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Introduction
More than three decades ago, Ishino et al. discovered repeating sequences with symmetry structures in the 3’-

end of the iap gene of Escherichia coli [1]. Given that sequencing data was far scarcer at that time, the authors could
not identify prokaryotic homologous sequences containing the aforementioned repeating sequences, and thus
their biological significance remained uncharacterized. Further, Mojica et al. identified similar palindrome
sequences in the genomes of 20 species of bacteria and archaea. The researchers addressed the need for studies
regarding the universality, phylogeny, and biological significance of the repeating sequences [2]. Ruud Jansen and
Francisco Mojica referred to this “interspersed short sequence repeat family” as CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats), which is exclusively found in prokaryotes and not in eukaryotes or
viruses [3].

More recent studies determined that the spacer DNA sequences in CRISPR are derived from extrachromosomal
genetic elements such as bacteriophages and conjugative plasmids, suggesting that CRISPR acts as an adaptive
immune system in bacteria [4]. Experiments conducted in 2007 confirmed that CRISPR effectively acts as a
bacterial adaptive immune system by correlating the inactivation of the cas gene with phage sensitivity in
Streptococcus thermophilus, an industrial strain common in dairy products [5]. In 2010, the CRISPR/Cas
mechanism was elucidated. The cells that survived infections from agents containing exogenous DNA such as
phages or plasmids integrated the foreign sequences into their own CRISPR locus. These sequences were
subsequently processed into crRNAs as a guide for Cas nucleases and ultimately interfered with future invasions
from entities carrying the same nucleic acid sequences [6]. In August 2012, Jennifer Doudna, Emmanuelle
Charpentier, and their colleagues identified the underlying mechanism of these phenomena, including the
formation of a dual-RNA complex that directs the Cas9 nuclease to the target site, after which the
tracrRNA:crRNA-guided Cas9 nuclease can cleave double-stranded DNA targets adjacent to the 5’-GG
dinucleotide protospacer adjacent motif (PAM) [7].

The CRISPR/Cas system consists of a target-recognizing RNA and a DNA-cleaving Cas nuclease, which are
functionally independent. Therefore, to modify the target DNA sequences, the CRISPR/Cas must only alter the
target-binding sequence in the target-recognizing guide RNA [8]. In the CRISPR/Cas9 system, two separate
crRNAs and tracrRNAs are linked with a loop to form a chimeric single guide RNA (sgRNA), thus facilitating
genome editing [7]. Among the many known Cas nucleases, single-polypeptide Cas9 nuclease is the most widely
used [9]. After the Streptococcus pyogenes-derived Cas9 nuclease was first used [7], various orthogonal Cas9
nucleases derived from Staphylococcus aureus [10], Streptococcus thermophilus [11], Neisseria meningitidis [12],
Francisella novicida [13], and Campylobacter jejuni [14] were discovered. In vivo genome editing using CRISPR/
Cas9 was first reported in human cells [15, 16]. Currently, the CRISPR/Cas9 system has become a major genome
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editing tool not only in bacteria but also in plants [17], animals [18], and human cells [19] for a variety of
applications including industrial processes, agriculture [20], and the development of therapies against human
diseases [21]. In this review, we have summarized studies ranging from classical genome engineering methods to
more recent CRISPR-mediated genome editing, particularly in bacteria. Moreover, the development of various
accurate technologies including single-base level genome editing was described. Finally, we discussed
perspectives on the future development of CRISPR technology and basic research on genomics and molecular
genetics.

Bacterial Genome Editing Methods
Several bacterial genome editing methods have been described thus far, including CRISPR/Cas technology

(Fig. 1). First, the introduction of point mutations into the genome can be achieved using suicide plasmids
harboring the mutations flanking homologous DNAs and counter-selectable markers [22]. The presence of DNA
fragments including both the desired mutations and counter-selectable markers in the genome is toxic to cells
under specific conditions [23]. Plasmid backbones can be eliminated while leaving behind the desired mutations
via double-crossover and counter-selection [24]. 

Second, scarless gene deletion has been achieved by generating double-strand breakages (DSBs) of DNA using
meganucleases such as I-SceI, followed by homologous recombination (HR)-mediated DNA repair [25]. Phage-
derived recombinases have been recently used to promote HR with donor DNAs such as PCR products and
oligonucleotides, followed by CRISPR-mediated negative selection of unedited cells [26].

To edit bacterial genomes, external DNA molecules harboring the desired sequences (plasmids, PCR products,
and single-stranded DNA oligos) must be introduced into the cells. The inserted DNAs must have homologous
sequences to introduce the desired mutations into the target site via HR. This process can be facilitated by
recombinases in the host cells (e.g., RecA in E. coli) or derived from bacteriophages (e.g., λ-Red and RecET). λ-red
recombinases (Exo, Bet, and Gam) can promote HR events between the target site and the PCR products
harboring approximately 50-bp homologous sequences at both ends [27]. For example, the Keio knockout
collection (3,985 individual gene knockout mutants of E. coli) was constructed using this method [28]. Moreover,
effective recombination using mutagenic oligonucleotides as donor DNA can be achieved by co-expressing only
the λ-red Bet protein [29].

