2.5B and C), which play important roles in expression 

control of the genes (99-101). These partially palindromic sequences in the 

plasmids and self-genome were well-sampled by the Type III-A CRISPR-Cas 

systems but not by the Type II-A systems (Figure 5D-I). 

 

Impact of transcription on protospacer selection  

We noticed strong adaptation against several highly transcribed genes of the 

plasmids and self-genome, as well as the extensive adaptation against the 5 

rRNA and tRNA encoding regions, by the Type III-A system, but not by the Type 

II-A system (Figure 2.3, 2.5, S3, and S4). More specifically, strong adaptation 

around the transcription start sites of some highly transcribed genes were 

observed for the Type III-A system (Figure 2.6A-C). This raised the question of 

whether transcription of the substrates impacted protospacer selection during 

adaptation by the Type III-A system of Sth, despite the system being RT-free.  
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To test this hypothesis, we inverted the p23 promoter in the multiple cloning 

site of pIB184 (which would not influence the gene expression or the stability of 

the plasmid), and compared between the adaptation against the new and the 

original pIB184 plasmid. For the Type III-A system, the accumulation of the 

protospacers following the transcription start site was diminished by the p23 

inversion, which in turn facilitated the adaptation against the upstream region, a 

lowly adapted region in the original pIB184 plasmid (Figure 2.6B). In contrast, the 

strong promoter had no influence on the adaptation by the Type II-A system 

(Figure 2.6B). Moreover, when correlating adaptation strength to transcription 

level, we observed that the first ~50 bp of the transcribed regions were 

apparently preferred by the adaptation of the Type III-A system (Figure 2.6D). 

Except for the most highly transcribed rRNA and tRNA encoding regions (Figure 

2.6E), no direct correlation was found between the adaptation strength and the 

transcription level of the substrates (Figure 2.6E and F). Since the Type III-A 

system had no RT activity, this feature was not caused by direct adaptation 

against RNAs; instead, since the system appears to recognize secondary 

structures of the DNA substrates, we concluded that when the DNA substrates 

being transcribed, the encoding strand was displaced and had the potential to 

form the secondary structures to serve as the additional adaptation substrates for 

the Type III-A system (Figure 2.8).  
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Type III systems mediate adaptive defense against the lytic phage 

No lytic phage has been identified for Sth JIM8232 strain, while phage 2972 

had been shown lytic for Sth DGCC7710 strain (with a degraded Type III-A 

system) (102). To test whether the Type III-A CRISPR-Cas system is able to 

mediate defense against lytic phage, we replaced the native Type III-A CRISPR-

Cas system of DGCC7710 by the one of JIM8232, and co-cultivated the new 

strain with phage 2972 at different multiplicities of infection (M.O.I.) and for 

different durations. By HTS, we detected 13 unique spacers acquired from the 

phage, and they were roughly equally distributed at the coding and the template 

strands (Figure 2.7A). Interestingly, nearly all the adaptation events were 

detected at the early transcribed regions of the phage (Figure 2.7A). Since the 

phage was lytic to the hosts, we reasoned that cells had a limited time period to 

adapt against the phage after infection, during which only the early genes were 

transcribed and became more sensitive to the adaptation by the Type III-A 

CRISPR-Cas system. This is theoretically beneficial for the defense mediated by 

the system, because targeting the transcripts of the early genes allows timely 

authentication of the Type III-mediated defense.  

We successfully isolated two bacteriophage insensitive mutants (BIMs), 

which acquired a new spacer from the template strands of the phage into their 

Type III CRISPR-Cas locus and did not acquire any new spacer in their other 

CRISPR loci (Figure 2.7B and S5). These findings show that the Type III-A 

CRISPR-Cas system is able to mediate the defense against the lytic phage by 

adaptation and subsequent target interference.  



 

94 

 

 

Discussion 

Type III CRISPR-Cas systems are distinguished from the other types of 

systems by their unique and diverse mechanisms of target interference (Figure 

2.2A and S1) (24). Type III systems have been used for genomic editing of the 

hyperthermophiles, in which the CRISPR-Cas9-based modules might not 

function (103), and their target RNA cleavage abilities have been used for gene 

expression control (29,104). Nevertheless, our knowledge about adaptation by 

the Type III systems is very limited. After 2016, three Type III systems with RT 

activity were reported to acquire both RNA and DNA substrates during 

adaptation (55-58), however, since less than 10% of Type III systems have RT 

activity, these systems were not representative. Only very recently, a RT-free 

Type III-A system of Thermus thermophilus was shown to actively acquire new 

spacers from phage phiFa to perform the defense (60). In this chapter, we for the 

first time, provided a detailed analyses of the properties of adaptation by the 

Type III CRISPR-Cas system.  

        We compared the patterns of adaptation by the Type III-A and the Type II-A 

CRISPR-Cas systems of Sth JIM8232 against different RCR plasmids and theta-

replicating plasmids, as well as the host genome. A prominent and intriguing 

feature of the adaptation by the Type III system was the apparent recognition of 

the ssos of the RCR plasmids, contrasting with that of the Type II system. RCR 

plasmids produce ssDNA intermediate forms during their replication, and the long 

and partially palindromic ssos form stem-loop structures to trigger the synthesis 
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of the minus strand. We reasoned that the stem-loop structures served as 

additional dsDNA substrates for adaptation of the Type III system, making the 

ssos preferentially adaptation substrates. Similarly, the partially palindromic oriT 

sequence of pNT1, and the stem-loop structures enriched regulatory regions of 

pIB184 rep gene and the genomic genes, as well as the clover structure enriched 

rRNA and tRNA encoding regions of self-genome, were also enriched in Type III 

adaptation, but not in Type II adaptation. Most of the natural plasmids of gram-

positive bacteria, including Sth, and many of those of gram-negative bacteria are 

RCR plasmids (105). Moreover, the crucial structure of oriT and other DNA 

secondary structures are important for the conjugative transfer and other 

functions of environmental mobile genetic elements (106). As a consequence, it 

seems likely that secondary structure recognition by the Type III CRISPR-Cas 

system is beneficial for the system to specifically and efficiently eliminate the 

invaders (Figure 2.8).  

        Cas1 and Cas2 have been shown to be essential for adaptation by all the 

tested CRISPR-Cas systems (2,31-34,41,56). The Type III-A CRISPR-Cas 

system of Sth requirs Cas1 and Cas2 proteins, but not Cas6 or any interference-

related Cas proteins for adaptation. After knocking out all the csm genes, the 

system retained the ability to adapt, and the intrinsic features of adaptation. 

Intriguingly, although the adaptation was inert after knocking out cas1 or cas2 

genes, I observed the replication of the repeat and the pre-existing spacer units, 

indicating that such repeat-spacer duplication is an adaptation-independent 

cellular event. Such replication was observed in both the Type III and Type II 
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systems, suggesting that it is a universal feature of all or many of the CRISPR-

Cas systems. We hypothesize that homologous recombination or DNA 

replication errors in the repeat-rich region can help the CRISPR-Cas systems to 

replicate recently acquired spacers to enhance the expression of the crRNAs, as 

well as to lose the old spacers to keep a compact CRISPR array. This may 

explain why the sequences of Spacers3-8 of the Type III-A system of Sth 

JIM8232 are identical to those of Spacers9-14. While the analyses presented 

here would be unable to detect spacer loss, such loss has been observed in a 

study regarding a Type I CRISPR-Cas system (107). 

In 2016, Silas et al. reported adaptation by the Type III-B system of 

Marinomonas mediterranea (MMB-1), which expresses a RT-fused-Cas1 protein 

(56). While RT-free CRISPR-Cas systems can only adapt DNAs as new spacers, 

this Type III-B system can use both RNAs and DNAs as the substrates, and the 

adaptation against RNAs is dependent on RT. This additional adaptation against 

RNAs makes the system preferentially acquire new spacers from highly 

transcribed regions versus lowly transcribed regions, which is beneficial for the 

function of the system, since target interference by the Type III systems requires 

transcription of the targets (56). Soon after this exciting finding, a similar RT-

Cas1-Cas2 complex of Fusicatenibacter saccharivorans was used as a novel 

and efficient tool to record transcription events in E. coli (57). A similar RT-

mediated Type III adaptation against highly transcribed regions was then 

reported by Gonzalez-Delgado et al. in 2019, and moreover, they observed a 

preference toward the encoding strand of the rRNA genes (58). They speculated 
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that the rRNA encoding strand preference was also caused by RT and there was 

a correlation between the gene transcription and the new spacer orientation (58). 

In this work about the Type III CRISPR-Cas system of Sth JIM8232, we found no 

strong correlation between transcription level of the DNA substrates and 

adaptation efficiency against them. However, we observed that the first ~50 bp 

regions following strong transcription start sites were preferentially adapted by 

the RT-free system. This feature was further confirmed by our investigation into 

the influence of the p23 promoter on adaptation. The extensive adaptation 

against rRNA as well as tRNA encoding sequences was also observed in 

adaptation by the Type III system of Sth, indicating that this Type III-specific 

preference was RT-independent and was not caused by direct adaptation against 

the RNA substrates. We reasoned that during the transcription of the highly 

expressed regions, the coding strand was displaced in a ssDNA form, which can 

form secondary structures and be recognized by the Type III system. In 

particular, the rRNA and tRNA coding sequences are the most highly transcribed 

regions of a genome and are enriched in the clover-leaf structures in their ssDNA 

forms. Adaptation against the coding strands of highly transcribed regions were 

more efficiently detected over the template strands in our analyses, but such 

strand bias was abolished after knocking out the interference related csm genes, 

indicating that the prespacers were integrated into the CRISPR array in both 

possible orientations and the bias in the WT system was caused by counter-

selection.  
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Very recently, Artamonoka et al. observed and reported adaptation against a 

lytic phage by a RT-free Type III system of Thermus thermophilus (60). They 

found that the system performed robust adaptive defense against a lytic phage, 

phiFa. The protospacers detected by HTS had a strand bias in that the template 

strand of the phage was adapted more extensively than the coding strand, which 

was caused by survivor bias, since the crRNAs of the Type III system needed to 

bind to the mRNAs of the phages to be functional. More interestingly, they found 

that the long terminal repeat (LTR), the firstly invading region and early 

transcribed part of the phage, was adapted substantially more efficiently than the 

other parts of the phage, and they reasoned that maybe the LTR region encoded 

an anti-CRISPR element that blocked the functions of the CRISPR-Cas system 

(60). In light of our results, it seems plausible that the LTR formed secondary 

structures since it was a repeat-rich region, including palindromic, direct, and 

inverted repeats, and such structures could be recognized by the Type III 

CRISPR-Cas system; or only the adaptation against the early transcribed genes 

could perform the timely defense against the phage. In this chapter, I also 

isolated two Sth DGCC7710 BIMs that separately acquired one new spacer from 

the template strand from phage 2972 in the transplanted Type III-A CRISPR-Cas 

system, indicating that the Type III-A system of Sth performed robust adaptive 

defense against the phages as well. Moreover, nearly all the new spacers 

detected by HTS and the two new spacers of the isolated BIMs came from the 

early transcribed genes of the phage, suggesting that only the crRNAs targeting 
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early transcribed genes could mediate timely defense against lytic viruses for 

Type III CRISPR-Cas systems.  
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Figure 2.1. Adaptation by Type III-A and Type II-A CRISPR-Cas systems. 

 (A) The schematic of CRISPR-Cas systems of Sth JIM8232. The cas genes are 

represented by colored arrows. ‘L’ represents the leader sequences of the 

systems. The fence structures following the leader sequences represent the 

CRISPR arrays. (B) The schematic of the process of adaptation assay. Un, 

unexpanded PCR product that reflects WT CRISPR array. Ex, expanded PCR 

product that reflects adaptation. (C) The column graph shows the length 

distribution of the new spacers of the Type II-A system (cyan) and the Type III-A 

system (yellow). The x axis indicates the spacer lengths, and the y axis indicates 

the percentages of the unique spacers observed. (D) Analysis of PFS sequences 

in adaptation. (E) Proportion of spacers derived from the plasmid (blue) and 

genome (green). Pooled data of at least three independent experiments are 

presented in (C), (D), and (E). 
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Figure 2.2. Cas1-Cas2-dependent adaptation and -independent repeat-

spacer replication. 

(A) Four round PCR results of the Type III-A CRISPR-Cas systems. Δ, gene 

deleted. Un, unexpanded PCR product that reflects WT CRISPR array. Ex, 

expanded PCR product that reflects adaptation. The picture represents more 

than 3 independent experiments. (B) The transformation efficiencies of the non-

target plasmid (pNo-target), transcribed target plasmid (pTarget), and the non-

transcribed target plasmid (pTarget-NT). n = 3. (C) The adaptation-independent 

replications of the repeat-spacer units of the cas1 KO and WT Type III-A system, 

as well as (D) the Type II-A system. Pooled data of at least three independent 

experiments are presented. (E) Schematic of adaptation-independent replications 

of the repeat-spacer units (left), and Cas1-Cas2-dependent adaptation (right).  
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Figure 2.3. Type III spacers are integrated in both possible orientations. 

