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ABSTRACT

Clustered regularly interspaced short palindromic repeats (CRISPR) are inheritable genetic elements of many archaea and bacteria, conferring
acquired immunity against invading nucleic acids. CRISPR might be indicative of the bacterial niche adaptation and evolutionary.
Mycobacterium is an important genus occupying diverse niches with profound medical and environmental significance. To present a
comparative genomic landscape of the Mycobacterium CRISPR, the feature of mycobacterium CRISPR structures with sequenced complete
genomes were bioinformatically analyzed. The results show that CRISPR structures can be found among 14 mycobacteria, and all loci are
chromosomally located. Long CRISPRs present in three species, namely M. tuberculosis, M. bovis, and M. avium. Integrated CRISPR-Cas
system can only be found in M. tuberculosis and M. bovis, with highly conserved repeat sequences, very short leaders, and promoterless.
M. tuberculosis and M. bovis repeat sequences cannot form stable RNA secondary structure, consistent with a Cas6-binding sequence.
M. avium repeat sequences can form classical stem-loop structure. A three-step model of M. tuberculosis CRISPR-Cas system action was put
forward based on the composition and function of cas genes cluster. M. tuberculosis and M. bovis CRISPRs might interfere with the invading
nucleic acids, but have somehow lost the capacity to incorporate new spacers and co-evolve with corresponding mycobacteriophages. J. Cell.

Biochem. 113: 2464-2473, 2012. © 2012 Wiley Periodicals, Inc.
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C lustered regularly interspaced short palindromic repeats
(CRISPRs) are highly diverse inheritable components wide-
spread across many bacteria (~ 40%) and most archaea (~ 90%)
[Sorek et al.,, 2008; Makarova et al., 2011]. Initially reported in
Escherichia coli in 1987 [Ishino et al., 1987], the name CRISPR was
not widely adopted [Jansen et al., 2002] until 2002. Most species
contain two or more CRISPR loci. CRISPR loci contain short direct
repeats, spacers, and leader. The size of the highly conserved repeat
varies between 21 and 47 bp, with an average of 32 bp [Godde and
Bickerton, 2006]. Spacers are short sequences with similar size but
interposing in two consecutive repeated elements. The leader,
consisting of several 100 bp, is a non-coding sequence rich in A/T
located at the 5 end of the first repeat. CRISPR-associated (cas)
genes, often adjacent to CRISPR, encode a large protein families.
Specific functional domains identified in Cas proteins include

nucleases, helicases, polymerases, DNA-, and RNA-binding proteins
[Haft et al., 2005]. CRISPR along with Cas proteins is generally
known as the CRISPR-Cas system. This can act as acquired immunity
system against exogenous nucleic acids (viruses and plasmids)
[Barrangou et al., 2007; Garneau et al., 2010], functionally
comparable to the eukaryotic RNA interference (RNAi) [Carthew
and Sontheimer, 2009].

Mycobacterium is Gram-positive genus bacteria belonging to
Actinobacteria. The genus includes a wide variety of organisms of
medical, agricultural, and environmental importance, notably the
pathogens known to cause serious diseases in humans and animals,
such as tuberculosis (Mycobacterium tuberculosis) and leprosy
(M. leprae). With the advent of extensively drug-resistant strains
of M. tuberculosis, tuberculosis continue to plague global public
health. Some mycobacteria appear to be parasites, exemplified by
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the causative agent of tuberculosis and leprosy. Hence, the diversity
of mycobacteria provide an ideal source to dissect the CRISPRs.

M. tuberculosis CRISPR was regarded as the rapidest evolving
unit in the genome [Hermans et al., 1991]. The number of repeats
and the sequence of specific spacers vary with M. tuberculosis
strains [Groenen et al., 1993], whereby the basis for spacer-
oligotyping or spoligotyping of clinical isolates [Kamerbeek et al.,
1997]. This genotyping is also applicable to other bacteria (such
as Salmonella enterica subsp. enterica [Liu et al.,, 2011] and
Corynebacterium diphtheriae [Mokrousov et al., 2007]). Is there any
defensive role of mycobacterium CRISPR-Cas system? Whether
the same proto-spacer can be found among mycobacteriophage
genomes? To this end, the occurrence of CRISPR loci in the complete
genomes of sequenced Mycobacterium were explored, and a
comparative analysis the leader sequences, repeats, spacers, and
cas genes was performed. The evolving stages of acquired immunity
of M. tuberculosis CRISPR was proposed based on the cas genes
content and architecture.