During genome editing, it is not possible to introduce external donor DNA sequences into the genome of all
surviving cells. Therefore, the edited cells where the external DNA sequences were successfully introduced must
be easily distinguished. Positive selection can be conducted using non-replicating vectors or PCR products
harboring drug-resistance marker genes. Further, second cross-over induction via counter-selection can increase
genome editing efficiency (Fig. 1A). The double-crossover method has been used for genome engineering in
various bacteria. For example, a suicide vector harboring both the desired mutation and the sacB gene was used to
edit the genome sequence of Corynebacterium glutamicum [24]. A toxic levan is generated by levansucrase
(encoded by the sacB gene) in the cells in sucrose-containing media [23], which kills cells carrying the plasmid
backbone and the sacB gene, thus leaving only live cells with the desired mutation via double-crossover. In Bacillus

Fig. 1. Genome engineering methods in bacteria. (A) Genome editing using counter-selectable markers (CSM). The
first single crossover results during the integration of suicide plasmids. The second crossover can be selected via counter-
selection (e.g., sucrose in the media is toxic to cells when the sacB gene is present in the genome), which results in the excision of
the plasmid backbone. Editing and non-editing events have an equal likelihood of occurrence (i.e., a fifty-fifty chance). (B)
Scarless gene deletion. Three different homologous DNA fragments were rearranged, and an antibiotic resistance marker (AbR)
flanking I-SceI cleavage sites was inserted in the middle of three PCR-fused DNA fragments. The chromosomal DNA
sequences to be excised were deleted via HR without any traces or scar sequences after I-SceI cleavage. The dotted lines indicate
the homologous recombination between chromosomal DNA and PCR products. Red arrows indicate an I-SceI cleavage. (C)
CRISPR-mediated genome editing. Phage recombinases facilitate the integration of donor templates (ss oligos or dsDNA) into
the chromosomal DNA. Unedited DNA targets are recognized and cleaved by the guide RNA/Cas nuclease complex. Unedited
cells die, as most bacteria lack the DSB repair system. Finally, edited cells are obtained via CRISPR/Cas negative selection.
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subtilis, the upp gene (encoding uracil phosphoribosyl-transferase) was used as a counter-selectable marker in 5-
fluorouracil containing medium [30].

Genome editing using selectable markers leaves scars on the bacterial chromosome even if the selectable
marker genes are removed using flippase (FLP) or Cre recombinase [31, 32]. More importantly, the scar sequences
may interrupt the expression of the edited genes and/or downstream iterative editing procedures. To solve these
issues, a scarless genome editing method has been developed (Fig. 1B). A linear DNA molecule carrying three
different DNA fragments homologous to the genomic DNA sequence and an antibiotic selectable marker flanked
by two I-SceI meganuclease sites was generated via overlap PCR. After electroporation and integration of the PCR
products, the chromosome was cleaved by I-SceI and the DNA breakage was connected via RecA-mediated DSB
repair. Finally, the genomic DNA to be excised was removed without any scars or traces [25].

There are two major DSB repair pathways. One is non-homologous end joining (NHEJ), which can reconnect
3'-hydroxyl and 5'-phosphate without a repair template. The other is homology-directed repair (HDR), which is
based on the recombination between two DNA molecules carrying sequences that are homologous to each other
[33]. Reportedly, when DSB occurs in higher organisms such as humans, the deacetylation of FOXL2 via
translocation of SIRT1 activates and enhances the recruitment of the Ku complex on the DSB site, which
subsequently promotes the initiation of NHEJ [34]. In contrast, in the case of prokaryotic systems, NHEJ pathways
are only observed in some bacteria such as Mycobacterium tuberculosis [35], M. smegmatis [36], Pseudomonas
aeruginosa [37], and Bacillus subtilis [38]. Most bacteria rely on HDR primarily when DSBs occur in the cell [39].
Given that cells lacking the NHEJ pathway cannot survive when the genome contains DSBs, the recognition and
cleavage of unchanged DNA targets via CRISPR/Cas negative selection has been frequently used for bacterial
genome editing. Using this approach, only living cells with the desired donor DNA sequence mutation are
preserved, whereas those without the mutation are eliminated (Fig. 1C) [40].

CRISPR-Mediated Genome Editing
The potential applicability of CRISPR/Cas9 as a genome-editing tool based on in vivo cleavage activity [7] has

allowed for genetic modification in living organisms [15, 16]. Various novel genome editing techniques were later
developed, including gene disruption using a drug marker [26], gene deletion [41], and point mutation [42]. In
Streptomyces sp., gene deletion was performed using a single plasmid harboring the cas9 gene, sgRNA, and donor
DNA with homologous arms [43]. CRISPR/Cas9 system has been also used for engineering of secondary
metabolite biosynthetic gene clusters in Streptomyces [44]. A method to achieve seamless genomic DNA deletions
or insertions was established in Lactococcus lactis, which exceeded a 75% editing efficiency within 72 h [45].
Plasmid-based gene integration and deletion were achieved in Pseudomonas putida within 5 days using a plasmid
that harbored a homolog sequence and I-SceI sites [46]. A double gene deletion method was developed in
Streptomyces species using a single plasmid [47]. Further, four E. coli loci were simultaneously edited with a >30%
efficiency using three plasmids harboring λ-red recombinases, multiplex donor DNA, and multiplex gRNA,
respectively [48]. However, the excision or insertion of several-kilobase sequences may affect the physiology of the
modified organism [49] or lead to genome instability [50]. Therefore, these challenges highlight the need for
precise and scarless genome editing capable of modifying only a few essential bases. 

Representative case studies on CRISPR-mediated pinpoint microbial genome editing are summarized in
Table 1. Base-editings by CRISPR scissors were screened and confirmed by phenotypic changes in C. glutamicum
[51] and Synechococcus UTEX 2973 [52], respectively. PAM-containing sequences were edited in Bacillus subtilis
[53] and Lactobacillus luteri [54]. The co-expression of bacteriophage λ derived red-recombinase highly improved
the genome editing efficiency of CRISPR/Cas9-mediated negative selection [26, 55-57]. Another Rac prophage-
derived RecT-mediated ssDNA recombineering approach also improved genome editing efficiency in
C. glutamicum [51] and Lactobacillus plantarum [58]. Impairing the interaction between primase and replisome
boosts ssDNA loading on the replication fork, thus improving recombination efficiency in the dnaG mutant of
E. coli [59]. In Clostridium beijerinckii, a two-step single nucleotide modification method was established using
artificial PAM or protospacers [60]. Similarly, alterations in the original protospacer achieved using artificial
sequences were reverted back to the original sequences via point mutation [61].