(A) The effects of the two possible spacer integration orientations on Type III 

target interference. When the coding strand of the spacer is integrated into the 

top strand of the CRISPR array, the expressed Type III crRNA will not be able to 

perform defense (left). In contrast, only when the template strand of the spacer is 

integrated into the top strand of the CRISPR array, the expressed Type III crRNA 

can perform defense (right). (B) Proportion of Type III spacers derived from the 

coding strand (blue) and template strand (orange). Pooled data of at least three 

independent experiments are presented for the new spacers. (C-F) Adaptation by 

WT and the csm1-6 KO Type III systems, and the expression level (revealed by 

RNAseq) of the highly transcribed regions of the plasmid or the genome. The 

protospacers matched the plus strand of the plasmid are shown as cyan bars, 

and the other protospacers matched the minus strand are shown as pink bars. 

The transcripts matched the plus strand of the plasmid are shown as purple bars, 

and the other transcripts matched the minus strand are shown as yellow bars. 

The height of the bars is at the Y-axis, which reflects the numbers of the reads 

corresponding to a particular position. The pictures represent at least three 

independent experiments.  
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Figure 2.4. Selective targeting of the origins of RCR plasmids. 

(A) Schematic of the process of rolling-circle replication. The parental plus strand 

(nicked during the replication) is illustrated by blue, the parental minus strand is 

illustrated by orange, and the nascent strands are illustrated by dashed lines. 

The rectangles represent sso and dso. The RNA primer synthesized to trigger 

the replication of the minus strand is illustrated by yellow arrow. RSB, 

recombination site for RNA polymerase binding. CS-6, conserved 6 nt sequence 

to hamper the elongation of the RNA primer. Adaptation by the Type III CRISPR-

Cas systems against (B) sso of pWAR, and (C) sso of pTRK882, as well as (D) 

oriT and sso of pNT1. The pictures represent at least three independent 

experiments.  
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Figure 2.5. Impact of partially palindromic sequences on protospacer 

selection. 

(A-C) Schematics of the regulation of the expression of repD gene of plasmid 

pIB184 and ribosomal protein L10 and amino acid synthetase genes in self-

genome. (D-I) Adaptation by the Type III-A system and the transcription level 

(revealed by RNAseq) of the partially palindromic sequences. The pictures 

represent at least three independent experiments.  
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Figure 2.6. Impact of transcription on protospacer selection. 

(A and C) Adaptation by the Type III-A system against two highly transcribed 

region in the genome. (B) Adaptation by the Type III-A and the Type II systems 

against the original (p23-F) and the p23 inverted (p23-R) pIB184 plasmid. The 

pictures of (A-C) represent at least three independent experiments. (D) 

Cumulative distribution of protospacers acquired by the Type III-A system (blue) 

among the Sth JIM8232 genes sorted by RNAseq (yellow) with the promoter 

listed on the left. (E) Cumulative distribution of protospacers acquired by the 

Type III-A system (red) and the Type II-A system (black) among Sth JIM8232 

genes sorted by RNAseq with the highly expressed genes listed on the left. (F) 

RNAseq reads of rRNAs and tRNAs were filtered out from (E). Pooled data of at 

least three independent experiments are presented in (D-F).  
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Figure 2.7. Type III systems mediate defense against the lytic phage. 

(A) Distribution of the protospacers acquired by the Type III-A system among 

phage 2972. Green, early transcribed genes. Blue, middle transcribed genes. 

Red, late transcribed genes. Yellow, degraded and late transcribed lysogenic 

genes. (B) Growth curves of WT Sth DGCC7710 strain (left) and the BIMs 

(middle and right) with (red) and without (blue) phage 2972.  
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Figure 2.8. Spacer uptake by Type III systems against the stem-loop 

structures. 

The mobile genetic elements invade the prokaryotic cells by conjugation, 

transduction, and transformation. The stem-loop structures present in the ssDNA 

forms of the invaders during their invasion, replication, and gene expression and 

are important for the life cycles of the mobile genetic elements. Type III CRISPR-

Cas systems recognize the stem-loop structures to efficiently uptake spacers 

from the mobile genetic elements.  
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Figure S1. Schematic comparing defense by Type III systems and other 

types of systems.  

Adaptation and the following target interference by well-studied Type I and Type 

II systems are dependent on system-specific PAMs (e.g., CCT here). The 

orientation of spacer integration is dependent on PAM, and only the correctly 

integrated spacers can express bona fide crRNAs to perform defense against the 

invaders (left). In contrast, the spacers integrated in the reverse orientation 

cannot perform defense (right). Target interference by the Type III systems is 

dependent on the directional transcription of the DNA target. When the coding 

strand of the spacer is integrated into the top strand of the CRISPR array, the 

expressed Type III crRNA will not be able to perform defense (left). In contrast, 

only when the template strand of the spacer is integrated into the top strand of 

the CRISPR array, the expressed Type III crRNA can perform defense (right). 
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Figure S2. The recovery of adaptation of the Type II-A system.  

(A) The changes of the leader sequence of the Type II-A system of Sth JIM8232 

that hampered adaptation. (B) Analysis of PFS sequences in adaptation. (C) The 

column graph shows the length distribution of the new spacers of integrated into 

the original Type II locus (red) and into the transplanted Type II array in PTS 

locus (cyan). (D)The transformation efficiencies of the different target/non-target 

plasmids to the JIM8232 strain with the DGCC7710 CRISPR array inserted into 

the PTS locus. n = 3. 
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Figure S3. Adaptation against rRNA and tRNA encoding clusters.  

Adaptation by WT and the csm1-6 KO Type III systems, and the expression level 

(revealed by RNAseq) of the 5 clusters of the rRNA and tRNA encoding 

sequences in the genome. Green triangles represent the tRNA encoding 

sequences. The pictures represent at least three independent experiments.  
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Figure S4. Adaptation by the Type III-A and the Type II-A systems against (A) 

pWAR, (B) pIB184, (C) pTRK882, and (D) pNT1 plasmids. The pictures 

represent at least three independent experiments.  
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Figure S5. Type III systems mediate defense against the lytic phage. 

(A) The phage tittering assay by phage 2972 at a gradient of amount against WT 

Sth DGCC7710 strain and the BIMs. (B) Growth curves of WT Sth DGCC7710 

strain (left) and the BIMs (middle and right) with different amounts of phage 2972. 

(C) PCR results of all the 4 CRISPR loci of WT Sth DGCC7710 strain and the 

BIMs.  
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Table 2.1. Primers used in this work. 

PCR primers used in this study 
  
Sth mutant strain construction 
Purpose Name Sequence (5'-3') 
cas1 KO sl-JIMCas1+2-

2-f 
CACCGCTAGCATCTGCAGGCAGAAGTCTCTC
ACAAGATTTCC 

JIMCas1KO-M-
r 

CTAAAAGCCCTAATAAGCTACCTCAGAGTATT
TTATGAC 

JIMCas1KO-M-
f 

GAGGTAGCTTATTAGGGCTTTTAGAGAACTTG
ACC 

sl-JIMCas1KO-
r 

GCATAAGCTTGCGTCGACGGTAAAACCTCTA
TGCTGTTCTTTGC 

cas2 KO Sl-JIMCas2KO-
f 

CACCGCTAGCATCTGCAGGGAGTATTGCTAC
GACCAAGG 

JIMCas2KO-M-
r 

GTCTATAAAGGCTTAATGCCCTCCTGTGTAAC
TTG 

JIMCas2KO-M-
f 

GAGGGCATTAAGCCTTTATAGACCTTTAATCA
TATGGTAC 

sl-
JIMCas1+2KO-
r  

GCATAAGCTTGCGTCGACGATTGATAAGAAA
GTTATTGAAAAACGCCAACAAG 

cas6 KO Sl-
JIMCas6Csm-f 

CACCGCTAGCATCTGCAGCCAGTTCTGCAAA
GAACAGC 

JIMCas6KO-M-
r 

CATTTTGACATAAGCTCGACTCCTTCATCTTT
GTATG 

JIMCas6KO-M-
f 

GGAGTCGAGCTTATGTCAAAATGCTTCTAACA
TTCG 

Sl-JIMCas6KO-
r 

GCATAAGCTTGCGTCGACGAGCAAAAGCTGC
TGTCAG 

csm1-5 
KO 

sl-JIMallCsm-f CACCGCTAGCATCTGCAGGAAAAAATTAGTA
TTTACTTTTAAAAGGATCGACC 

JIMCsm1-5KO-
OL-r 

GACTGTATCGGCTCCGTAAAATAAATCAATCT
TTTCTTTCTTC 

JIMCsm1-5KO-
OL-f 

CGGAGCCGATACAGTCGAATGAAAACTAAAA
TGG 

Sl-JIMCas6-
Csm5-r 

GCATAAGCTTGCGTCGACCTGATAATTGGTC
TAGAATATCTAG 

All csm 
KO 

sl-JIMallCsm-f CACCGCTAGCATCTGCAGGAAAAAATTAGTA
TTTACTTTTAAAAGGATCGACC 

JIMAllCsmKO-
Mol-r 

GACACCCAAATATGCTCCGTAAAATAAATCAA
TCTTTTCTTTCTTC 

JIMAllCsmKO-
Mol-f 

CGGAGCATATTTGGGTGTCATCCCCCTTTG 
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Sl-JIMallCsm-r GCATAAGCTTGCGTCGACGGTTAGTTGCTTC
TTTGATTTTGGCTAC 

PTS 
clone 

JCPTS-DC1L-
U-f 

GGTTTGGTTGGAATGCTCTC 

JCPTS-DC1L-
U-r 

GCTGATTTAGGGAGTTGGCAATCCACATACC 

JCPTS-DC1L-
M-f 

GCCAACTCCCTAAATCAGCTGTTTCATTTTAG
TTAC 

JCPTS-DC1L-
M-r 

GCTGGTGTATCGCTGTTGAGTAATAAGCCTG 

JCPTS-DC1L-
D-f 

CAACAGCGATACACCAGCTCGTTTCAAAGTT
G 

JCPTS-DC1L-
D-r 

CTGGCTAATATTGTTTGGTAACCTTC 

DGCC7710 
Type III 
replacement 

sl-JIMCas1+2-
2-f 

CACCGCTAGCATCTGCAGGCAGAAGTCTCTC
ACAAGATTTCC 

Sl-JIMallCsm-r GCATAAGCTTGCGTCGACGGTTAGTTGCTTC
TTTGATTTTGGCTAC 

  
CAPTURE PCR for the Type III system in Sth 
Purpose Name Sequence (5'-3') 
1st PCR JIMCC2-DS-

NA-f 
GCAACTGCCTAGAGCACAAGATATGG 

JIMCC2-DS-
NA-r 

CGCTTATTTAGAAGTAGCGTTAGAATCAAGG 

2nd PCR JIMCC2-DS-
rpt-f 

ACACTCTTTCCCTACACGACGCTCTTCCGATC
TCGAGAGGGGACGGAAAC 

JIMCC2-DS-
rpt-r 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTCCTCTCGAGGTAATTAGGTTTATATC 

  
CAPTURE PCR for the Type II system at the PTS locus 
Purpose Name Sequence (5'-3') 
1st PCR DC1-DS-NA-f GTGGGTATAAAAACGTCAAAATTTCATTTGAG 

DC1-DS-NA-r CAATTCGAATCTTGATTTGCTGTCAAAC 
2nd PCR JIMCC1-DS-

rpt-f 
ACACTCTTTCCCTACACGACGCTCTTCCGATC
TCTCTCAAGATTTAAGTAACTGTACAAC 

JIMCC1-DS-
rpt-r 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTCAGTTACTTAAATCTTGAGAGTACAAAAA
C 

  
Multiple round PCR for the Type III system in Sth 
Purpose Name Sequence (5'-3') 
1st PCR JC2-leader-1.5f GCCTTTATAGACCTTTAATCATATGG 
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JIM-2.02-1r CTAAAGAACATAAACATATGATGAATGCTTTA
GAAC 

2nd PCR JIMCC2-leader-
2f 

CAATATAGATAGTGTTTCCAGTAGGTCC 

JIMCC2.02-2r GAACATAAACATATGATGAATGCTTTAGAACT
G 

3rd PCR JIMCC2-DS-f ACACTCTTTCCCTACACGACGCTCTTCCGATC
TGCAACTGCCTAGAGCACAAGATATGG 

JIMCC2-DS-r GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTCGCTTATTTAGAAGTAGCGTTAGAATCAA
GG 

  
CRISPR loci expansion monitor in Sth DGCC7710 
Purpose Name Sequence (5'-3') 
CRISPR
1 

SthCR1-DS-f ACACTCTTTCCCTACACGACGCTCTTCCGATC
TGGGTATAAAAACGTCAAAATTTCATTTGAG 

SthCR1-DS-r GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTCAATTCGAATCTTGATTTGCTGTCAAAC  

CRISPR
2 

JIMCC2-DS-f ACACTCTTTCCCTACACGACGCTCTTCCGATC
TGCAACTGCCTAGAGCACAAGATATGG 

JIMCC2-DS-r GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTCGCTTATTTAGAAGTAGCGTTAGAATCAA
GG 

CRISPR
3 

SthCR3-DS-f ACACTCTTTCCCTACACGACGCTCTTCCGATC
TCTGGTAGAAAAGATATCCTACGAG 

SthCR3-DS-r GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTCCTCTTCCTCTTTAGCGTTTAG 

CRISPR
4 

SthCR4-DS-f ACACTCTTTCCCTACACGACGCTCTTCCGATC
TGTCTTAATTCCATTGGGATCTTTTAG 

SthCR4-DS-r GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTGTGGGAGGCCATTGATATAGG 
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Table 2. The new spacers adapted from ssM13 and dsM13 DNAs by the 

Type III-A system. 