Complete genome sequences were downloaded from GenBank at
the National Center for Biotechnology Information [Benson et al.,
2011] (http://www.ncbi.nlm.nih.gov/genomes/). CRISPR informa-
tion (contain the loci in genomes, repeat, and spacer sequences) were
retrieved from the CRISPRdb database [Grissa et al., 2007] (http://
crispr.u-psud.fr/crispr). The non-coding sequences at the immediate
upstream of the first CRISPR repeat were selected as the putative
leader sequences and compared using Vector NTI. Then the leader
sequences of long CRISPR whose repeat numbers were greater than
5 were predicted for promoter by online tools BDGP Neural Network
Promoter Prediction [Reese, 2001] (http://www.fruitfly.org/seq_
tools/promoter.html). Identification of cas genes was achieved by
NCBI BLAST [Altschul et al., 1990] (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). BLAST was also used to search the identical sequences
with CRISPR spacers in the GenBank database limited organism to
Bacteria (taxid:2) or Viruses (taxid:10239). RNA secondary structure
prediction was performed by RNAfold [Schuster et al., 1994;
Hofacker, 2003] (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).

CRISPR loci was allegedly fallen outside the coding domain
[Sorek et al., 2008]. However, each CRISPR information within all-
inclusive CRISPRdb database must be manually proofread. Loci
located within coding area or repeat size larger than 48 bp were
discarded. Additionally, for the convenience of description, the
loci excluded were called not real CRISPR locus, and the loci with
small repeat numbers (2-5) were named questionable CRISPR locus.
Determination of the 5" end of the long CRISPR was based on the
GAAA(C/G) signature at the 3’ terminus of repeats.

OCCURRENCE OF CRISPR LOCI IN MYCOBACTERIUM GENOMES
Twenty-one CRISPR loci (include questionable locus) have been
found from 22 mycobacterium strains belonging to 14 species.

All loci locate at the chromosome. CRISPRs information were
summarized in Table I. The loci with greater repeat numbers (>5)
can only be found in three mycobacteria (M. tuberculosis, M. bovis,
and M. avium), others are questionable CRISPR loci. Our focus is the
long CRISPR.

All five M. tuberculosis strains harbor two longer CRISPR loci,
CRISPR1 adjacent to cas gene cluster, and more distant CRISPR2.
The number of M. tuberculosis H37Rv repeat is 24 and 18,
respectively. The absence of duplicate spacer between the two
CRISPRs implicates that they are distinct CRISPRs. The relative
position of CRISPR and cas gene and their numbers are unique in
M. tuberculosis. In other bacteria, the common scenario is one
CRISPR locus followed by one cas genes, or one CRISPR locus
flanked by one cas gene cluster. In M. tuberculosis, two tandem
CRISPRs are followed by nine consecutive cas genes whose names
were cas2, casl, csm6, csmb, csm4, csm3, csm2, cas10(csm1), and
cas6 from 5’ to 3/(Figs. 1 and 3). Two transposase genes belonging to
the IS6110 family interpose in the two CRISPR loci. The structures of
the CRISPR1 of other four strains are the same as M. tuberculosis
H37Rv with difference in the number of repeats and spacers.
The CRISPR2 of M. tuberculosis H37Ra and M. tuberculosis F11 are
exactly same.

The CRISPR structure of M. bovis is similar to M. tuberculosis,
with same repeat, leader, and cas genes. More than half of the spacer
sequences are same between them, suggestive of shared phages
between M. tuberculosis and M. bovis. The number of repeat of two
CRISPR in M. bovis is 25 and 17, respectively, M. bovis BCG has 30
and 19, together with two questionable loci. M. bovis BCG contains
all the spacers of M. bovis, arranged dispersedly. M. bovis BCG
harbors some unique CRISPRs and several identical to that of
M. tuberculosis. This seems counterintuitive, since the habitat of
M. bovis BCG might have fewer invader than M.bovis. There is a
pseudogene between casl and csm6 of M. bovis BCG cas gene
cluster, wherein M. bovis genome is a non-coding sequence. The
pseudogenes and non-coding sequences share a high homology of
84.9%. This pseudogene sequence is a duplicate of the 5" end of
M. tuberculosis csmé (Rv2818c), but the identity with a middle
sequence of adjacent csmé (BCG_2837c¢) is only 48%.