Various CRISPR systems have been discovered since their discovery and widespread adoption, which are
generally divided into two classes and six types. Among them, the CRISPR/Cas12a system has a single polypeptide
nuclease similar to Cas9, which can only induce DSBs in the target DNA when a crRNA is present. Therefore, both
CRISPR/Cas12a and CRISPR/Cas9 have similar performances and applications [62]. This system is now generally
referred to as Cpf1 (CRISPR from Prevotella and Francisella 1). Using a C. glutamicum industrial strain, 2 bp
substitutions were introduced by oligonucleotide-directed mutagenesis and Cpf1 negative selection with a nearly
100% editing efficiency [63]. Similarly, 2 to 3 bp substitutions were also introduced in E. coli, Yersinia pestis, and
Mycobacterium smegmatis with editing efficiencies of up to 90% [55]. 

PAM-Independent Genome Editing
In 2008, researchers from a dairy company first discovered that there is a specific sequence of DNA motifs that

are adjacent to the protospacer in the phage sequence, which corresponded with the newly acquired spacer in the
Streptococcus thermophilus strain [64]. Later, Francisco Mojica and colleagues coined the term “protospacer
adjacent motif ” (PAM) to refer to this DNA motif [65]. There are dozens of known PAM sequences in Cas9
orthologs [66]. PAMs play an important role in the recognition and selection of the protospacer during spacer
acquisition [67]. The CRISPR locus of host cells lacks the PAM to escape autoimmunity from the Cas nucleases,
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and therefore the Cas nucleases are allowed to discriminate between the self- and non-self-DNA [68]. However,
the specific sequence requirements limit the available targeting ranges [69].

According to the crystal structure of the Cas9-sgRNA-DNA ternary structure, it was found that 1097-1368
amino acid residues in the C-terminal region of SpCas9 constitute the PAM-interacting (PI) domain [70]. Since it
was likely that PI domain determines the PAM specificity, protein engineering approaches were performed to alter
the PAM specificity. Cas9 variants with altered PAM specificities were obtained through bacterial selection-based
directed evolution [71]. Meanwhile, Cpf1 variants with modified PAMs were obtained by performing a structure-
based mutagenesis to increase the DNA targeting range of Cpf1 [72]. Recently, a phage-assisted continuous
evolution method developed Cas9 variants with expanded PAM sequences [73]. In addition, a Cas9 variant that
recognizes the 5'-NG sequence as PAM, so called Cas9-NG, was created through rational design based on
structural information [74]. 

Cas9-NG significantly reduces PAM restrictions, as it only requires a single nucleotide (G). PAM specificity can
be indirectly defined through the binding affinity and repression of the target gene using catalytically deactivated

Table 1. CRISPR/Cas-mediated pinpoint microbial base editing.
Edited 
length

Efficiency 
(%) Cas system Donor 

DNA Organism Target 
gene Description Reference

Single 
base

99.7 FnCpf1 Oligo Corynebacterium 
glutamicum

crtEb Target-mismatched crRNAs [98]

95 SpCas9 Oligo Escherichia coli galK Target-mismatched sgRNAs [97]
83 SpCas9 Oligo E. coli galK, 

xylB 
5’-truncated sgRNAs [99]

68 SpdCas9-
CBE

- Agrobacterium 
tumefaciens

atu1060 Curing of the plasmid using 
sacB counter-selection

[101]

65 SpCas9 Oligo E. coli rpsL Single base substitution for 
streptomycin resistance 
acquisition

[42]

30 SpCas9 Plasmid Clostridium 
beijerinckii

pta Two-step single nucleotide 
modification using artificial 
PAM or two-step indel

[60]

Double 
bases

100 SpCas9 dsOligo Schizosaccharomyces 
pombe

swi6 Short-homology-mediated 
genome editing

[102]

100 SpCas9 Oligo Lactobacillus 
plantarum

rpoB RecT-aided ssDNA 
recombineering

[58]

100 AsCpf1 Oligo C. glutamicum crtYf Comparison of 7 different Cas 
systems

[103]

100 FnCpf1 Oligo, 
PCR 
products

C. glutamicum argR RecT-aided ssDNA 
recombineering

[63]

100 FnCpf1 Oligo Zymomonas mobilis ldh Plasmid curing system using its 
native plasmid

[104]

90 BbCpf1 Oligo C. glutamicum crtYf Comparison of 7 different Cas 
systems

[103]

87.5 FnCpf1 Plasmid E. coli prpC λ-red aided two-plasmid 
system 

[56]

76 FnCpf1 Oligo E. coli lacZ Using X-Gal for blue-white 
colony screening

[55]

60 FnCpf1 Oligo Mycobacterium 
smegmatis

ms1521 λ-red aided ssDNA 
recombineering

[55]

60 TsCpf1 Oligo C. glutamicum crtYf Comparison of 7 different Cas 
systems

[103]

Triple 
bases

100 SpCas9 Plasmid Bacillus subtilis trpC Substitution of PAM sequence [53]
100 SpCas9 Oligo Streptococcus 

pneumoniae
bgaA Amino acid change and 

creating BtzI site
[42]

94 ~ 99 SpCas9 Oligo, 
PCR 
products 

E. coli rpoB, 
ack

λ-red aided ssDNA 
recombineering

[57]