  No.  New spacer sequence Strand Size Locus 
ssM13 1 CGTGCCAGCTGCATTAATGAA

TCGGCCAACGCGCGGGGA 
minus 39 6024-

6062, 
lacI gene 

2 GCATTAATGAATCGGCCAACG
CGCGGGGAGAGGCGG 

minus 36 6017-
6052, 
lacI gene 

3 AAGCGGGCAGTGAGCGCAAC
GCAATTAATGTGAGTTA 

plus 37 6081-
6117, 
lacI gene 

dsM13 1 TGGCCAACAGAGATAGAACCC
TTCTGACCTGAAA 

minus 34 5051-
5084, g4 
assembly 
gene 

2 GCTGCGCGTAACCACCACACC
CGCCGCGCTTAA 

minus 33 5507-
5539, 
replicatio
n origin 

3 TGTGAGCGAGTAACAACCCGT
CGGATTCTCCGT 

minus 33 6618-
6650, 
lacZ 
gene 

4 TTAGTTGTTAGTGCTCCTAAAG
ATATTTTAGATAAC 

plus 36 4732-
4767, g4 
assembly 
gene 

5 AAGCGGGCAGTGAGCGCAAC
GCAATTAATGTGAGTT 

plus 36 6081-
6116, 
lacI gene 
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PRIMED ADAPTATION BY THE TYPE III-A CRISPR-CAS SYSTEM OF 
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Abstract 

CRISPR-Cas systems provide prokaryotic cells with a mechanism of 

defense against invaders, including virus and plasmids. The heritable and 

specific defense ability of the systems is acquired during adaptation against a 

fragment of the invading nucleic acid. However, invaders can escape from 

CRISPR-Cas mediated interference by mutation(s) within or adjacent to the 

originally acquired fragments. Primed adaptation provides CRISPR-Cas systems 

with an efficient and specific secondary adaptation against escaping invaders, 

thus allowing hosts to minimize escapers and co-evolve with the invaders. Our 

knowledge about adaptation by the Type III CRISPR-Cas systems is very limited, 

and in particular, no Type III primed adaptation has been reported yet. Here, we 

gained preliminary evidence indicating primed adaptation by the Type III 

CRISPR-Cas system. The priming process increased the proportion of 

adaptation by the Type III-A system of Streptococcus thermophilus against the 

invading plasmid, rather than host genome. Specifically, the proposed DNA 

cleavage sites of the targeted plasmid were recognized and preferred by 

secondary adaptation of the Type III-A CRISPR-Cas system, and directional 

transcription of the DNA target and the DNase activity of the system were both 

required for the primed adaptation, implying that it is DNA cleavage that 

facilitates secondary adaptation. Although Type III CRISPR-Cas systems tolerate 

more mutations of the invader compared with Type I or Type II systems to 

constrain the escaping invader numbers, primed adaptation still theoretically 

benefits the Type III systems, because of the special features of the adaptation 
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and the target interference of them. This work here provides the first evidence 

regarding primed adaptation by the mysterious Type III systems, and paves the 

way for further studies about Type III primed adaptation by CRISPR-Cas 

systems. 

 

Introduction 

CRISPR-Cas systems exist in half of eubacteria and nearly all the archaea 

(1-3), and provide hosts with defense against invading nucleic acids by three 

major procedures: adaptation, crRNA biogenesis, and target interference (4-6). 

The specific and heritable defense memory of a CRISPR-Cas system is acquired 

by adaptation, during which a short fragment (protospacer) of the foreign DNA 

can be captured and integrated into the CRISPR locus as a spacer (4,5,7-9).  

During biogenesis of crRNAs, a CRISPR array is transcribed into a long 

RNA, and then further processed into small and mature crRNAs (10). For Type III 

systems, the long transcripts of the CRISPR arrays are processed by Cas6 

endonuclease, which cut within the repeat sequences (11-14). The resulting 

intermediate crRNAs contain the spacer-derived sequences, flanked by the last 8 

nucleotides of the repeats at their 5’ -ends, and the rest of the sequences of the 

repeats at their 3’-ends (11-14). The repeat-derived ribonucleic acids at the 3’-

ends of the crRNA intermediates, as well as several nucleotides at the 3’ -ends 

derived from the spacers, are further cleaved to make the short and mature 

crRNAs (12,15-17), though the mechanism of this process is unknown. In 

Sulfolobus islandicus, mutations within Type III crRNP subunits as well as within 
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Cas6, result in the accumulation of long crRNA intermediates and block their 3’- 

processing (18), suggesting that the crRNP and Cas6 are involved in the 

uncharacterized secondary processing. The 8 nt repeat-derived sequences at the 

5’- ends are maintained with the crRNAs as the Type III crRNA tags, and their 

existence is critical for the authentication of downstream interference process 

(12,15,16,19-22).  

During CRISPR-Cas-mediated target interference, the mature crRNPs of 

Type I, Type II and Type V systems directly bind to DNA targets and mediate 

DNA cleavage (9,23-27), while those of Type VI systems target ssRNAs rather 

than DNAs (28-31). In contrast, the crRNPs of Type III systems directly bind to 

ssRNA targets (the transcripts of the DNA targets, triggering RNAs), and such 

binding activates both the RNase and DNase activities of the crRNPs (18,22,32-

37). Cas7 (Csm3 for Type III-A) in Type III crRNPs specifically cleaves the 

reverse complementary RNA targets (36,37). The DNase activity is undertaken 

by the HD domain of Cas10 (Csm1 for Type III-A), which cuts ssDNA in a 

sequence-non-specific way (22,34,38-40). Since Cas10 is a subunit of the crRNP 

which binds to the transcript of the DNA target, it is hypothesized that because it 

is close to the ssDNA in the transcription bubble of the DNA target, the active 

Cas10 is able to find and cut the encoding strand of the invader. After cleavage 

of the triggering RNAs, the non-specific DNase activity of Cas10 becomes 

inactive to protect self-ssDNAs from cleavage. Additionally, the Palm domain of 

Cas10 synthesizes cyclic oligoadenylates (cAns) as a secondary messenger, 

which binds to the CARF domain of Csx1 (Csm6 for Type III-A) and stimulates 
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the RNase activity of the HEPN domain of Csx1 to non-specifically cleave foreign 

DNA transcripts (41-43). In Staphylococcus epidermidis, the non-specific RNase 

activity of Csm6 is not necessary for defense when the target is extensively 

transcribed, and hamper the growth of the bacteria when activated; however, 

when the target is weakly transcribed and the DNase activity of Csm1 is 

insufficient to cleave the invader, Csm6 is necessary for invader clearance (44). 

PAM recognition is required for the authentication of interference process of Type 

I and Type II systems, and this is the mechanism to protect host genomes at the 

CRISPR loci, which contain the same target sequences as spacers (24,45-47). 

Instead, the discrimination between self- and non-self-DNAs by Type III systems 

relies on the complementarity between the crRNA and the PFS of the triggering 

RNA. Base pairing at several critical positions within the 8 nt crRNA tag with the 

3’-downstream sequence of the target RNA prevents the activation of Cas10 

(20,33,48,49), though it still activates specific cleavage of the triggering RNA by 

Cas7 (48). 

In Type I and Type II systems, target DNAs can escape from CRISPR-Cas-

mediated interference by mutation(s) at pivotal positions within the targets or the 

PAMs (50,51). However, a pre-existing spacer in a CRISPR array, which is 

partially or totally complementary to a fragment of a molecule, can greatly 

stimulate adaptation efficiency against the same molecule (52,53). To acquire a 

new spacer from a molecule that the system never processed before is termed 

naïve adaptation, and the pre-existing spacer (priming spacer) triggered 

adaptation is termed primed adaptation. Current evidence suggests a somewhat 
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inverse relationship between the sensitivity of the escaping targets to CRISPR-

Cas-mediated defense and their ability to trigger primed adaptation, in that some 

targets (even those with mutations) that are still sensitive to the initial 

interference may not trigger secondary adaptation, while some those which are 

less sensitive to direct interference become able to trigger priming (54,55). 

Primed adaptation has been relatively well-studied in Type I systems (52-54,56-

59), and has also been reported in Type II systems (60,61). Primed adaptation is 

substantially more efficient than naïve adaptation (54), and directs the adaptation 

machinery to the invader DNA instead of self-genome (53), thus providing the 

hosts with a co-evolutionary strategy to minimize the amount of CRISPR-Cas 

escapers. Different studies have revealed that primed adaptation has strand or 

position biases (52-54,56-61). All tested primed adaptation processes of different 

systems require all the Cas proteins involved in crRNA biogenesis and target 

interference (52-54,56,59,60,62,63). Several functional models have been 

proposed for the mechanism of primed adaptation, including: 1. DNA breaks or 

short DNA fragments generated by inefficient DNA cleavage against the 

imperfect target become substrates for adaptation (64-68); 2. The DNA 

interference complex recognizes the escaping target DNAs and recruits Cas1-

Cas2 complex to the invaders (69); 3. The crRNPs have different conformations 

when binding to a bona fide target or an escaping target, and consequentially 

authenticate target interference or primed adaptation, separately (70,71). It is 

important to note that the models do not conflict with each other, and thus more 

than one may be true mechanisms of primed adaptation.  
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Target interference of Type III systems tolerates a broad range of 

protospacer flanking sequences (PFS) (20,22,72), and also tolerates apparently 

more mutations within the targets than Type I and Type II systems (72,73). As a 

result, Type III systems minimize the potential escapers of the invading nucleic 

acids (72,73), and consistent with this, the rare phages identified escaping from 

Type III systems were found to accumulate long deletions within or covering the 

targets, rather than few nucleotide changes (74). Despite this difficulty of escape, 

primed adaptation may still be beneficial for Type III CRISPR-Cas-mediated 

defense. We found that naïve adaptation by the Type III system preferentially 

takes up the protospacers at the encoding strands of the promoter regions of 

expressed genes (See Chapter 2). Since the target interference ability of the 

Type III system requires a reverse complementary RNA, DNA uptake against the 

encoding strand will not directly contribute to defense. Moreover, as to the bona 

fide protospacers derived from the template strands, if the protospacer region 

was weakly transcribed or a late transcript in phage infection, the Type III spacer-

mediated defense may be insufficient to efficiently clear phage or plasmid nucleic 

acids (32,44). In these situations, the potential primed adaptation triggered by the 

‘inefficient’ spacers may be able to provide a chance to the system to perform 

efficient secondary uptake to counter against the invaders. 

We previously observed and characterized naïve adaptation by the Type III-

A system of Sth JIM8232 (See Chapter 2). In the course of this chapter, analyses 

of adaptation by the Type III-A system against a target plasmid and a non-target 

plasmid revealed that the target sequence increased the proportions of the 



 

153 

 

secondary spacers acquired from the plasmid relative to the host genome. The 

secondary protospacers accumulated at the DNA cleavage sites of the plasmid, 

and moreover, transcription of the target sequence and the nuclease domain of 

Csm1 were shown to be required for this process. This work details primed 

adaptation by Type III CRISPR-Cas systems, and the possible mechanism and 

benefits of primed adaptation are discussed in this chapter.  

 

Materials and methods 

Strain and plasmid manipulation 

Sth JIM8232 was kindly provided by Dr. Pierre Renault (AgroParisTech, 

France). Sth strains were inoculated in M17 medium supplemented with 0.5% 

lactose (LM17) (Oxoid or HiMedia), and the cultures were incubated at 37oC 

overnight, or at 42oC during the day. E. coli Top10 was used for plasmid 

construction and maintenance. E. coli Stellar (dcm-/dam-) was used to generate 

unmethylated plasmids for the target interference assay. pWAR plasmids was 

kindly provided by Dr. Michael Federle (University of Illinois). When needed, 

chloramphenicol was supplemented at 2 μg/mL in LM17 liquid broth, and at 5 

μg/mL in LM17 plates (1% agar) for Sth; and was supplemented at 10 μg/mL in 

LB for E. coli. 

Construction of the Sth mutant strains was achieved by a well-developed 

natural transformation procedure (75). The primers used for PCR amplification of 

the recombination templates are listed in Table 1. Linear pWAR plasmid was 

used as the backbone of the construction of the target/non-target plasmids. The 



 

154 

 

primers used for PCR amplification and the reverse complimentary oligos to 

make the insertions are listed in Table 3.1. The insertions were ligated into the 

vector by GeneArt Seamless Cloning & Assembly kit (Thermo Fisher).  

 

Plasmid transformation 

The target interference assay in Figure 3.1B was performed by the Glycerol 

protocol. Briefly, Sth strains were inoculated in 5 mL LM17 and the cultures were 

incubated at 37°C overnight. 100 mL fresh LM17 was inoculated with 1% of an 

overnight culture, and incubated at 42°C until OD600 value reached 0.5. The 

culture was then placed on ice for 15 minutes and then centrifuged for 10 

minutes at 5000xg at 4°C. Supernatant was decanted and the pellet was 

resuspended in 2 mL ice-cold wash solution (10% glycerol + 0.4 M sorbitol). The 

resuspended cells were washed three times by centrifugation for 1 minute at 

15000 RPM at 4°C in the wash solution. The electroporation-competent cells 

were then resuspended in 500 μL wash solution and aliquoted. 1 μg 

unmethylated target or control plasmid DNA (generated by E. coli Stellar strain) 

was mixed with 40 μL competent cells, and electroporated into the cells by Gene 

Pulser (BioRad) at 25 μF, 200 Ω, and 1.8 KV. The transformants were incubated 

in 1 mL recovery solution (LM17 + 0.4 M sorbitol + 20 mM MgCl2 + 2 mM CaCl2) 

for 2 hours at 42°C, and then plated onto an LM17 plate (1% agar) with 

chloramphenicol.  