One long CRISPR and one questionable locus exist in two
M. avium genomes. The long CRISPR has unique repeat and spacer
sequences and no discernable flanking cas gene cluster. The number
of repeat is 13, we designate it as CRISPR3.

LEADER SEQUENCES

Typical leader is a AT-rich sequence immediate upstream of the first
CRISPR repeat and lacks an open reading frame. New repeat-spacer
unit tends to interpose between leader and the earlier unit
[Barrangou et al., 2007], the leader was the preferable recognition
sequence for the insertion of new spacers. Furthermore, the leader
can also function as the promoter and transcription factor-binding
site of the transcribed CRISPR in some strains, such as E. coli K12
[Westra et al., 2010] and Pyrococcus abyssi [Phok et al., 2011]. The
leader sequences of M. tuberculosis and M. bovis CRISPR1 and
CRISPR2 are identical. However, no conserved consensus sequences
can be found from all CRISPR leaders. This was consistent with
observation that leaders vary with species [Sorek et al., 2008]. The
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size of the leader of CRISPR1 is 48 bp. The size of the leader of
CRISPR2 is 97bp, with a palindromic sequence “CCCCGAG”
separated by 12bp. Similarly, the leader of CRISPR3, with a size
of 90 bp, contains a palindromic sequence “CGCCGCG” separated by
20bp and two shorter palindromic sequences. No promoter
possibilities can be found for CRISPR1 and CRISPR2. Slight
possibility of promoter can be found in CRISPR3 (scored 0.19,
range: 0-1). The sequences 1,000 bp upstream of the CRISPR were
predicted to be promoter. A promoter scored 0.51 located 500 bp
upstream of first repeat in CRISPR1 was found. Several promoters
were predicted in CRISPR2, the sequence with the highest score of
0.68 located 300 bp upstream.

CGGGGGCCCGCACTCCCGTCTTGAC
GGTCTGCTGTGGGGCAGCGGCGG
AACGGGGGAAACGCCGGCCTTTITCGG
GCCGGACGGCGGCGAGGATTCCG
CGCGTGACGACGAAGGCGGCGTGGG

REPEAT SEQUENCES
Repeats can be grouped into 33 clusters based upon sequence
similarity [Kunin et al., 2007], 12 of which included 10 or more

Representative repeat sequence (5" — 3')

)
% = g coooo members. The repeats from M. tuberculosis and M. bovis fall into
S,D < ~ zzzzz ! cluster 8. Many repeats contain a conserved 3’ GAAA(C/G)terminus,
g ¢ potential-binding site for one or more of the conserved Cas proteins.
- ’EE GAAA(C/G) motif can be found in mature CRISPR RNA (crRNA),
2 % ? TNLDL || suggestive of possible recognition or binding site of Csm protein
& o E complexes. Two repeats can be found in mycobacteria long CRISPR,
. one is the repeat of CRISPR1 and CRISPR2 (repeatl, Fig. 2A), the
2 g E_ MQRQY | other is the repeat of CRISPR3 (repeat2, Fig. 2B). 3’ Terminus of
v 2= repeat1 is GAAAC, consistent with previous reports; while GAACC
5 ,2 in repeat2, similar to the conserved motif. Predicted RNA secondary
g % N~ structures of CRISPR repeats were displayed in Figure 2. Repeat1 was
2 = predicted to have an unstable secondary structure by RNAfold, with
© oo o a large middle loop and two small loops at both ends. After CRISPR
% = °E‘ 8 5 5 g3 transcribed into primary CRISPR RNA (pre-crRNA), about 10
S £ % SRIQY nucleotides at the 5’ end of the repeat RNA was enfolded by two
= g g R é § §' b ferredoxin-like domains of Cas6, and the 3’ end located in the
;%D g % E § g § § enzyme actl've center [Wang etal., 2011]. Based on the Cas6-binding
N &N structure with repeat, highly stable structure cannot be formed by
I repeatl. Mature crRNAs invariably retain a partial (8-nucleotide)
("-‘H,; SE|S DR o repeat sequence upstream of the spacer sequence [Brouns et al.,
5 S g 5 ﬁ 5 §> 5 2008; Hale et al., 2009], cleavage site might be formed between G28
and A29. Figure 2B represents a classical stem-loop stable structure
E 29 for repeat2 characterized by the one stem of G:C base pairs, a large
§ S oeDTs and a small loop at both ends. This stem-loop structure facilitates the
z © recognition of repeat for Cas proteins-binding RNA, and the CRISPR
3 Ej traps foreign DNA or RNA in the form of repeat-spacer unit.
g ﬁ ol oo oo
§ % IDENTICAL SEQUENCES OF SPACERS
Z E‘) Spacer sequences derived from the prior infection phage or plasmid