70 ~ 
86.7

SpCas9 Oligo C. glutamicum rpsL, 
rfp

Editing of streptomycin 
resistance phenotype or 
integrated fluorescence gene

[51]

71 SpCas9 Oligo L. plantarum glmS1 Overexpression of Dam to 
interfere MMR

[105]

Quadruple 
bases

47 FnCpf1 Oligo C. glutamicum mscCG Site-directed mutagenesis using 
a random mutagenic oligo

[106]

17 Synthetic 
Cas9

PCR 
products

Ustilago maydis cdk5  Introduction of point 
mutations using two-step PCR 
with three DNA fragments

[107]
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Cas9 (dCas9) and dCas9-NG. Previous studies have demonstrated that dCas9 and dCas9-NG are less restricted by
PAM requirements, suggesting that target binding and target cleavage are mediated by different mechanisms
[75, 76].

Single-Base Genome Editing
The CRISPR/Cas system must recognize and cleave foreign DNA to ensure cell survival even if a mutation

occurs in the phage genome protospacer or the spacer sequences in the CRISPR loci. Therefore, CRISPR/Cas
systems have evolved to allow a certain level of homology [77]. By allowing several mutations, the 1~2 bp edited
target DNAs are also recognized and cleaved (Figs. 2A, 2B, 2C, and 2E) [78], which is referred to as mismatch
tolerance. Additionally, another study demonstrated the unintended cleavage of DNAs harboring several
mismatches with guide RNA [79]. These off-target effects negatively affect the accuracy of genome editing [80].
Unwanted DNA cleavages of the off-target are highly toxic and could induce cell death [81]. Therefore, several
strategies to minimize off-target effects were developed to increase on-target specificity or prevent the formation
of DSBs using modified Cas nuclease, particularly in higher organisms.

Engineered base deaminases were fused with dCas9 [82], dCpf1 [83], or Cas9 nickase (nCas9) [84] to introduce
single base edits without DSBs (base editor). However, given that the linker provides flexibility to the base editor,
the unwanted bystander base within the editing window could also be edited [85]. To overcome this bystander
effect, the editing window range can be widened or narrowed by altering the fused base deaminase [86]. A base
editor using cytidine deaminase was used in Pseudomonas putida for multiplex single base editing [87].
Additionally, the engineered reverse transcriptase was fused with nCas9 to synthesize a new DNA strand from the
RNA editing template extended from gRNA (prime editor) [88]. In theory, a prime editor can be used to introduce
all types of genome alterations [89]. However, this approach cannot be easily implemented in bacterial systems
due to the large size of engineered protein constructs [90]. Further, prime editing may introduce small insertions
beyond the template primer due to reverse-transcriptase-mediated extension [8].

Guide RNAs (gRNAs) have also been modified to enhance the accuracy and editing efficiency of the CRISPR/
Cas genetic scissors. It is reported that the 5’-end truncation of sgRNA increases the target specificity of the
sgRNA/Cas9 complex [91] and also enables allele-specific genome editing in mammalian cells [92]. It has also
been reported that crRNA extension of Cpf1 [93], chemical base modification of crRNA [94], and 3’-end
uridylation of crRNA [95] improved editing efficiency. Furthermore, the mismatch(es) between the target
recognition sequence of sgRNA and the target could decrease off-target effects [96].

The use of mismatch intolerance successfully enabled single base editing in bacteria through gRNA
modification. In E. coli, successful single base editing with up to 95% editing efficiency has been reported using
target-mismatched sgRNAs harboring mismatched sequence(s) coupled with unchanged target DNAs (Fig. 2D)
[97]. The design rules for mismatched sgRNAs were optimized in 16 randomly chosen genome-wide targets.
Target-mismatched crRNA also increased the single base editing efficiency of RecT-mediated oligonucleotide-
directed mutagenesis followed by Cpf1 negative selection to up to 99% in C. glutamicum [98]. Additionally, the 5’-
end truncation of sgRNA can facilitate single base editing in bacteria (Fig. 2F) [99]. The 5’-truncated sgRNA
method can be used to edit each base in the target region using the same plasmid regardless of the edited locations
and mutation types within the target region. Using this approach, single-base genome editing can be achieved
more easily and accurately.

Fig. 2. CRISPR-mediated bacterial single base genome editing by target-mismatched and 5’-truncated
sgRNAs. (A) Unedited target DNAs are cleaved by the gRNA/Cas9 complex. (B) Single base edited cells are also cleaved by the
gRNA/Cas9 complex due to mismatch tolerance. Unedited target DNAs are still cleaved by the (C) target-mismatched or (E) 5’-
truncated sgRNA/Cas9 complex. Mismatch intolerance of (D) target-mismatched or (F) 5’-truncated sgRNA/Cas9 complex
enables bacterial single base genome editing (blue-shaded panels). 
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CRISPR/Cas genetic scissors are well suited to edit bacterial genomes, as will be described below. Bacterial
genome sizes are generally below 412 bp. Therefore, the likelihood that a particular sequence of more than 12 bp
occurs at different locations of a bacterial genome is extremely low. In other words, off-target effects are not a
concern, as these are observed only in a few species. The consequences of off-target effects would be negligible in
bacterial systems because they are present at the population level. Furthermore, the implementation of mismatch
intolerance facilitates adequate base editing efficiency in bacterial genomes. Since the target specificity and
editing efficiency were relatively high, the target-mismatched or 5’-truncated sgRNA method can be expanded to
mammalian genome editing.