The target interference assay in Figure 3.2B was performed by the 

Threonine protocol. Briefly, Sth strains were inoculated in 5 mL TYL broth (0.5% 
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tryptone, 0.5% yeast extract, and 0.5% lactose) at 37°C overnight. 5 mL fresh 

TYL broth supplemented with 40 mM DL-threonine was inoculated with 1% of an 

overnight culture, and incubated at 42°C until OD600 value reached 0.8. The 

culture was then centrifuged for 10 minutes at 3200 rpm at 4°C. Supernatant was 

decanted and the pellet was resuspended in 800 μL ice-cold 5 mM KH2PO4-1 

mM MgCl2, pH 4.6. The cells were then centrifuged again for 1 minutes at 14000 

rpm at 4°C. Supernatant was decanted and the pellet was resuspended in 800 

μL ice-cold electroporation medium (5 mM KH2PO4 - 0.3 M raffinose- 1 mM 

MgCl2, pH 4.6). 1 μg unmethylated target or control plasmid DNA generated by 

E. coli Stellar strain, was mixed into the 800 μL competent cells, and 

electroporated into the cells by Gene Pulser (BioRad) at 25 μF, 200 Ω, and 1.65 

KV. The 800 μL transformants were incubated in 200 μL of 5x TYL broth (5% 

tryptone, 2.5% yeast extract, and 2.5% lactose) for 2 hours at 42°C, and then 

plated onto an LM17 plate (1% agar) with chloramphenicol.  

 

Adaptation assay  

20 to 30 colonies of the transformed Sth strains were inoculated in 10 mL 

LM17 with chloramphenicol, and the cultures were incubated at 37°C for 

overnight. The total DNAs of the overnight cultures were extracted by Quick-DNA 

Fungal/Bacterial Miniprep kit (Zymo Research). Tthe leader-proximal ends of the 

CRISPR arrays were amplified from extracted DNAs by multiple round PCR from 

the extracted DNAs (See Chapter 2, Figure 2.1B). PCR primers are listed in 

Table S1. Expanded amplicons from the first round PCRs were separated from 
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unexpanded products by gel electrophoresis, bands of the correct size were cut, 

and DNAs were isolated by a gel recovery kit (Zymo Research). When expanded 

amplicons were too faint to visualize, the region of a gel lane corresponding to 

amplicons in the expanded size range was cut. Illumina high-throughput 

sequencing (HTS) overhangs and Illumina HTS index barcodes were added to 

the expanded array amplicons by PCR. Purified PCR products were ranked by 

PCR intensity and then pooled, concentrated by ethanol precipitation, 

quantitated, and diluted to a suitable concentration for Illumina platform 

sequencing. Array libraries were sequenced on an Illumina MiSeq, set to yield 

250 by 50 paired end reads; the 250 base read 1 sequences were used in this 

study. After sequencing, samples were de-multiplexed by index, and the 

sequence corresponding to a new (expanded) spacer was extracted from each 

read. New spacers were aligned to reference sequences (bacterial chromosome 

and appropriate plasmids) using Bowtie (76) to identify the protospacer 

sequence.  

 

Results 

Sth JIM8232 Type III-A CRISPR-Cas system is active in target interference 

Sth JIM8322 has an intact Type III-A CRISPR-Cas system in its genome, 

containing 17 pre-existing spacers (77). Based on the target cleavage features of 

Type III systems discussed above, to investigate the target interference ability of 

the Type III-A system of this strain, we used a pWAR-based plasmid containing a 

transcribed-target of pre-existing spacer1 (Figure 3.1A), and a pWAR plasmid 



 

157 

 

containing a transcribed-non-target sequence as well as the empty plasmid as 

the negative controls (Figure 3.1A), to challenge wild-type (WT) Sth JIM8232, 

separately. To test whether directional transcription is required for target 

interference by this system, we also included another pWAR plasmid containing 

a non-transcribed-target sequence (Figure 3.1A). Spacer1 of the system matches 

a fragment of Sth bacteriophage 5093 (78). Because the 3’-PFS is important for 

the authentication of target cleavage by Type III systems (22,32,34), the natural 

PFS (CTCGCTTG) of bacteriophage 5093 was inserted downstream of the 

target/non-target sequence for each of the three target/non-target plasmids. 

There are terminators following the PFSs to prevent differences resulting from 

run-through transcription. The transformation efficiency of the transcribed-target 

plasmid was about two orders of magnitudes lower than that of the other three 

plasmids (Figure 3.1B), indicating that the system is active in defense, which is 

dependent on the directional transcription of the target sequence. To explore the 

roles of Cas proteins and their functional domains in target interference, the 

csm1 mutated and the cas gene(s) deleted strains were challenged by the 

plasmids as well. While Cas1 and Cas2 were not involved in target interference, 

all the other Cas proteins were required (Figure 3.1B). Interestingly, mutations 

within the Csm1 Palm domain (D575A, D576A) abolished the defense, and the 

ones within the Csm1 HD domain (H15A, D16A) only slightly hampered the 

activity (Figure 3.1B), indicating that the non-specific RNase activity of Csm6 

activated by cAns was essential for interference against the target plasmid, while 

the DNase activity of Csm1 was less important for that.  
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Priming spacers change the proportion and the distribution of 

protospacers mapped to the plasmid 

The Type III-A CRISPR-Cas system of Sth JIM8232 had been shown active 

in naïve adaptation (See Chapter 2). To investigate whether the system has 

primed adaptation ability, we transformed WT JIM8232 with a pWAR-based 

target plasmid with the reverse PFS (CAAAGGCA), and a pWAR-based non-

target plasmid as the negative control, separately. The reverse PFS was reverse 

to the crRNA tag, so that it authenticated target interference by the lack of any 

complementarity to the crRNA tag. However, compared with the natural PFS 

adopted from phage 5093, the reverse PFS made the target plasmid sensitive 

but less sensitive to Type III CRIPSR-Cas-mediated target interference (Figure 

3.2A), so that spacer1 target sequence with the reverse PFS was expected to be 

able to trigger the potential primed adaptation. We performed cell culture, 

multiple round PCR, and HTS (See Materials and Methods, and Chapter 2 Figure 

2.1). If the system had primed adaptation activity, it would be expected that the 

proportion and the distribution of the new protospacers might change relative to 

the target/priming protospacer (PPS), and the adaptation against the target 

plasmid would be much more efficient than the one against the non-target 

plasmid. The expanded PCR amplicons of the leader-proximal ends of the 

CRISPR arrays were observed by the second round of PCR for both the 

experimental and the control group, and the expanded band of the experiment 

group was not stronger than that of the control group (Figure 3.2B). We reasoned 
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that since the target plasmid was sensitive to CRISPR-Cas-mediated clearance, 

Sth cells might have limited period to maintain the substrate for CRISPR-Cas 

adaptation. Despite this, the existence of the transcribed-target elevated the 

proportion of the protospacers from the plasmid by about 3-fold (Figure 3.2C). 

Moreover, compared with the non-target plasmid, the protospacers of the target 

plasmid accumulated at the encoding strand of the ~800 bp region downstream 

to the transcribed target (Figure 3.2D), which was the DNA cut site of Csm1 

according to the current knowledge (34). These findings suggested that the 

primed adaptation mechanism exists in Type III CRISPR-Cas systems, which 

might be due to DNA breaks generated by the HD domain of Csm1.  

 

The transcription-dependent DNA breaks by Csm1 DNase activity triggered 

primed adaptation 

To test whether it was indeed the DNA breaks by the Csm1 DNase activity 

that triggered the primed adaptation, we monitored the adaptation by WT, the 

csm1 HD mutant (H15A, D16A), and the csm1 Palm mutant (D575A, D576A) 

strains, against the empty pWAR plasmid, the transcribed-target plasmid, and the 

non-target plasmid. Furthermore, to test whether the directional transcription of 

the target DNA (required for Csm1 activation) was required for primed 

adaptation, adaptation by the WT strain against the non-transcribed-target 

plasmid was also monitored (Figure 3.3A). Consistent with the previous findings, 

the transcribed-target sequence increased the proportion and changed the 

distribution of the protospacers mapped to the plasmid in the WT strain; in 
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contrast, the non-target sequence had no influence to the protospacer selection 

(Figure 3.3B). Interestingly, the mutations within the Csm1 HD DNase domain 

eliminated the plasmid selection preference during adaptation. Unexpectedly, the 

mutations within the Csm1 Palm domain also had influence to the selection bias 

(Figure 3.3B). The terminator in the non-transcribed-target plasmid abolished the 

position bias for the WT system (Figure 3.3D). These findings support the 

hypothesis that the DNA breaks by the directional transcription-dependent 

DNase activity of Csm1 triggered primed adaptation (Figure 3.4). 

 

Discussion 

Type III-A CRISPR-Cas system preferentially acquired secondary 

protospacers at the cleavage sites within the target plasmid. 

Since the first description of primed adaptation in a Type I-E CRISPR-Cas 

system (52,53), the process has been characterized in at least six Type I 

systems and two Type II systems (52-54,56-61). For Type I and Type II systems, 

the target invaders can escape from CRISPR-Cas-mediated cleavage by one or 

few single nucleotide mutation(s) at critical positions within the target or the PAM 

(50,51). Primed adaptation provides efficient secondary adaptations against 

invaders (53,54), and thus minimizes the frequency of CRISPR-Cas escapers.  

This work is the first study investigating primed adaptation by Type III 

systems. Although target interference of Type III systems tolerate a broad range 

of PFSs and many mutations within the targets to minimize the invader escapers 

(20,22,72,73), we still observed primed adaptation in the Type III-A system of Sth 
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JIM8232. The existence of a PPS increased the proportion of the plasmid derived 

protospacers from ~5% to ~20% (Figure 3.2D and 3.3B). The accumulation of 

the secondary protospacers at the non-template strand downstream to the target 

sequence was observed (Figure 3.2E and 3.3C), which had been proposed to be 

the DNA cut sites of Type III systems (34). 

Compared with the tested Type I and Type II systems (52-54,56-60), the 

targeted plasmid recognition during primed adaptation by the Type III system of 

Sth JIM8232 was not as prominent. Moreover, during adaptation assay, the PPS 

of the Type III system did not apparently increase the adaptation detection rate 

(Figure 3.2C). Upon first thought, the lack of increased spacer uptake may 

suggest the absence of primed adaptation, with some other phenomenon 

resulting in the observed spacer-uptake patterns. However, the transcribed-non-

target plasmid was used as a control for the target plasmid, which ruled out the 

influence of the additional promoter to adaptation (See also Chapter 2). 

Moreover, the existence of the Type III PPS indeed changed the distribution of 

the protospacers among the plasmid during secondary adaptation (Figure 3.2E 

and 3.3C). We propose here 3 possible explanations for the relative deficiencies 

of the targeted plasmid recognition and adaptation rate improvement by the Type 

III-A system: 1) The targeted invaders of the Type III systems were found able to 

escape from the CRISPR-Cas-mediated defense by large or whole target 

sequence deletion (74), and the antibiotic survivors of the target plasmid 

transformed Sth cells might have mutations within their CRISPR-Cas systems, 

which could depress their adaptation ability. As a result, more colony collection 
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may be needed to further test the existence and the patterns of Type III primed 

adaptation in the future work; 2) It could also possibly be that the target plasmid 

was not an escaper of the Type III-A CRISPR-Cas-mediated defense. For tested 

Type I and Type II systems, the PPSs that were used in the primed adaptation 

assay were designed to make the primed plasmid insensitive to the CRISPR-

Cas-mediated defense (52-54,56-60), so that the primed plasmids had roughly 

the same number and duration with the non-target plasmid controls in the host 

populations. In contrast, the target plasmid I used was not a CRISPR-Cas 

escaper and was sensitive to the cleavage (Figure 3.2B). As a result, the plasmid 

is expected to be cleaved, meaning that the Type III-A system had limited time 

period to adapt against the plasmid before its clearance. Therefore, while the rate 

of adaptation is elevated, the time of this elevated adaptation is lessened, giving 

a ‘normal’ level of adaptation overall; 3) A third possible reason is that the cloning 

site of the target/non-target sequence in pWAR was intrinsically highly targeted 

during naïve adaptation (See Chapter 2), so that the improvement of the 

adaptation by the PPS was not as prominent as expected. As a result, it would 

be necessary to clone the target in more regions, which were infrequently 

sampled during the naïve adaptation, to further test primed adaptation.  

 

The possible mechanism of primed adaptation by the Type III-A CRISPR-

Cas system. 