genomes can confer immunity to second infection of the same
phages [Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005].
Therefore, spacer of different CRISPR system is unique, few
exceptions, such as two tandem spacer resulting from duplication.
Incorporation of a spacer sequence into the CRISPR locus
necessitates the duplication of a repeat, which will produce a
new spacer-repeat unit. Eighty-three spacer patterns can be found
from the 259 spacers of the 21 CRISPR of mycobacteria, with
varying length from 25 to 62bp. The spacer sequences of
M. tuberculosis and M. bovis are same. However, the slight
variations of several spacers among five M. tuberculosis strains

TABLE I. (Continued)

Mpycobacterium smegmatis str. MC2 155

Mycobacterium vanbaalenii PYR-1
Mycobacterium leprae TN/Br4923
Mycobacterium sp. Spyrl

bQuestionable CRISPR structures.

Mycobacterium abscessus
*Not real CRISPR locus.

Name
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aubep. paratuberculoais K-101

D
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Fig. 1. Graphic representation of Mycobacterium CRISPR loci. The blue rectangles represent the CRISPR loci; the black and red arrows represent the cas genes, the red are the
csm genes; the gray arrows represent the genes surrounding the CRISPR loci. The characters above each gene indicate the name or Gene symbol, respectively. A: CRISPR loci in
M. tuberculosis; H37Rv, M. tuberculosis H37Rv; H37Ra, M. tuberculosis H37Ra; F11, M. tuberculosis F11; CDC1551, M. tuberculosis CDC1551; KZN1435, M. tuberculosis
KZN1435. B: CRISPR loci in Mycobacterium sp. MCS. C: CRISPR loci in Mycobacterium sp. KMS. D: CRISPR loci in M. gilvum PYR-GCK. E: CRISPR loci in M. bovis; AF2122/97,
M. bovis AF2122/97; BCG str. Pasteur 1173P2, M. bovis BCG str. Pasteur 1173P2; BCG str. Tokyo 172, M. bovis BCG str. Tokyo 172. F: CRISPR loci in M. avium; 104, M. avium
104; subsp. paratuberculosis K-10, M. avium subsp. paratuberculosis K-10. G: CRISPR loci in M. vanbaalenii PYR-1. [Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/journal/jcb]

GUCGUCAGACCCAAAACCCC UGCUCCCCGCGCAAGCGGGG

GAGAGGGGACGGAAAC AUGAACC

Fig. 2. Predicted RNA secondary structure of the repeat sequences by RNAfold. The repeat RNA sequences are shown at the bottom of the figure. A: Predicted secondary

structure of repeat of M. tuberculosis and M. bovis, unstable. B: Predicted secondary structure of repeat of M. avium 104, stable.
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implicate diverse phage exposure during each strain life history.
Contrary to the rather short evolutionary history of CRISPR
[Karginov and Hannon, 2010], the spacers at the leader end of
CRISPR loci were conserved among five strains, with hypervariable
distal end.