Perspectives
The CRISPR/Cas system was proposed as a genome-editing tool over a decade ago, and research continues to

explore new methods for applying this technology to all living systems, from bacteria to humans. Particularly,
bacterial systems have been used in the development and validation of new functions or modifications of the
CRISPR/Cas system due to their convenience and higher productivity. In many cases, bacterial systems have been
used for the development and improvement of Cas nuclease variants. Engineered Cas9 nucleases with reduced
PAM dependence [73, 74], base editors [82-84], and prime editors [88] have been created using bacterial and(or)
bacteriophage systems that will continue to be used in the future. 

Even a single base or nucleotide alteration in the genome can result in important phenotypic changes.
Accurately modifying single bases is critical to induce the desired phenotype or revert a mutant sequence to its
wild-type state. In terms of genome editing, there is no single method that serves all specific purposes. For
example, methods based on dCas9 variants cannot introduce or edit indel mutations in the genome, and therefore
the Cas9 nuclease must be used instead. Therefore, accurate nucleotide editing approaches that overcome
mismatch tolerance and/or off-target effects are of paramount importance for the improvement of CRISPR/Cas9
nuclease-mediated genome editing methods. Therefore, future research should focus on the development of
highly accurate CRISPR technologies in bacteria and their application to higher organisms. The development and
application of cutting-edge CRISPR genome editing tools in the field of microbial biotechnology is illustrated in
Fig. 3.

CRISPR/Cas9 systems can cause DNA damage such as double or single-strand breaks at specific locations in the
genome, thus providing a model system for the study of DNA repair or recombination. NHEJ may easily cause
indel mutations that can modify the open reading frame, thus resulting in gene dysfunction. Recently, the
accuracy of NHEJ was analyzed to elucidate the mechanism of DNA repair on DSBs generated by CRISPR/Cas9
[100]. The target gene can then be edited as desired by introducing donor DNA via HDR. However, current
research has not yet determined whether donor DNA is incorporated after DNA target cleavage or whether it is
negatively selected by Cas9 cleavage after donor DNA incorporation. This phenomenon may be closely related to
the mechanisms of DNA repair, recombination, and replication in cells. Prokaryotic genome editing using
CRISPR/Cas could serve as a good model system to provide insights into the molecular mechanisms of DNA
metabolism.

With current CRISPR/Cas9 genome editing methods, bacterial cells with the desired mutation can be obtained
in less than a week. The development of more accurate and faster genome editing tools (e.g., single-base level and

Fig. 3. Development and application of CRISPR-mediated microbial genome editing tools. (A) Major
limitations of accurate CRISPR technologies: PAM-dependence, and mismatch tolerance. Red rectangles, and asterisks
represent PAM sequences and mutated bases in the genome. (B) Development of single-base level CRISPR genome editing
methods by target-mismatched sgRNAs and engineered Cas9 variants. Red asterisks represent single point mutations. (C)
Application of microbial CRISPR genome editing in various fields: Basic biosciences (e.g., DNA metabolism in model
microbes); Industrial biotechnology (e.g., engineering of microbial workhorses); Personalized human health (e.g.,
modification of gut microbiome); Agriculture and environment (e.g., regulation of plant-microbes interaction).
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multiplex editing) will enable the improvement of bacterial strains with industrial applicability within a few days.
In the future, the technological convergence of CRISPR/Cas and -omics tools applicable to various bacteria will
allow for the modification of entire microbiomes to deliver personalized health care. 

Acknowledgments
This work was supported by the National Research Foundation of Korea (NRF-2021R1A2C1013606), Republic

of Korea. This study was also supported by Rural Development Administration (Project No. PJ015001032021),
Republic of Korea.

Conflict of Interest
The authors have no financial conflicts of interest to declare. 

References
1. Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A. 1987. Nucleotide sequence of the iap gene, responsible for alkaline

phosphatase isozyme conversion in Escherichia coli, and identification of the gene product. J. Bacteriol. 169: 5429-5433.
2. Mojica FJ, Diez-Villasenor C, Soria E, Juez G. 2000. Biological significance of a family of regularly spaced repeats in the genomes of

archaea, bacteria and mitochondria. Mol. Microbiol. 36: 244-246.
3. Jansen R, Embden JD, Gaastra W, Schouls LM. 2002. Identification of genes that are associated with DNA repeats in prokaryotes.

Mol. Microbiol. 43: 1565-1575.
4. Mojica FJ, Diez-Villasenor C, Garcia-Martinez J, Soria E. 2005. Intervening sequences of regularly spaced prokaryotic repeats

derive from foreign genetic elements. J. Mol. Evol. 60: 174-182.
5. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, et al. 2007. CRISPR provides acquired resistance against

viruses in prokaryotes. Science 315: 1709-1712.
6. Horvath P, Barrangou R. 2010. CRISPR/Cas, the immune system of bacteria and archaea. Science 327: 167-170.
7. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 2012. A programmable dual-RNA-guided DNA

endonuclease in adaptive bacterial immunity. Science 337: 816-821.
8. Adli M. 2018. The CRISPR tool kit for genome editing and beyond. Nat. Commun. 9: 1911.
9. Sapranauskas R, Gasiunas G, Fremaux C, Barrangou R, Horvath P, Siksnys V. 2011. The Streptococcus thermophilus CRISPR/Cas

system provides immunity in Escherichia coli. Nucleic Acids Res. 39: 9275-9282.
10. Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz AJ, et al. 2015. In vivo genome editing using Staphylococcus aureus Cas9.