For the Type I-E system in E. coli, a priming spacer stimulates adaptation at 

the primed strand (52,53). For the other tested Type I systems, the secondary 
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new spacers distributed at both primed and non-primed strands with an obvious 

gradient centered at the target/protospacer of the pre-existing spacer; moreover, 

only the upstream strands of the PPS and the target (reverse complementary to 

the PPS) were preferentially adapted during priming, rather than the downstream 

strands (see the Figure 8 of ref. 54 for better view) (54,56-59). The adaptation 

hotspots during primed adaptation were the cutting sites of Cas3, the in trans 

endonuclease and helicase of the Type I-E system. For the reported Type II-A 

systems, the new protospacers acquired during priming located at immediate 

vicinities of the target (60,61). The distribution of the secondary protospacers 

around the PPS of the Type II-A systems had no strand bias. Correspondingly, 

Cas9-mediated DNA interference by Type II systems had been shown to cleave 

each strand at a single position within the target sequence and generate blunt 

breaks (79,80). The preference of the DNA cleavage sites during secondary 

adaptation by Type I and Type II systems implies a possible mechanism for the 

primed adaptation: DNA breaks or short DNA fragments generated by target 

interference facilitate adaptation (64-68). DNA breaks were shown to promote 

adaptation in several studies (81-83). 

In 2015, Samai et al. showed that the activated Cas10 of the Type III system 

of Staphylococcus epidermidis generated cuts at the non-template strand 

downstream of the target sequence (34). In this work, during the PPS triggered 

secondary adaptation by the Type III-A system of Sth, the ~800 bp region 

downstream of the target on the non-templated strand was preferred (Figure 

3.2E and 3.3C), which supports the hypothesis that DNA cuts mediated by Csm1 



 

164 

 

triggered primed adaptation (Figure 3.4). The ssDNAs with free ends generated 

by DNA cleavage act as substrates for adaptation by Cas1-Cas2 hexamers. How 

the ssDNAs are integrated into the CRISPR array is unknown. If primed 

adaptation proceeds similar to naïve adaptation (See Chapter 2), one might 

predict that released ssDNAs are able to form secondary structures, and can be 

recognized by the adaptation machinery of the Type III CRISPR-Cas system 

(See Chapter 2). Supporting the hypothesis that DNA cuts triggered the primed 

adaptation, the block of the transcription of the target DNA sequence, and the 

mutations within the DNase domain of Csm1, abolished primed adaptation 

(Figure 3.3). Unexpectedly, mutations within the Palm domain of Csm1 also 

made the proportions of plasmid derived protospacers not significantly different 

between naïve and primed adaptation (Figure 3.3B), implicating a potential role 

of non-specific RNA cleavage by Csm6 in primed adaptation or more simply, that 

the introduced mutation disrupts the overall function of the Csm1 protein 

including its ability to carry out primed adaptation.  

 

Future directions. 

As discussed above, the relative deficiencies of the targeted plasmid 

recognition and adaptation rate improvement challenged the reality of the 

conclusions we made our in primed adaptation study about the Type III-A 

CRISPR-Cas system. As a result, we need to clone the target sequence in the 

regions that are normally infrequently sampled during naïve adaptation, and also 

need to evaluate escaping target plasmids, to further test the findings about 
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primed adaptation. We tried to clone the target sequence into multiple positions 

that were lowly adapted during the naïve adaptation. However, because the 

pWAR plasmid is small, the cloning of the transcribed target/non-target 

sequences outside its multiple cloning site might influence the expression of the 

replication related elements and had been found to apparently undermine the 

stability of the plasmid. As a result, we subcloned the transcribed-target and non-

target sequences into a lowly adapted region of another plasmid, pIB184 plasmid 

(according to naïve adaptation findings in Chapter 2), and the subcloning did not 

negatively influence the stability of the plasmid. Moreover, we constructed a 

series of pIB184- and pWAR-based target plasmids with different mutations 

within the target sequence, and also a series of pIB184- and pWAR-based target 

plasmids with different PFSs. The new target plasmids had different sensitivities 

to Type III-A CRISPR-Cas-mediated defense. In the Type I system, it had been 

shown that the different mutations within the PAM or the target sequence could 

either trigger primed adaptation, or authenticate interference (54,59). The newly 

constructed plasmids will be invaluable to further test the existence of primed 

adaptation in the Type III-A CRISPR-Cas system, and to characterize the 

relationship between target interference and primed adaptation.  

Unlike Type I or Type II systems, Type III CRISPR-Cas systems tolerate a 

broad range of PFSs and many mutations within the targets during target 

interference, so few targeted invaders could escape from the defense by 

mutations (20,22,72,73). However, naïve adaptation by the Type III system 

preferentially uptakes the protospacers at the coding strands of the promoter 
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regions of expressed genes, which will not be able to handle target interference 

(See Chapter 2), since target interference by Type III systems is directional and 

transcription-dependent. Moreover, the bona fide protospacers acquired from 

lowly or lately transcribed genes of the lytic phages may be insufficient to perform 

effective defense (32,44) (See also Chapter 2). Theoretically, primed adaptation 

provides the hosts with a secondary chance to acquire more spacers and 

functional spacers to ensure the complete defense. This hypothesis is worth 

testing.  
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Figure 3.1. Target interference by the Type III CRISPR-Cas system. 

(A) The schematics of the pWAR-based plasmids used into the interference 

assay. The green arrow represents the promoter, and the red T-shaped symbol 

represents the terminator. The PFS of all the three target/non-target plasmids is 

the natural PFS (CTCGCTTG) adopted from the 3’- end of the Spacer1 target of 

bacteriophage 5093. (B) The transformation assay was done by the Glycerol 

protocol (See Materials and Methods). ****, p<0.0001; ns, no significance; n = 3.  
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Figure 3.2. Primed adaptation exists in the Type III-A CRISPR-Cas system. 

(A) The schematics of the pWAR-based plasmids used in the adaptation assay. 

The green arrow represents the promoter. The PFS of both the target and non-

target plasmids is the reverse PFS (CAAAGGCA). (B) The transformation assay 

was done by the Threonine protocol (See Materials and Methods). ****, 

p<0.0001; ***, p<0.001; and **, p<0.01; ns, no significance; n=3. (C) The gel 

pictures of the multiple round PCR. *, WT bands of the CRISPR array; +1, the 

expanded bands of the CRISPR array which reflect adaptation events. (D) The 

percentages of the total reads of the protospacers came mapped to the plasmid, 

rather than the self-genome. *, p=0.0183; n=3. (E) The protospacer mapping of 

the target/non-target plasmids. The green arrow represents the promoter in front 

of the target/non-target sequence. The black rectangle represents the target or 

the non-target sequence, together with the reverse PFS. The blue arrows and the 

orange rectangles represent the genes and the replication origins of the plasmid. 

The unique protospacers matched the plus strand of the plasmid are shown as 

cyan bars, and the other protospacers matched the minus strand are shown as 

pink bars. The height of the bars is at the Y-axis, which reflects the numbers of 

unique reads corresponding to a particular position. (C) and (E) represent at least 

three independent experiments.  
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Figure 3.3. The transcription-dependent DNA breaks by Csm1 DNase 

activity triggered primed adaptation of the Type III-A CRISPR-Cas system.  

(A) The schematics of the pWAR-based plasmids used into the interference 

assay. The green arrow represents the promoter, and the red T-shaped symbol 

represents the terminator. The PFS of all the three target/non-target plasmids is 

the reverse PFS (CAAAGGCA) (B) The percentages of the total reads of the 

protospacers came mapped to the plasmid, rather than the self-genome. **, 

p<0.01; ns, no significance; n=3. (C) and (D) The protospacer mapping of the 

different plasmids. The green arrow and the red T-shaped symbol represent the 

promoter and the terminator in front of the target/non-target sequence, 

separately. The black rectangle represents the target or the non-target sequence, 

together with the reverse PFS. The blue arrows and the orange rectangles 

represent the genes and the replication origins of the plasmid. The unique 

protospacers matched the plus strand of the plasmid are shown as cyan bars, 

and the other protospacers matched the minus strand are shown as pink bars. 

The height of the bars is at the Y-axis, which reflects the numbers of unique 

reads corresponding to a particular position. The pictures represent at least three 

independent experiments.  

  



 

185 

 

 

  



 

186 

 

Figure 3.4. A possible model for primed adaptation by the Type III-A 

CRISPR-Cas system. The target sequence and the downstream part of the 

invader was transcribed by the promoter (green rectangle). The base pairing 

between the transcript (dashed lines) and the crRNA triggered the dsDNA breaks 

downstream to the target by the crRNP (black scissors). The ssDNAs with free 

ends generated by DNA cleavage fuel adaptation by Cas1-Cas2 hexamers. How 

the ssDNAs were integrated into the CRISPR array is unknown.  
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Table 3.1. The primers used in this work. 

Sth mutant strain construction 
Purpose Name Sequence (5'-3') 
cas1 KO sl-JIMCas1+2-

2-f 
CACCGCTAGCATCTGCAGGCAGAAGTCTC
TCACAAGATTTCC 

JIMCas1KO-M-r CTAAAAGCCCTAATAAGCTACCTCAGAGTA
TTTTATGAC 

JIMCas1KO-M-f GAGGTAGCTTATTAGGGCTTTTAGAGAACT
TGACC 

sl-JIMCas1KO-r GCATAAGCTTGCGTCGACGGTAAAACCTCT
ATGCTGTTCTTTGC 

cas2 KO Sl-JIMCas2KO-f CACCGCTAGCATCTGCAGGGAGTATTGCT
ACGACCAAGG 

JIMCas2KO-M-r GTCTATAAAGGCTTAATGCCCTCCTGTGTA
ACTTG 

JIMCas2KO-M-f GAGGGCATTAaGCCTTTATAGACCTTTAAT
CATATGGTAC 

sl-
JIMCas1+2KO-r  

GCATAAGCTTGCGTCGACGATTGATAAGAA
AGTTATTGAAAAACGCCAACAAG 

cas6 KO Sl-
JIMCas6Csm-f 

CACCGCTAGCATCTGCAGCCAGTTCTGCA
AAGAACAGC 

JIMCas6KO-M-r CATTTTGACATAAGCTCGACTCCTTCATCTT
TGTATG 

JIMCas6KO-M-f GGAGTCGAGCTTATGTCAAAATGCTTCTAA
CATTCG 

Sl-JIMCas6KO-r GCATAAGCTTGCGTCGACGAGCAAAAGCT
GCTGTCAG 

All csm 
KO 

sl-JIMallCsm-f CACCGCTAGCATCTGCAGGAAAAAATTAGT
ATTTACTTTTAAAAGGATCGACC 

JIMAllCsmKO-
Mol-r 

GACACCCAAATATGCTCCGTAAAATAAATC
AATCTTTTCTTTCTTC 

JIMAllCsmKO-
Mol-f 

CGGAGCATATTTGGGTGTCATCCCCCTTTG 

Sl-JIMallCsm-r GCATAAGCTTGCGTCGACGGTTAGTTGCTT
CTTTGATTTTGGCTAC 

csm1 
mutant 

sl-dCsm1-WT-f CACCGCTAGCATCTGCAGGTTAAATTTCAT
GGCTTCTTGATGG 

sl-dCsm1-WT-r GCATAAGCTTGCGTCGACCTTTACTTCTAT
CATATAAAGAACTACATAAGG 

dCsm1-HD-f GCGGCGATCGGTAAGGTCATTCAAAGG 
dCsm1-HD-r CAAAAGAGCTCCGTAAAATAAATCAATC 
dCsm1-GGDD-f GCGGCGGTTTTTGCCATCGGCTC 
dCsm1-GGDD-r CCCACCGGCATAGATG 
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Transcribed target/non-target plasmid construction 
Purpose Name Sequence (5'-3') 
Backbon
e 

endofpWAR-f GCGGCCGCCACCGCGGTGGG 
pPgm-r GAAATATCTCCTTTTAAATTCAATG 

Target 4212 CATTGCTAACGCTTATTTAGAAGTAGCGTT
AGAATCAAGCAAAGGCA 

4213 TGCCTTTGCTTGATTCTAACGCTACTTCTAA
ATAAGCGTTAGCAATG 

Non-
target 

4214 TTTCTAGGAATGGGTAATTATAGCGAGCTA
GAAAGCCAAAGGCA 

4215 TGCCTTTGGCTTTCTAGCTCGCTATAATTA
CCCATTCCTAGAAA 

  
Non-transcribed target plasmid construction 
Purpose Name Sequence (5'-3') 
Backbon
e 

linear-pWAR-
rev 

CTCGAGGGGGGGCCC 

XZ160open-
f(target) 

CATTGCTAACGCTTATTTAGAAGTAGCGTT
AG 

Target SthTerminator-f AAATCAACACCCTGTCATTTTATGGCAGGG
TGTTTTCG 

SthTerminator-r CGAAAACACCCTGCCATAAAATGACAGGGT
GTTGATTT 

  
Multiple round PCR for the Type III system in Sth 
Purpose Name Sequence (5'-3') 
1st PCR JC2-leader-1.5f GCCTTTATAGACCTTTAATCATATGG 

JIM-2.02-1r CTAAAGAACATAAACATATGATGAATGCTTT
AGAAC 

2nd 
PCR 

JIMCC2-leader-
2f 

CAATATAGATAGTGTTTCCAGTAGGTCC 

JIMCC2.02-2r GAACATAAACATATGATGAATGCTTTAGAA
CTG 

3rd PCR JIMCC2-DS-f ACACTCTTTCCCTACACGACGCTCTTCCGA
TCTGCAACTGCCTAGAGCACAAGATATGG 

JIMCC2-DS-r GTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCTCGCTTATTTAGAAGTAGCGTTAGAA
TCAAGG 
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CHAPTER 4 