Search for the matches of 83 spacers showing 100% identity over
the whole length spacer sequences using NCBI-Blast. We cannot
found the counterpart of proto-spacer from known mycobacter-
iophage. No homology to the genome or insertion sequences of
M. microti, M. bovis, and M. bovis BCG can be found too. One
explanation might be the intrinsic limitation of current mycobac-
teriophages discovery methodologies. Nearly all mycobacterio-
phages were firstly isolated using M. smegmatis as host, followed
by test their host spectrum using M. tuberculosis and other
mycobacterium. Therefore, it is logical the host of most myco-
bacteriophage screened was M. smegmatis in which no CRISPR loci
can be found [Pope et al., 2011]. The possibilities of as-yet untapped
mycobacteriophages or CRISPR resistant phages might exist too
[Hatfull, 2008]. The latter immune evasion-like phenomenon had
been observed in S. thermophilus [Deveau et al., 2008; Karginov and
Hannon, 2010].

CAS GENE FAMILIES

Based upon phylogenetic and comparative analyses of the genomic
context to these 45 families, three basic types of cas gene family
were proposed [Haft et al., 2005]: core cas genes, subtype-specific
genes, and modular genes. This original classification is simple and
widely used. To account for the distant relationships among Cas
proteins and the evolutionary relationships among the CRISPR-Cas

systems, a “polythetic’” nomenclature [Makarova et al., 2011] was
adopted in this study.

The cas genes cluster consisted of nine cas genes that were
cas2-cas1-csmb-csmb-csm4-csm3-csm2-cas10(csm1)-cas6 (Figs. 1
and 3) from 5’ to 3’ in eight mycobacterial strains which contain
complete CRISPR-Cas structure. In addition, csm5, csm4, csm3, and
casb6 also belonged to repeat-associated mysterious protein (RAMP)
superfamily. Some of the RAMPs had been shown to act as
sequence- or structure-specific RNase functional in the processing
of pre-crRNA transcripts [Haurwitz et al.,, 2010]. Csm and Cmr
proteins are over-represented in archaea, and the above-mentioned
components of cas proteins match to that of Thermoplasma
volcanium. Csmé6 was the least conserved Cas protein among the
eight strains with 70.2%, and the percentage identity was 88.6% in
five M. tuberculosis strains, the others were highly conserved with
identity above 99%. A pseudogene between cas1 and csm6 was only
found in M. bovis BCG. Cas genes exist in all mycobacteria studied,
some in clusters, such as M. tuberculosis and M. bovis, others
interspersed. Free cas genes were invariably a function domain of
genes. Some free cas genes in the genomes of four mycobacteria lack
CRISPR locus (Table I). Cas4 was the widest distributed cas gene, a
RecB-like nuclease possibly involved in DNA metabolism or gene
expression with three cysteine C-termini cluster [Jansen et al., 2002;
Haft et al., 2005; Makarova et al., 2006].

Cas proteins are key player of the immunity against invading
genetic elements. The defense act in three stages: adaptation (spacers
were integrated into the CRISPR loci), expression (CRISPR was
transcribed into pre-crRNA and processed into short mature crRNA),
and interference (foreign genome was targeted by crRNA and
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Fig. 3. Graphic representation of CRISPR loci and all cas genes in five mycobacterial genomes. The bluish arrows represent the cas genes, the rectangles represent the CRISPR
loci. The words below each cas gene indicate the name of that one, and the corresponding gene symbol is depicted on the top. The niche of five mycobacteria in graph:
M. tuberculosis, parasitism; M. bovis, parasitism; M. avium, water and soil; M. smegmatis, soil; M. leprae, intracellular parasitism. [Color figure can be seen in the online version

of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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cleaved by Cas proteins). Cas1 and Cas2, the most conserved Cas
proteins, are presumably crucial for spacer acquisition. Cas proteins,
active in other two stages, often act in the form of Cas proteins
complexes.

The widespread distribution of CRISPR-Cas system implicates that
it is not niche-specific. This holds true for Mycobacterium. The
CRISPR loci and the distribution of cas genes in genomes of several
representative mycobacteria were summarized in Figure 3. The
presence of cas gene is not associated with host lifestyle and
surrounding. CRISPR structures of M. tuberculosis and M. bovis are
highly similar, while quite different among other mycobacteria. This
reflects the close evolution relationship between M. tuberculosis and
M. bovis, and consistent with the 16S rRNA-based phylogenetic tree
[Brosch et al., 2001].