Nature 520: 186-191.
11. Esvelt KM, Mali P, Braff JL, Moosburner M, Yaung SJ, Church GM. 2013. Orthogonal Cas9 proteins for RNA-guided gene

regulation and editing. Nat. Methods 10: 1116-1121.
12. Hou Z, Zhang Y, Propson NE, Howden SE, Chu LF, Sontheimer EJ, et al. 2013. Efficient genome engineering in human pluripotent

stem cells using Cas9 from Neisseria meningitidis. Proc. Natl. Acad. Sci. USA 110: 15644-15649.
13. Hirano H, Gootenberg JS, Horii T, Abudayyeh OO, Kimura M, Hsu PD, et al. 2016. Structure and engineering of Francisella

novicida Cas9. Cell 164: 950-961.
14. Kim E, Koo T, Park SW, Kim D, Kim K, Cho HY, et al. 2017. In vivo genome editing with a small Cas9 orthologue derived from

Campylobacter jejuni. Nat. Commun. 8: 14500.
15. Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. 2013. RNA-guided human genome engineering via Cas9. Science

339: 823-826.
16. Cong L, Ran FA, Cox D, Lin SL, Barretto R, Habib N, et al. 2013. Multiplex genome engineering using CRISPR/Cas systems. Science

339: 819-823.
17. Jiang W, Zhou H, Bi H, Fromm M, Yang B, Weeks DP. 2013. Demonstration of CRISPR/Cas9/sgRNA-mediated targeted gene

modification in Arabidopsis, tobacco, sorghum and rice. Nucleic Acids Res. 41: e188.
18. Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F, et al. 2013. One-step generation of mice carrying mutations in

multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153: 910-918.
19. Cho SW, Kim S, Kim JM, Kim JS. 2013. Targeted genome engineering in human cells with the Cas9 RNA-guided endonuclease. Nat.

Biotechnol. 31: 230-232.
20. Gonzalez MN, Massa GA, Andersson M, Turesson H, Olsson N, Falt AS, et al. 2019. Reduced enzymatic browning in potato tubers

by specific editing of a polyphenol oxidase gene via ribonucleoprotein complexes delivery of the CRISPR/Cas9 system. Front. Plant
Sci. 10: 1649.

21. Cyranoski D. 2016. CRISPR gene-editing tested in a person for the first time. Nature 539: 479.
22. Reyrat JM, Pelicic V, Gicquel B, Rappuoli R. 1998. Counterselectable markers: untapped tools for bacterial genetics and

pathogenesis. Infect. Immun. 66: 4011-4017.
23. Jager W, Schafer A, Puhler A, Labes G, Wohlleben W. 1992. Expression of the Bacillus subtilis sacB gene leads to sucrose sensitivity in

the gram-positive bacterium Corynebacterium glutamicum but not in Streptomyces lividans. J. Bacteriol. 174: 5462-5465.
24. Schafer A, Tauch A, Jager W, Kalinowski J, Thierbach G, Puhler A. 1994. Small mobilizable multi-purpose cloning vectors derived

from the Escherichia coli plasmids pK18 and pK19: selection of defined deletions in the chromosome of Corynebacterium
glutamicum. Gene 145: 69-73.

25. Kolisnychenko V, Plunkett G, 3rd, Herring CD, Feher T, Posfai J, Blattner FR, et al. 2002. Engineering a reduced Escherichia coli
genome. Genome Res. 12: 640-647.

26. Pyne ME, Moo-Young M, Chung DA, Chou CP. 2015. Coupling the CRISPR/Cas9 system with lambda red recombineering enables
simplified chromosomal gene replacement in Escherichia coli. Appl. Environ. Microbiol. 81: 5103-5114.

27. Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc.
Natl. Acad. Sci. USA 97: 6640-6645.

28. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, et al. 2006. Construction of Escherichia coli K-12 in-frame, single-gene
knockout mutants: the Keio collection. Mol. Syst. Biol. 2: 2006.0008.

29. Swingle B, Markel E, Costantino N, Bubunenko MG, Cartinhour S, Court DL. 2010. Oligonucleotide recombination in Gram-
negative bacteria. Mol. Microbiol. 75: 138-148.

30. Fabret C, Ehrlich SD, Noirot P. 2002. A new mutation delivery system for genome-scale approaches in Bacillus subtilis. Mol.
Microbiol. 46: 25-36.

31. Fedoryshyn M, Welle E, Bechthold A, Luzhetskyy A. 2008. Functional expression of the Cre recombinase in actinomycetes. Appl.
Microbiol. Biotechnol. 78: 1065-1070.



910 Lee and Lee

J. Microbiol. Biotechnol.

32. Lee SH, Kim HJ, Shin YA, Kim KH, Lee SJ. 2016. Single crossover-mediated markerless genome engineering in Clostridium
acetobutylicum. J. Microbiol. Biotechnol. 26: 725-729.

33. Wyman C, Kanaar R. 2006. DNA double-strand break repair: All's well that ends well. Annu. Rev. Genet. 40: 363-383.
34. Jin H, Lee B, Luo Y, Choi Y, Choi EH, Jin H, et al. 2020. FOXL2 directs DNA double-strand break repair pathways by differentially

interacting with Ku. Nat. Commun. 11: 2010.
35. Della M, Palmbos PL, Tseng HM, Tonkin LM, Daley JM, Topper LM, et al. 2004. Mycobacterial Ku and ligase proteins constitute a

two-component NHEJ repair machine. Science 306: 683-685.
36. Stephanou NC, Gao F, Bongiorno P, Ehrt S, Schnappinger D, Shuman S, et al. 2007. Mycobacterial nonhomologous end joining

mediates mutagenic repair of chromosomal double-strand DNA breaks. J. Bacteriol. 189: 5237-5246.
37. Zhu H, Shuman S. 2010. Gap filling activities of Pseudomonas DNA Ligase D (LigD) polymerase and functional interactions of

LigD with the DNA end-binding Ku protein. J. Biol. Chem. 285: 4815-4825.
38. de Vega M. 2013. The minimal Bacillus subtilis nonhomologous end joining repair machinery. PLoS One 8: e64232.
39. Bertrand C, Thibessard A, Bruand C, Lecointe F, Leblond P. 2019. Bacterial NHEJ: a never ending story. Mol. Microbiol. 111: 1139-

1151.
40. Selle K, Barrangou R. 2015. Harnessing CRISPR-Cas systems for bacterial genome editing. Trends Microbiol. 23: 225-232.
41. Cobb RE, Wang Y, Zhao H. 2015. High-efficiency multiplex genome editing of Streptomyces species using an engineered CRISPR/

Cas system. ACS Synth. Biol. 4: 723-728.
42. Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA. 2013. RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Nat.