PRIMING SPACERS FACILITATE ADAPTATION BY THE TYPE I-E CRISPR-

CAS SYSTEM OF STREPTOCOCCUS THERMOPHILUS 
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1Xinfu Zhang, Michael P. Terns. To be submitted to PLoS One. 
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Abstract 

CRISPR-Cas systems provide prokaryotic cells with a heritable and adaptive 

mechanism of defense against invaders. Streptococcus thermophilus (Sth) is one 

of the most important model organisms for functional studies of CRISPR-Cas 

systems, with co-existing Type I, II, and III systems. While adaptation by the 

Type II systems of Sth have been well studied, adaptation by the Type I system 

has only been very rarely detected and not at sufficient levels to thoroughly study 

adaptation patterns. To better understand Type I adaptation in this important 

organism, we studied both naïve and primed adaptation by the Type I-E system 

in this work. Overexpression of cas1 and cas2 increased adaptation by the Type 

I system to a high level. Mapping of the resulting spacers revealed the presence 

of an upstream AA PAM. Studies regarding primed adaptation have been 

hampered by the difficulties in the design of escaping target. To study primed 

adaptation by the Type I system, we developed a novel method to naturally 

obtain virulent phages that escaped from CRISPR-Cas-mediated defense and 

acquire the escaping target sequences that triggered primed adaptation. We 

showed that a priming spacer was able to increase adaptation by this Type I-E 

system in the absence of overexpression of any cas gene. The secondarily 

adapted protospacers obtained during primed adaptation accumulated at both 

primed and non-primed strands with an obvious gradient centered at the 

target/protospacer matching the pre-existing spacer. Taken together, this work 

characterizes both naïve and primed adaptation by the Type I-E system of Sth, 

and provides a new methodology for future primed adaptation studies.  
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Introduction 

Clustered regularly interspaced short palindromic repeats (CRISPR) and 

CRISPR-associated (Cas) proteins exist in nearly half of eubacteria and almost 

all archaea (1,2), providing the host with an acquired and highly effective defense 

mechanism against potential harmful viruses and plasmids in the environment (3-

10). A CRISPR array is assembled by identical partially palindromic sequences 

(repeats), interspaced by variable sequences acquired from invading elements 

(spacers) with a same or approximate length(s), following an AT rich ‘leader’ 

sequence, which promotes the transcription of the array (7,11-16). CRISPR-Cas 

systems function in three major steps: adaptation, CRISPR RNA (crRNA) 

biogenesis, and target interference (11,15,16). CRISPR-Cas systems are diverse 

and classified into six major types (Type I-VI) and multiple subtypes according to 

the repeat sequence identities of CRISPR arrays and different cas genes 

adjacent to them (1,2,17-20).  

The Type I-E system of E. coli is one of the best studied CRISPR-Cas 

subtypes. The maturation of the crRNA of this system is performed by CasE (5). 

A small and mature crRNA guides the target interference machinery (Cascade) 

to bind to the target DNA, and then recruits the trans acting endonuclease and 

helicase, Cas3, to cleave the invader (5,21). While such interference activity is 

readily observed, adaptation by the Type I-E system of E. coli could be barely 

detected (13). The deletion of a global transcription regulator, hns, or 

overexpression of cas1 and cas2 of the system, had been shown able to 
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substantially increase adaptation efficiency (13,22,23). Cas1 and Cas2 are the 

only two Cas proteins required for adaptation by this system, and the 

requirement of the leader sequence and at least one repeat unit for CRISPR-Cas 

adaptation was first discovered in this paradigmatic system (24). This system 

selects ‘suitable’ fragments among heterologous DNAs by protospacer adjacent 

motifs (PAMs), and integrates new spacers into the CRISPR array in a PAM-

dependent way (22). Like other Type I systems and Type II systems (25,26), the 

presence of a PAM is critical in the authentication of target interference by this 

system (27). It has been shown that one mismatch at the 1st-5th or 7th -8th 

nucleotide of the crRNA, or a mutation in the PAM region of the target, can 

eliminate the effect of interference mediated by this system (27).  

Although an imperfect target impedes crRNPs from degrading the invading 

nucleic acids, it can significantly improve the acquisition effectiveness of 

additional spacers from the same molecule by this system (22,23,28), providing 

the bacteria a co-evolutionary defense strategy with their invaders (28). This 

priming spacer-dependent secondary adaptation is termed primed adaptation, 

distinguished from naïve adaptation. Like primed adaptation of other tested Type 

I CRISPR-Cas systems (29-32), primed adaptation of this Type I-E system in E. 

coli is substantially more efficient than naïve adaptation (28), and increases the 

proportion of new spacers adapted from primed invader, rather than host 

genome (22,23,28). In the other tested Type I systems, primed protospacer 

(PPS) changed the distribution of the secondarily adapted new protospacers, in 

that the new protospacers accumulated at both primed and non-primed strands 



 

194 

 

with an obvious gradient centered at the target/PPS (29-32). In contrast, during 

primed adaptation by the Type I-E system of E. coli, only primed strand with PPS 

was preferentially adapted, without a great bias of the distance to the PPS 

(22,23). While Cas1 and Cas2 are sufficient Cas elements for naïve adaptation 

by this systems, genetic evidences showed that Cas3 and crRNP are also 

required for primed adaptation (22,28).  

Four CRISPR-Cas systems co-exist in Streptococcus thermophilus (Sth) 

DGCC7710. CRISPR1 and CRISPR3 belong to subtype Type II-A, CRISPR2 

belongs to subtype Type III-A, and CRISPR4 belongs to subtype Type I-E, 

separately (33-35). CRISPR4-Cas system of Sth is homologous to the Type I-E 

system of E. coli (35,36). While CRISPR1 and CRISPR3 have been shown 

efficient in the adaptation (3,26,33), adaptation by the Type I-E system of Sth 

could only barely be detected by HTS after tens and even hundreds of days of 

the cocultivation with phage (37). Despite this, it was clear that Cas1-Cas2 

complex of this system was capable of integrating a prespacer into the CRISPR 

array in vitro (38). The PAM of this system had been predicted to be AA 

immediately upstream of the protospacers by analyses against the pre-existing 

spacers (39), and the system had been observed able to cleave target DNA in 

vitro (36,39). 

To better understand adaptation by the Type I-E CRISPR-Cas systems, as 

well as to fully understand CRISPR-Cas functions in the important model 

bacterial species, Sth, we performed a functional study of both naïve and primed 

adaptation by the Type I-E system of Sth. This work showed that the Type I-E 
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system of Sth was active in target interference in vivo, and was very inefficient in 

adaptation. Overexpression of cas1 and cas2 increased adaptation by this 

system. The protospacers acquired during adaptation were indeed selected from 

sequences with the upstream AA PAM. Moreover, we developed a novel method 

to naturally obtain virulent phages that escaped from CRISPR-Cas-mediated 

defense and acquire the escaping target sequences that triggered primed 

adaptation. Using this research method, we showed that a priming spacer was 

able to increase adaptation to readily detectable levels by this Type I-E system in 

the absence of overexpression of any cas gene. In contrast to its homologous 

system in E. coli, the secondarily adapted protospacers during primed adaptation 

by this Type I-E system in Sth accumulated at both primed and non-primed 

strands with an obvious gradient centered at the target/PPS of the pre-existing 

spacer. This work fills a large gap of our knowledge about CRISPR-Cas functions 

in Sth, revealed the common secondary protospacer distribution pattern during 

primed adaptation by the Type I-E systems, and provides a new method for 

future primed adaptation studies.  

 

Materials and methods 

Strain and plasmid manipulation 

Sth DGCC7710 and phage 2972 were kindly provided by Dr. Sylvain 

Moineau (Univerite laval, Canada). Sth strains were inoculated in M17 medium 

supplemented with 0.5% lactose (LM17) (Oxoid), and the cultures were 

incubated at 37oC overnight, or at 42oC during the day. E. coli Top10 was used 
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for plasmid construction and maintenance. E. coli Stellar (dcm-/dam-) was used 

to generate unmethylated plasmids for the target interference assay. pWAR 

plasmid was kindly provided by Dr. Michael Federle. When needed, 

chloramphenicol was supplemented at 2 μg/mL in LM17 liquid broth, and at 5 

μg/mL in LM17 plates (1% agar) for Sth; chloramphenicol was supplemented at 

10 μg/mL in LB broth for E. coli; erythromycin was supplemented at 15 μg/ml for 

Sth and 150 μg/ml for E. coli, separately.  

Construction of the Sth mutant strains with Type II systems knocked out was 

achieved by a well-developed method using a temperature sensitive plasmid, 

pINTRS (40). The overexpression plasmid of cas1 and cas2 was constructed 

using pWAR plasmid as the backbone. The primers used for PCR amplification 

of the linear vector and the insertions are listed in Table 4.1. The insertions were 

ligated into the vector by GeneArt Seamless Cloning & Assembly kit (Thermo 

Fisher).  

 

Target interference assay 

The Sth strains were inoculated in 5 mL LM17 and the cultures were 

incubated at 37°C for overnight. 100 mL fresh LM17 was inoculated with 1% of 

an overnight culture, and incubated at 42°C until OD600 value reached 0.5. The 

culture was then placed on ice for 15 minutes and then centrifuged for 10 

minutes at 5000xg at 4°C. Supernatant was decanted and the pellet was 

resuspended in 2 mL ice-cold wash solution (10% glycerol + 0.4M sorbitol). The 

resuspended cells were washed three times by centrifuge for 1 minute at 15000 
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RPM at 4°C in the wash solution. The electroporation-competent cells were then 

resuspended in 500 μL wash solution and aliquoted. 1 μg unmethylated target or 

control plasmid DNA generated by E. coli Stellar strain, was mixed into 40 μL 

competent cells, and electroporated into the cells by Gene Pulser (BioRad) at 

25μF, 200Ω, and 1.8KV. The transformants were incubated in 1 mL recovery 

solution (LM17 + 0.4M sorbitol + 20mM MgCl2 + 2mM CaCl2) for 2 hours at 42°C, 

and then plated onto an LM17 plate (1% agar) with the according antibiotic.  

 

Phage infection and mutant analyses. 

    The Sth strains were inoculated in 5 mL LM17 and the cultures were incubated 

at 37°C overnight. 5 mL fresh LM17 was inoculated with 1% of an overnight 

culture, and incubated at 42°C until OD600 value reached 0.3. Phage infection 

was performed with phage 2972 or the mutants by a well-established protocol 

(41). The primers used to determine the expansion of the CRISPR arrays and the 

mutations within the protospacer of phage 2972 are listed in Table 4.1. 

 

Results 

Type I-E CRISPR-Cas system of Streptococcus thermophilus is inefficient 

in adaptation 

CRISPR4-Cas system of Sth DGCC7710 is homologous to a deeply well-

studied type I-E system in E. coli (35,36), with 12 unique spacers sandwiched by 

13 repeats, and all the type I-E specific cas genes (Figure 4.1A).  
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Target interference ability of the system had been observed in vitro (36,39), 

however, it had not been tested in vivo. We firstly proposed that the inefficient 

adaptation detection against the Sth population co-cultivated with lytic phages 

(37) might be a reflection of inability of target interference in vivo. Therefore, we 

challenged Sth DGCC7710 with the empty pWAR plasmid as the negative 

control, and with a pWAR plasmid containing the target sequence of spacer1 of 

the Type I-E system with the predicted AA PAM, separately. In contrast to the 

hypothesis, the system was found to be active in defense in vivo (Figure 4.1B), 

indicating that the inefficient adaptation against the lytic phage was not a 

reflection of target interference ability.  

CRISPR1 had been reported dominant for adaptation in Sth DGCC7710 and 

CRISPR3 is also active in spacer acquisition (3,33,42), which suggested another 

hypothesis that the blindingly high efficiency of Sth Type II-A systems in invader 

defense overshadowed the adaptation events at CRISPR4. To test this 

assumption, a Type II-A CRISPR-Cas knockout (KO) strain (all the cas genes, 

learder sequences, and CRISPR arrays of the two Type II-A systems were 

knocked out), and wild-type (WT) Sth DGCC7710 strain were separately 

challenged by lytic phage 2972 (43) under a same condition, at multiplicity of 

infection (M.O.I.) of 1. The colony-forming units (CFU) of the Type II null strain 

was ~60 fold lower than the CFU of WT strain. Randomly chosen Sth survivors of 

the two strains were analyzed for adaptation events at all the CRISPR loci that 

they had, by PCR amplification of the leader proximal region of the individual 

CRISPR arrays. For WT strain, consistent with the previous findings 
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(3,33,42,44,45), 14 of 24 survivors (58.3%) that we tested acquired a new spacer 

at CRISPR1 array, 9 of them (37.5%) acquired a new spacer at CRISPR3 array, 

and none of them had adaptation at CRISPR2 or CRISPR4 array. The remaining 

one survivor must have escaped from the phage by a CRISPR-Cas unrelated 

strategy (Figure 4.2B). In the Type II-A KO strain, none of the 43 tested survivors 

had any new spacer incorporated (Figure 4.2C). As a conclusion, CRISPR2 and 

CRISPR4 of Sth DGCC7710 are still adaptation inert, even when the two 

dominant Type II-A systems are removed.  