The distribution and the constituents of Mycobacterium CRISPR-Cas
with completed genome sequences were analyzed. Mycobacteria
long CRISPR can be divided into two types. One is the CRISPR1 and
CRISPR2 of M. tuberculosis and M. bovis, directly adjoining cas gene
cluster. The other is the CRISPR3 of M. avium, without apparent cas
gene cluster. The leaders of CRISPR1 and CRISPR2 were much
shorter than the common leader (up to 550bp), and without
promoter function. A predicted promoter can be found in the leader
of CRISPR3, but with very low score. The leader of CRISPR2
had similar palindromic sequence with the leader of CRISPR3.
The repeat of long CRISPR can also be divided into two types.
The representative repeat sequences shared between
M. tuberculosis and M. bovis, consistent with previous findings
[Kunin et al., 2007] that similar repeats can be found in the same- or
close-related species. No a stable secondary structure can be found

were

in the RNA of repeat 1, which is agreement with the prediction in
P. furiosus repeat RNA [Wang et al., 2011]. No mycobacteriophage
perfectly matches the spacer can be found.

Typical cas gene cluster arrangement, namely cas2-casl-csmé6-
csmb5-csm4-csm3-csm2-cas10-cas6, was present in M. tuberculo-
sis and M. bovis. The middle part of Csmé, identical in eight strains,
might be the function domain of Csm6. Nucleotide sequence of
pseudogene of M. bovis BCG was the duplication of the 5" end
of M. tuberculosis H37Rv Rv2818c (csm6), and similar to the
BCG_2837c middle domain. These observation led to the hypothesis
that this pseudogene was likely formed before the N-terminal of
BCG_2837c change.

The CRISPR-Cas system is comparable to eukaryotic RNAi
[Makarova et al., 2006, 2011]. The disparity is the spacer. Spacer is a
DNA fragment derived from exogenous nucleic acid and integrated
into the host CRISPR locus [Makarova et al., 2006]. The spacer can
recognize the same invader like a “memory stick” via self-matching
the complementary sequence in invasive genome [Bolotin et al.,
2005; Pourcel et al., 2005]. The matched invader will then be cleaved

by Cas protein complexes. The M. tuberculosis and M. bovis csm
genes can be grouped into subtype IlI-A according to the Makarova
“polythetic” classification [Makarova et al., 2011]. M. tuberculosis
CRISPR-Cas systems mediated immunity against invading myco-
bacteriophage or plasmid can be divided into three stages (Fig. 4).
The first step is adaptation, the proto-spacer in virus genome or
plasmid is inserted into the leader side of CRISPR locus. It is widely
accepted that Cas1 and Cas2 are crucial Cas proteins in this process
[Karginov and Hannon, 2010]. The ubiquitous Cas protein Casl,
a Mn®"- or Mg?"-dependent double-stranded DNA (dsDNA)
endonuclease with promiscuous sequence specificity, is presumable
a component of the machinery disposing foreign genetic materials
[Wiedenheft et al., 2009; Cady and O'Toole, 2011]. The role of Cas2, a
sequence-specific endoribonuclease that cleaves uracil-rich single-
stranded RNAs (ssRNAs), remains unclear [Beloglazova et al., 2008].
How these two proteins interact or cooperate, and is there any other
elements involved, remain an open question. Further investigation
of the regulatory factors involving in this process is justified. The
second step is expression, the CRISPR is transcribed into pre-crRNA
and processed into mature crRNAs by Cas6 and other Cas proteins.
Based on the type III systems, the pre-crRNA transcript is cleaved
into crRNA units by a single endoribonuclease Cas6 [Makarova
etal., 2011]. Cas6 binds to 2-9 nucleotides near the 5’ end of the pre-
crRNA repeat sequence and its cleavage site lie in approximately 20
nucleotides on the opposite side of the binding site [Carte et al.,
2010; Wang et al., 2011]. The short crRNA processed by Cas6 was
delivered to Cas protein complex where the nucleotides at the 3’ end
will be further degenerated [Carte et al., 2008; Hale et al., 2008],
subsequently the mature crRNA is generated. The final step is mere
conjecture. The proto-spacer sequence is targeted by crRNA and
destructed by Csm complex. Discrimination of the chromosomal
CRISPR locus and the invading DNA fragment during this step
is required. Interference which might not occur can take place
simply because the base paired to the 5 repeat fragment of the
mature crRNAn [Marraffini and Sontheimer, 2010; Makarova et al.,
2011].