Biotechnol. 31: 233-239.
43. Huang H, Zheng G, Jiang W, Hu H, Lu Y. 2015. One-step high-efficiency CRISPR/Cas9-mediated genome editing in Streptomyces.

Acta Biochim. Biophys. Sin. (Shanghai) 47: 231-243.
44. Lee N, Hwang S, Lee Y, Cho S, Palsson B, Cho BK. 2019. Synthetic biology tools for novel secondary metabolite discovery in

Streptomyces. J. Microbiol. Biotechnol. 29: 667-686.
45. Guo T, Xin Y, Zhang Y, Gu X, Kong J. 2019. A rapid and versatile tool for genomic engineering in Lactococcus lactis. Microb. Cell Fact.

18: 22.
46. Wirth NT, Kozaeva E, Nikel PI. 2020. Accelerated genome engineering of Pseudomonas putida by I-SceI-mediated recombination

and CRISPR-Cas9 counterselection. Microb. Biotechnol. 13: 233-249.
47. Zhang J, Zhang D, Zhu J, Liu H, Liang S, Luo Y. 2020. Efficient multiplex genome editing in Streptomyces via engineered CRISPR-

Cas12a systems. Front. Bioeng. Biotechnol. 8: 726.
48. Feng X, Zhao D, Zhang X, Ding X, Bi C. 2018. CRISPR/Cas9 assisted multiplex genome editing technique in Escherichia coli.

Biotechnol. J. 13: e1700604.
49. Choe D, Lee JH, Yoo M, Hwang S, Sung BH, Cho S, et al. 2019. Adaptive laboratory evolution of a genome-reduced Escherichia coli.

Nat. Commun. 10: 935.
50. Darmon E, Leach DR. 2014. Bacterial genome instability. Microbiol. Mol. Biol. Rev. 78: 1-39.
51. Liu J, Wang Y, Lu Y, Zheng P, Sun J, Ma Y. 2017. Development of a CRISPR/Cas9 genome editing toolbox for Corynebacterium

glutamicum. Microb. Cell. Fact. 16: 205.
52. Ungerer J, Pakrasi HB. 2016. Cpf1 is a versatile tool for CRISPR genome editing across diverse species of cyanobacteria. Sci. Rep.

6: 39681.
53. Altenbuchner J. 2016. Editing of the Bacillus subtilis genome by the CRISPR-Cas9 system. Appl. Environ. Microbiol. 82: 5421-5427.
54. Oh JH, van Pijkeren JP. 2014. CRISPR-Cas9-assisted recombineering in Lactobacillus reuteri. Nucleic Acids Res. 42: e131.
55. Yan MY, Yan HQ, Ren GX, Zhao JP, Guo XP, Sun YC. 2017. CRISPR-Cas12a-assisted recombineering in bacteria. Appl. Environ.

Microbiol. 83: e00947-00917.
56. Ao X, Yao Y, Li T, Yang TT, Dong X, Zheng ZT, et al. 2018. A multiplex genome editing method for Escherichia coli based on

CRISPR-Cas12a. Front. Microbiol. 9: 2307.
57. Reisch CR, Prather KL. 2015. The no-SCAR (Scarless Cas9 Assisted Recombineering) system for genome editing in Escherichia coli.

Sci. Rep. 5: 15096.
58. Leenay RT, Vento JM, Shah M, Martino ME, Leulier F, Beisel CL. 2019. Genome editing with CRISPR-Cas9 in Lactobacillus

plantarum revealed that editing outcomes can vary across strains and between methods. Biotechnol. J. 14: e1700583.
59. Li J, Sun J, Gao X, Wu Z, Shang G. 2019. Coupling ssDNA recombineering with CRISPR-Cas9 for Escherichia coli DnaG mutations.

Appl. Microbiol. Biotechnol. 103: 3559-3570.
60. Wang Y, Zhang ZT, Seo SO, Lynn P, Lu T, Jin YS, et al. 2016. Bacterial genome editing with CRISPR-Cas9: Deletion, integration,

single nucleotide modification, and desirable "Clean" mutant selection in Clostridium beijerinckii as an example. ACS Synth. Biol.
5: 721-732.

61. Wang X, He J, Le K. 2018. Making point mutations in Escherichia coli BL21 genome using the CRISPR-Cas9 system. FEMS
Microbiol. Lett. 365. doi: 10.1093/femsle/fny060.

62. Yao R, Liu D, Jia X, Zheng Y, Liu W, Xiao Y. 2018. CRISPR-Cas9/Cas12a biotechnology and application in bacteria. Synth. Syst.
Biotechnol. 3: 135-149.

63. Jiang Y, Qian F, Yang J, Liu Y, Dong F, Xu C, et al. 2017. CRISPR-Cpf1 assisted genome editing of Corynebacterium glutamicum. Nat.
Commun. 8: 15179.

64. Deveau H, Barrangou R, Garneau JE, Labonte J, Fremaux C, Boyaval P, et al. 2008. Phage response to CRISPR-encoded resistance in
Streptococcus thermophilus. J. Bacteriol. 190: 1390-1400.