 

Overexpression of cas1 and cas2 improves adaptation by the Type I-E 

CRISPR-Cas system  

Cas1 and Cas2 are the only two Cas proteins essential for naïve adaptation 

of the Type I-E system of E. coli, and overexpression of the cas1 and cas2 genes 

substantially improved adaptation efficiency of the Type I-E system in E. coli 

(22,24). To test whether a similar amelioration of adaptation frequency would 

result in Sth, we overexpressed cas1 and cas2 of Sth Type I-E system by a 

pWAR-based plasmid (46,47) in both WT strain and Type II-A KO strain, 

separately. After phage 2972 challenge, although the presence of cas1+2 

overexpression plasmid did not greatly increase CFU values of either of the two 

strain, we observed 12 of 221 tested survivors acquired a new spacer (7/53 from 

WT strain, 5/168 from the Type II-A KO strain) in CRISPR4, while the Type I-E 

system of the two strains with the control plasmid remained still inert in 

adaptation (Figure 4.3A). This result indicated that cas1+2 overexpression is 
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sufficient to improve the adaptation ability of Type I-E CRISPR-Cas system in 

Sth, and the low efficiency of the process was caused by low expression of the 

endogenous genes.  

All the 12 new spacers (listed in Figure 4.3B) were from phage 2972 

genome, among which 11 were acquired from the coding strand of known or 

hypothetical genes, and the other one was from the template strand. Among the 

12 pre-existing native spacers, the first 9 (those close to the leader proximal end 

of the array) were 33 nt long, and the last 3 were 34 nt long; while among the 12 

newly acquired spacers, 10 were 33 nt, and the other 2 were 34 nt. The PAM 

sequence of the 12 new protospacers was analyzed by WebLogo 

(http://weblogo.berkeley.edu/logo.cgi), revealing a conserved ‘AA’ PAM upstream 

(Figure 3B), which was consistent with bioinformatic prediction and the immunity 

assay (39).  

 

A priming spacer is sufficient to improve adaptation by Type I-E CRISPR-

Cas system  

While primed adaptation is a well-studied process in some CRISPR-Cas 

system subtypes, the ubiquity of priming among CRISPR-Cas systems, and the 

mechanisms involved remain mysterious. Research has been hampered by the 

difficulty and uncertainty of the design of PPSs to trigger primed adaptation. To 

better understand primed adaption by the Type I-E system of Sth, I established a 

novel CRISPR-Cas escaping virus mutants-based method for future research.  
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The 12 phage 2972 insensitive colonies with a new spacer are referred to as 

bacteriophage insensitive mutants (BIMs). To further study primed adaptation of 

the Type I-E CRISPR-Cas system, I infected one of the BIMs of the Type II-A 

CRISPR-Cas null strain (with the new spacer 5’-

TGTTTTAGCATTCATAATTGCACGTTCTGGGTT-3’, referred to as XZ2), with 

WT phage 2972 at a high M.O.I. (=10). Although the plaque-forming units (PFUs) 

were extremely low, I still attained several phage CRISPR-Cas escaping mutants 

(CEMs) of the virus, which had point mutation(s) at their target or PAM sequence 

(Figure 4.4A). Although XZ2 was not resistant to the CEM phages containing 

mutant targets, its new spacer was still speculated able to pair with the 

corresponding imperfect protospacers and function as a PPS, which might 

significantly improve the acquisition effectiveness of additional spacers from the 

same invading nucleic acid.  

To test this, we first selected XZ2 cultures which had lost the cas1+2 

overexpression plasmid by long-term subcultures under no antibiotic selection 

condition. Plasmid loss was confirmed by PCR amplification, and the new BIM 

without the plasmid were referred to as XZ2np. We chose three of its CEMs, 

φxzPh3 (which had a mutation at -1 position in the PAM), φxzPh5 (which had a 

mutation at +2 position in the protospacer), and φxzPh9 (which had two 

mutations at +2 and +10 positions in the protospacer), for further study (Figure 

4.4A). XZ2np was sensitive to the three CEMs and highly resistant to WT phage 

2972, while all the 3 CEMs kept a similar infection effectiveness as WT phage 

2972 in control Sth group without the newly required spacer (Figure 4.4B). I 
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infected XZ2, XZ2np, and Type II-A null control strains, with the 3 CEMs under 

the same condition, at M.O.I. of 1. After the independent infection tests with the 

three different CEMs, CFU values of XZ2np were 2-8 fold greater than that of the 

control strain, while the ones of XZ2 strain were ~3 fold greater. The XZ2 strain 

was grown on chloramphenicol selective plates, which would lower the CFU 

value of cell cultures.  

We randomly chose Sth survivors of the three tests to analyze for adaptation 

events at CRISPR4 systems. While no CRISPR4 adaptation was observed 

among the 28 survivors tested of the control strain, 43.9% of the survivors of 

XZ2np acquired a new spacer (21/29, 31/92, 6/11 after the three CEMs 

challenges, separately), and 98.6% of the survivors of XZ2 acquired a new 

spacer (23/23, 33/34, 15/15 after the three CEMs challenges, separately) (Figure 

4.4C). As a conclusion, a priming spacer is sufficient to improve Sth CRISPR4 

adaptation ability.  

To test the distribution pattern of the secondary protospacers sampled by 

primed adaptation of the Type I-E system of Sth, we sequenced 121 of the 

survivors that acquired a new spacer of XZ2 or XZ2np after CEM challenges. All 

of the 121 secondary spacers were from phage 2972 genome with invariable 

upstream ‘AA’ PAM. Among the 121 protospacers acquired, 40 were from the 

same strand with the PPS; while the other 81 were from the other strand of the 

phage. The sequenced secondary protospacers had obvious preference to locate 

adjacent to the protospacer corresponding to PPS (Figure 4.5). Moreover, there 

was a clear trend toward 5’-3’ spacer uptake relative to the existing spacer 
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position, i.e., the top strand provided spacers to the right of the target; the bottom 

strand provided spacers to the left of the target (Figure 4.5). This suggests the 

activity of a 5’-3’ exonuclease (likely cas3) providing DNA ends for spacer 

uptake. 

 

Discussion 

Naïve adaptation by the Type I-E CRISPR-Cas system of Streptococcus 

thermophilus 

CRISPR1 is the most dominant CRISPR systems in adaptation in Sth 

DGCC7710, and CRISPR3 is also active for spacer acquisition (3,33,42). 

Although mature crRNAs of CRISPR4 are also processed (48), and related cas 

genes are expressed and can be induced by phage challenge (48,49), adaptation 

events in this Type I-E were not able to be detected until hundred days 

cocultivation with phage (37). In fact, adaptation rarely happens in most of tested 

bacterial strains, unless cas1+2 genes were over expressed (22,24), or a priming 

spacer pre-existed (50).  

In this study, we first observed target interference by the Type I-E CRISPR-

Cas system in Sth in vivo, and excluded the possibility that the extremely low 

efficiency of the adaptation was a result of the competition by the efficient co-

existing Type II systems. We successfully increased the adaptation ability of 

CRISPR4 by cas1+2 overexpression, indicating that the low efficiency was likely 

a reflection of the low expression level of the endogenous cas genes. 

Interestingly, non-CRISPR-Cas based Sth survivors were observed after 
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challenge with the lytic phage 2972 (Figure 4.2B and 4.3A), revealing that there 

exist more survival strategies in Sth to counter invading lysogenic viral challenge. 

Several restriction-modification protein subunits are expressed in Sth and can be 

induced by phage challenge (49), which may be a candidate strategy.  

Paez-Espino et al. (37) cocultured Sth with phages for one hundred days, 

and detected 71 new spacers acquired at the CRISPSR4 locus, however, only 

one of the 71 new spacers targeted phage, suggesting that this system can 

cause self-immunity by spacer acquisition from its own genome. As a result, it 

could be beneficial for the cell to keep cas1+2 expression at a low level. Under 

the condition of phage challenge, Cas proteins of this system increases in 

abundance (49), which probably can provide a naïve adaptation chance for the 

cells. Once a sequence is acquired by this system from phage, primed 

adaptation mechanism enables the CRISPR4 system of Sth cells to co-evolve 

with the previously encountered phage.  

 

A novel CRISPR-Cas escaping virus mutants-based system to study 

primed adaptation 

The design of a PPS, or an escaping target sequence, that can trigger 

primed adaptation had been a difficulty in primed adaptation study. In this work, 

by studying primed adaptation of the Type I-E system of Sth, we developed a 

novel method based on CRISPR-Cas escaping virus mutants, to acquire the 

suitable PPS information by natural co-evolution between the prokaryotic host 

and the lytic virus, rather than by artificial design. To achieve this, prokaryotic 
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host is first challenged with a lytic virus. Most of the cells will be lysed, but if the 

strain contains an active CRISPR-Cas system, it is expected to identify several 

survivors with a new spacer acquired from virus genome, which can be 

confirmed by colony PCR amplification against the leader-proximal end of the 

CRISPR array (Figure 4.6A). Stable insensitivity of the survivors to the virus can 

then be confirmed. The CRISPR-Cas-mediated survivors will then be co-

cultivated with WT virus. Most of WT virions units will fail to lyse the CRISPR-

Cas-mediated survivors, but it is still expected to identify several plaques formed 

by CRISPR-Cas-escaping viruses. Most of the escaping viruses will have 

mutation(s) within or near the protospacer, which prevent the target cleavage by 

the CRISPR-Cas system. The specific mutation(s) of the CRISPR-Cas-escaping 

virus mutants (CEMs) can be characterized by PCR and the following 

sequencing against the protospacers plus their flanking regions. The mutation(s) 

which recover the lysis ability of the escaping virus against the according 

prokaryotic survivor (containing one specific new spacer), and whether the 

escaping viruses retain the ability to lyse WT prokaryotic cells needs to be 

confirmed (Figure 4.6B). The originally acquired new spacer (derived from WT 

virus) cached at the locus of the prokaryotic survivor may be able to function as 

priming spacers of the CEMs, since they are partially or perfectly complementary 

to their original protospacers in the genomes of the CEMs, but lose the 

interference initiation ability. Finally, the CEMs can be used to challenge their 

corresponding prokaryotic survivors (containing a priming spacer), as well as WT 
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prokaryotic cells (Figure 4.6C). The priming spacer holding strain may end up 

with primed adaptation ability against the CEMs (Figure 4.6C).  

 

Primed adaptation by the Type I-E CRISPR-Cas system of Streptococcus 

thermophilus 

Using the research system proposed above, we found that a pre-existing 

priming spacer can greatly improve the acquisition effectiveness of the Type I-E 

CRISPR-Cas system of Sth against the same DNA molecule. We also show that 

cas1+2 overexpression increased the ratio of CRISPR4 primed adaptation-

mediated survival events among all the survivors from less than 50% to nearly 

100% (Figure 4.4C), suggesting a multiplicative effect of these two strategies of 

spacer acquisition. Different from the well-studied homologous Type I-E system 

of E. coli, secondary protospacers acquired by primed adaptation of this Type I-E 

system of Sth distributed at both the primed and the non-primed strands, 

centered by the PPS. This finding indicated a universal Type I feature of 

secondary protospacer distribution during priming, and the specific feature of the 

Type I-E system of E. coli might be caused by some unknown cellular effects.  
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Figure 4.1. Type I-E CRISPR-Cas system of Sth is active in target 

interference.  

(A) The schematic of Type I-E CRISPR-Cas system of Sth. Purple pentagons, 

the cas genes; dark green rectangle with the letter L, the leader sequence; black 

rectangles, the identical repeat sequences; variably colored rectangles, unique 

pre-existing spacers. (B) The transformation efficiencies of the target and the 

empty plasmid. **, p=0.01; n = 2. 
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Figure 4.2. The Type I-E CRISPR-Cas system is inefficient in adaptation.  

(A) The schematic of the phage-based adaptation monitor procedure. Sth cells 

were challenged by lytic phage 2972, and randomly chosen colonies were 

analyzed by PCR against the leader-proximal ends of the CRISPR arrays. PCR 

results of the WT strain and the Type II-A CRISPR-Cas null strain were shown in 

(B) and (C). The last line of each of the gel was no phage challenge control. The 

bands indicating new protospacer adaptation were indicated by red stars. The 

numbers below each gel picture indicated the adaptation experienced 

colonies/total colonies tested. 
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Figure 4.3. Overexpression of cas1+2 improves the adaptation ability of 

Type I-E CRISPR-Cas system.  

(A) The PCR results of the phage survivors of the WT strain (upper) and the 

Type II-A CRISPR-Cas null strain (lower), with (right) and without (left) the 

overexpression of cas1+2. The last line of each of the gel was no phage 

challenge control. The bands indicating new protospacer adaptation were 

indicated by red stars. The numbers below each gel picture indicated the 

adaptation experienced colonies/total colonies tested. (B) The protospacer 

sequences (red) together with their upstream and downstream adjacent 

sequences in phage 2972 (black) were listed. The consensus sequence, AA 

upstream to the protospacers were identified by WebLogo 

(http://weblogo.berkeley.edu/logo.cgi). 
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Figure 4.4. The priming protospacers trigger primed adaptation of the Type 

I-E CRISPR-Cas system.  