The CRISPR-Cas system is regulated by global regulatory
factors, such as LeuO, H-NS, and LRP in E. coli [Westra et al.,
2010], Salmonella [Medina-Aparicio et al., 2011], and many
other prokaryotes. Homologs can be found in M. tuberculosis.
M. tuberculosis Lsr2 (Rv3597c), a repressor implicated in virulence
[Gordon et al., 2010], is a unique H-NS-like protein. M. tuberculosis
Lrp (Rv3291c) and Rv2779c are regulatory proteins crucial to
nutrient limitation and persistence [Betts et al., 2002; Thaw et al.,
2006]. Two Lrps homologs, Rv2529 and Rv2324, present in
M. tuberculosis genome too. But no LeuO protein homolog can
be found.

The mechanisms of short-term CRISPR evolution mentioned
above means that the ancestral spacers at the distal end of the locus
are shared among strains, but the “newer” spacers next to the
leader are polymorphic [He and Deem, 2010]. Among the five
M. tuberculosis strains, the spacers at the leader-proximal end of
the CRISPR are common within each strain, but the distal end of the
leader is unique. Besides, the CRISPR leader is so short and has no
promoter, most probably cannot function as the recognition site for
the insertion of new spacers with truncation. Perhaps to assist the
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Fig. 4. Overview of the M. tuberculosis CRISPR-Cas system action. After a novel spacer derived from viruses or plasmids is actively incorporated into the leader end of the
CRISPR locus by Cas1 and Cas2, the CRISPRCas system can recognize and resist the same invader. The CRISPR repeat-spacer array is transcribed into a pre-crRNA that is shorn a

set of small RNAs by Cas6 and processed into mature crRNAs degenerated the 3’ end. If the virus or plasmid invade once again, the crRNA will guide the destruction of
corresponding invading nucleic acid by Cas complex. Repeats are represented as red fragment, marked "“R,"” spacers as blue fragment, marked "S,"” and the additional unit is
marked red word. Filled diamonds represent the cleavage site. The three stages of CRISPR-Cas action are shown on the right. The adaptation stage is represented by dotted arrows
because it is absence in M. tuberculosis (see below). [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

host limit the expansion of the CRISPR locus, the internal and trailer
spacer deletions have been reported. Furthermore, because of the
high rate of evolution for phage genomes, the resistance against
viruses provided by ‘“older” spacers may be historical, the loss of
spacers is necessary to maintain a dynamic level in size. So the
polymorphism between the distal end of the cluster contains spacers
is likely to due to the difference with the deletion. In summary,
this led to the hypothesis that the M. tuberculosis CRISPRs are
inactive remnants, they cannot appear to incorporate new spacers.
Simultaneously, they have complete cas genes cluster and repeat-
spacer structure, thus we consider this CRISPRs can accomplish the

expression and interference stages and interfere with the corre-
sponding invading nucleic acid.

After a series of comparative analyses among the evolutionary
clusters of repeats, casl and 16S rRNA genes sequences from 100
different bacteria, Chakraborty et al. [2010] revealed that repeat and
casl genes are coevolving and have analogous ancestral origin.
Therefore, the cas gene cluster of M. avium, which only have CRISPR
locus now, would have lost at some time of evolutionary history.
Moreover, M. tuberculosis repeat and casl share identical clades
with 10 other bacteria whose genus even orders are different with
M. tuberculosis, such as Bifidobacterium adolescentis, Methylococ-
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cus capsulatus, and Leptothrix cholodnii, respectively [Chakraborty
et al., 2010]. This supports the possibility of horizontal transfer event
of CRISPR locus.
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