(A) The sequences of the protospacer (red) acquired by XZ2, and the PAM (AA, 

black) upstream. The mutations of the escaping phages are highlighted by the 

black stars below. (B) The phage tittering assay by WT phage 2972 and the 

escaping phages at a gradient of amount against the WT Sth and XZ2np. (C) 

The numbers in the table indicated the adaptation experienced colonies/total 

colonies tested. Sum, in total.  
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Figure 4.5. The distribution of secondary protospacers acquired by the 

Type I-E CRISPR-Cas system of Streptococcus thermophilus. 

Secondary protospacers acquired from the three phage mutants (xzPh3, xzPh5, 

and xzPh9) during priming by the Type I-E CRISPR-Cas system of (A) XZ2np 

and (B) XZ2 are illustrated by orange (primed strand) or blue (non-primed strand) 

triangles. The black triangle represents the PPS. 
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Figure 4.6. Workflow of CRISPR-Cas escaping virus mutants-based system 

to study primed adaptation.  

The pre-existed spacer in the CRISPR array of the prokaryotic genome is 

illustrated by the yellow rectangle. Some of the cells acquired a new spacer (from 

the virus) into the locus, which is illustrated by the red rectangle, and such cells 

are marked by red star. Virus mutants that escape from the new spacers-

mediated immunity are marked by green triangle. The secondary spacer 

acquired from the virus mutants by primed adaptation is illustrated by a purple 

rectangle.  
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Table 4.1. The primers used in this work. 

Sth mutant strain construction 
Purpose Name Sequence (5'-3') 
Linear 
pINTRS 

Linear-pINTRS-r CTGCAGATGCTAGCGGTGCCGCGCGC
TC 

Linear-pINTRS-f GTCGACGCAAGCTTATGCGGCCGCATA
C 

CRISPR1-
Cas KO 

sl-StCr1-f CACCGCTAGCATCTGCAGCTCTACTTA
TTCCGGACAATATCG 

StCr1-OL-r GGCTTTTTATGTTGAATCAATTAATAAT
CCCCTTATGCTTTTTTC 

StCr1-OL-f GGGGATTATTAATTGATTCAACATAAAA
AGCCAGTTC 

sl-cr1-r GCATAAGCTTGCGTCGACGAGCTCGTC
ATGTACTTGCAAG 

CRISPR3-
Cas KO 

seam-cr3-f CACCGCTAGCATCTGCAGCACGCGAAC
AAATTCG 

StCr3-OL-r GTGATAACAAAACTCTTTTATCTCTACT
ATTTTCCCAC 

StCr3-OL-f GTAGAGATAAAAGAGTTTTGTTATCACA
ATTTTCGGTTGAC 

seam-cr3-r GCATAAGCTTGCGTCGACCTCCTATGC
CCTTTATTG  

cas1+2 expression vector construction 
Purpose Name Sequence (5'-3') 
Linear 
pWAR 

endofpWAR-f  GCGGCCGCCACCGCGGTGGG 
pPgm-r GAAATATCTCCTTTTAAATTCAATG 

Insertion sl-cr4core-f TTTAAAAGGAGATATTTCATGGTAGAAA
AAAATGGAGCTAAG 

sl-cr4core-r CACCGCGGTGGCGGCCGCTTAAGACT
TTTCTTTCATTCTAGCTAAG  

CRISPR loci expansion monitor 
Purpose Name Sequence (5'-3') 
CRISPR1 seqCR1incsn2-f CCAAGTAATGATTTTCCGACGAG 

1.01rev CAATTCGAATCTTGATTTGCTGTC 
CRISPR2 CR2-lead-f GGTACACTATAGATAGTGTTTCC 

CR2.03-rev GGATGTACACAGCAAGTGG 
CRISPR3 CR3-lead-f TAAAATTGGAATTATTTTGAAGCTGAAG

TC 
CR3.02-rev CAACCAAGCTAATACAGCAGTA 
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CRISPR4 CR4-lead-f GAAAGATGCTAGACTAATCTATC 
CR4.01-rev CTATTCGCCGATAATACAGG  

Protospacer mutation determination 
Purpose Name Sequence (5'-3') 
XZ2 1032proto-f CATGTACGTAATAGCAGATTGG 

1032proto-r GTAATCCAGCCTAATTCAATTTGC 
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CHAPTER 5 

DISCUSSION 

 

CRISPR-Cas systems exist in eubacteria and archaea (1,2), and provide 

hosts with a specific defense mechanism against invading nucleic acids (3-8). 

The functional studies regarding the CRISPR-Cas systems have inspired 

researchers to develop many unprecedentedly convenient genetic tools for 

diverse purposes (9). The work presented here for the first time provided detailed 

studies regarding adaptation by the Type III CRISPR-Cas system, and also 

contributed to better understanding of primed adaptation by the Type I system.  

 

Naïve adaptation by the Type III-A CRISPR-Cas system 

Type III CRISPR-Cas systems are distinguished from the other types of 

systems by their unique and diverse mechanisms of target interference (10). 

Type III systems have been used for genome editing of the hyperthermophiles, in 

which CRISPR-Cas9-based modules might not function (11), and their target 

RNA cleavage ability has been used for gene expression control (12,13). 

Nevertheless, our knowledge about adaptation by the Type III systems is very 

limited. In this work, we for the first time, provided detailed analyses of the 

properties of the adaptation by the Type III CRISPR-Cas system.  
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Cas1 and Cas2 proteins mediate adaptation by the Type III CRISPR-Cas 

system 

We successfully detected adaptation against the plasmids, a lytic phage, 

and host genome by the Type III-A CRISPR-Cas system of Streptococcus 

thermophilus (Sth). Lengths of about 99% of new spacers fell into a roughly 

normal distribution from 32 to 42 bp, with 36 bp as the peak of the curve. Unlike 

Type I and Type II systems, adaptation by Type III system is independent on any 

protospacer flanking sequence.  

Cas1 and Cas2 have been shown essential for adaptation by all tested 

CRISPR-Cas systems (3,14-19). The Type III-A CRISPR-Cas system of Sth 

required Cas1 and Cas2 proteins, but not Cas6 or any interference-related Cas 

proteins for adaptation. After knocking out all the csm genes, the system kept the 

ability and the intrinsic features of adaptation.  

 

Adaptation-independent replication of the repeat-spacer units in the 

CRISPR arrays 

Intriguingly, although adaptation was impeded after knocking out cas1 or 

cas2 genes, we observed the replication of the pre-existed repeat-spacer units, 

indicating that it was an adaptation-independent cellular event. Such replication 

was observed in both the Type III and the Type II systems, indicating that it was 

a universal feature of all or many of CRISPR-Cas systems. We think that the 

homologous recombination or the DNA replication errors in the repeat-rich region 
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can help the CRISPR-Cas systems to replicate the recently acquired spacers to 

enhance the expression of the crRNAs, as well as to lose the old spacers to keep 

a compact CRISPR array.  

 

Type III CRISPR-Cas system recognizes secondary structures of DNAs 

during adaptation 

      We compared between adaptation by the Type III-A and the Type II-A 

CRISPR-Cas systems of Sth JIM8232 against different rolling-circle replicating 

(RCR) plasmids and theta replicating plasmids, as well as host genome. A 

prominent and intriguing feature of the adaptation by the Type III system was the 

recognition against the ssos of the RCR plasmids, distinguished from the Type II 

system. RCR plasmids have ssDNA forms during their replication, and the long 

and partially palindromic ssos form the stem-loop structures to trigger the 

synthesis of the minus strand. We reasoned that the stem-loop structures served 

as additional dsDNA substrates for adaptation by the Type III system, making the 

ssos preferentially adapted by the Type III system. Similarly, the partially 

palindromic oriT sequence of pNT1, and the ones of the regulatory regions of 

pIB184 rep gene and the ones of genomic amino acid synthetase genes, as well 

as the clover structure enriched rRNA and tRNA encoding regions of the 

genome, were also recognized by the Type III system but not by the Type II 

system. Most of natural plasmids of gram-positive bacteria, including Sth, and 

many of those of gram-negative bacteria are RCR plasmids (20). Moreover, the 

crucial structure of oriT and other DNA secondary structures are important for the 
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conjugative transfer and other life procedures of environmental mobile genetic 

elements (21). As a consequence, the ability of secondary structure recognition 

of Type III CRISPR-Cas system is beneficial for the system to specifically and 

efficiently eliminate invaders.  

Unlike the three reported Type III CRISPR-Cas systems with reverse 

transcriptase (RT) activity (18,22-24), adaptation efficiency of Type III-A system 

of Sth has no strong correlation between transcription level of the DNA 

substrates. However, the first ~50 bp regions following the strong transcription 

start sites are preferentially adapted by the RT-free system. Moreover, like the 

reported Type III-D system of Vibrio vulnificus with RT activity, the RT-free Type 

III-A system of Sth extensively acquires new spacers from the rRNA as well as 

the tRNA sequences, indicating that this Type III-specific preference was RT-

independent and was not caused by direct adaptation against the RNA 

substrates. We reasoned that during transcription of the highly expressed 

regions, the coding strand was displaced in a ssDNA form, which can form 

secondary structures and be recognized by the Type III system. Especially, the 

rRNA and tRNA encoding sequences are the most highly transcribed regions of a 

genome and are enriched of the clover structures in their ssDNA forms.  

 

Type III-A CRISPR-Cas system mediates defense against the lytic phage 

We isolated two Sth DGCC7710 BIMs that separately acquired one new 

spacer from the template strand from phage 2972 in the transplanted Type III-A 

CRISPR-Cas system, indicating that Type III-A system of Sth performed robust 
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adaptive defense against the phages as well. Moreover, nearly all the new 

spacers detected by HTS and the two new spacers of the isolated BIMs came 

from the early transcribed genes of the phage, suggesting that only the crRNAs 

targeting the early transcribed genes could mediate timely defense against the 

lytic viruses for the Type III CRISPR-Cas systems.  

 

Primed adaptation by the Type III-A and the Type I-E CRISPR-Cas system 

Primed adaptation provides CRISPR-Cas systems with an efficient and 

specific secondary adaptation against the escaping invaders, thus allowing the 

hosts to minimize the escapers and co-evolve with invaders. However, primed 

adaptation had only been studied in few Type I systems and only two Type II 

systems (25-33). In this work, we for the first time observed primed adaptation by 

Type III CRISPR-Cas system, and developed a novel CRISPR-Cas escaping 

virus mutants-based research system for the future study regarding primed 

adaptation.  

 

Primed adaptation by the Type III-A CRISPR-Cas system  

In this work, priming protospacer (PPS) triggered secondary adaptation by 

the Type III-A system of Sth. Primed adaptation by the Type III system 

preferentially acquired new protospacers against the ~800 bp encoding strand 

downstream to the target. Adaptation hotspots during primed adaptation had 

been proposed to be the DNA cleavage sites during target interference by the 

Type III system (34). The block of transcription of the target DNA sequence, and 
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the mutations within the DNase domain of Csm1, abolished primed adaptation. 

These findings supported the hypothesis that DNA cuts mediated by Csm1 

triggered primed adaptation. The ssDNAs with free ends generated by DNA 

cleavage probably fuel adaptation by Cas1-Cas2 hexamers. How the ssDNAs 

are integrated into the CRISPR array is unknown. Very likely, they are able to 

form secondary structures, and can be recognized by the adaptation machinery 

of the Type III CRISPR-Cas system.  

 

A novel CRISPR-Cas escaping virus mutants-based system to study 

primed adaptation 

The design of a PPS, or an escaping target sequence, that can trigger 

primed adaptation had been a difficulty in the primed adaptation study. In this 

work, by studying primed adaptation of the Type I-E system of Sth, we developed 

a novel CRISPR-Cas escaping virus mutants-based method, to acquire the 

suitable PPS information by the natural co-evolution between the prokaryotic 

host and the lytic virus, rather than by artificial design. Firstly, Sth cells were 

challenged by lytic phage 2972. Type I-E CRISPR-Cas system-mediated 

bacteriophage insensitive mutants (BIMs) were successfully isolated. One of the 

BIMs was then co-cultivated with phage 2972 again. Few phage plaques formed 

by CRISPR-Cas-escaping viruses were isolated. The escaping phages had 

mutation(s) within or near the protospacer, which prevented target cleavage by 

the CRISPR-Cas system. The mutation(s) recovered the lysis ability of the 

escaping phage 2972 against the BIM (containing one specific new spacer). The 
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originally acquired new spacer (derived from WT phage 2972) functioned as a 

priming spacer of the escaping phages, and was shown able to trigger primed 

adaptation by the Type I-E system.  

 

Future directions 

In this particular study, priming procedure of the Type III-A CRISPR-Cas 

system of Sth did not apparently increase the adaptation efficiency against the 

targeted plasmid, compared with reported Type I and Type II systems. This 

finding challenged the reality of the existence of primed adaptation activity of the 

system. Since the target sequence used here was not an escaping target, I 

reasoned that the Type III-A CRIPSR-Cas system was able to eliminate the 

target plasmids and had a short time period to acquire secondary spacers. As a 

result, the existence and the features of primed adaptation by the Type III system 

need to be further studied. I constructed a series of target plasmids with different 

mutations and the protospacer flanking sequences, so that they were 

differentially sensitive to the target interference. They are useful materials for the 

further studies. Moreover, the CRISPR-Cas escaping virus mutants-based 

research system I developed during the Type I-E system study, will be a very 

useful strategy to generate escaping targets for the study about primed 

adaptation by the Type III system.  
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