65. Mojica FJM, Diez-Villasenor C, Garcia-Martinez J, Almendros C. 2009. Short motif sequences determine the targets of the
prokaryotic CRISPR defence system. Microbiology (Reading) 155: 733-740.

66. Gasiunas G, Young JK, Karvelis T, Kazlauskas D, Urbaitis T, Jasnauskaite M, et al. 2020. A catalogue of biochemically diverse
CRISPR-Cas9 orthologs. Nat. Commun. 11: 5512.

67. Wang J, Li J, Zhao H, Sheng G, Wang M, Yin M, et al. 2015. Structural and mechanistic basis of PAM-dependent spacer acquisition
in CRISPR-Cas systems. Cell 163: 840-853.

68. Collias D, Beisel CL. 2021. CRISPR technologies and the search for the PAM-free nuclease. Nat. Commun. 12: 555.
69. Karvelis T, Gasiunas G, Siksnys V. 2017. Harnessing the natural diversity and in vitro evolution of Cas9 to expand the genome

editing toolbox. Curr. Opin. Microbiol. 37: 88-94.
70. Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI, Dohmae N, et al. 2014. Crystal structure of Cas9 in complex with guide

RNA and target DNA. Cell 156: 935-949.
71. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z, et al. 2015. Engineered CRISPR-Cas9 nucleases with altered

PAM specificities. Nature 523: 481-485.
72. Gao L, Cox DBT, Yan WX, Manteiga JC, Schneider MW, Yamano T, et al. 2017. Engineered Cpf1 variants with altered PAM

specificities. Nat. Biotechnol. 35: 789-792.
73. Hu JH, Miller SM, Geurts MH, Tang W, Chen L, Sun N, et al. 2018. Evolved Cas9 variants with broad PAM compatibility and high

DNA specificity. Nature 556: 57-63.



CRISPR-Mediated Accurate Genome Editing 911

July 2021⎪Vol. 31⎪No. 7

74. Nishimasu H, Shi X, Ishiguro S, Gao L, Hirano S, Okazaki S, et al. 2018. Engineered CRISPR-Cas9 nuclease with expanded targeting
space. Science 361: 1259-1262.

75. Kim B, Kim HJ, Lee SJ. 2020. Regulation of microbial metabolic rates using CRISPR interference with expanded PAM sequences.
Front. Microbiol. 11: 282.

76. Kim B, Kim HJ, Lee SJ. 2020. Effective blocking of microbial transcriptional initiation by dCas9-NG-mediated CRISPR
interference. J. Microbiol. Biotechnol. 30: 1919-1926.

77. Li D, Zhou H, Zeng X. 2019. Battling CRISPR-Cas9 off-target genome editing. Cell. Biol. Toxicol. 35: 403-406.
78. Fu BX, St Onge RP, Fire AZ, Smith JD. 2016. Distinct patterns of Cas9 mismatch tolerance in vitro and in vivo. Nucleic Acids Res.

44: 5365-5377.
79. Lin YN, Cradick TJ, Brown MT, Deshmukh H, Ranjan P, Sarode N, et al. 2014. CRISPR/Cas9 systems have off-target activity with

insertions or deletions between target DNA and guide RNA sequences. Nucleic Acids Res. 42: 7473-7485.
80. Chen SJ. 2019. Minimizing off-target effects in CRISPR-Cas9 genome editing. Cell. Biol. Toxicol. 35: 399-401.
81. Chapman JR, Taylor MR, Boulton SJ. 2012. Playing the end game: DNA double-strand break repair pathway choice. Mol. Cell.

47: 497-510.
82. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. 2016. Programmable editing of a target base in genomic DNA without double-

stranded DNA cleavage. Nature 533: 420-424.
83. Kim D, Lim K, Kim DE, Kim JS. 2020. Genome-wide specificity of dCpf1 cytidine base editors. Nat. Commun. 11: 4072.
84. Grunewald J, Zhou R, Iyer S, Lareau CA, Garcia SP, Aryee MJ, et al. 2019. CRISPR DNA base editors with reduced RNA off-target

and self-editing activities. Nat. Biotechnol. 37: 1041-1048.
85. Jeong YK, Song B, Bae S. 2020. Current status and challenges of DNA base editing tools. Mol. Ther. 28: 1938-1952.
86. Lee SS, Ding N, Sun YD, Yuan TL, Li J, Yuan QC, et al. 2020. Single C-to-T substitution using engineered APOBEC3G-nCas9 base

editors with minimum genome- and transcriptome-wide off-target effects. Sci. Adv. 6: eaba1773.
87. Sun J, Lu LB, Liang TX, Yang LR, Wu JP. 2020. CRISPR-assisted multiplex base editing system in Pseudomonas putida KT2440.

Front. Bioeng. Biotechnol. 8: 905.
88. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, et al. 2019. Search-and-replace genome editing without

double-strand breaks or donor DNA. Nature 576: 149-157.
89. Yang L, Chen J. 2020. A tale of two moieties: Rapidly evolving CRISPR/Cas-based genome editing. Trends Biochem. Sci. 45: 874-888.
90. Arroyo-Olarte RD, Bravo Rodriguez R, Morales-Rios E. 2021. Genome editing in bacteria: CRISPR-Cas and beyond.

Microorganisms 9: 844.
91. Fu YF, Sander JD, Reyon D, Cascio VM, Joung JK. 2014. Improving CRISPR-Cas nuclease specificity using truncated guide RNAs.

Nat. Biotechnol. 32: 279-284.
92. Li P, Kleinstiver BP, Leon MY, Prew MS, Navarro-Gomez D, Greenwald SH, et al. 2018. Allele-specific CRISPR-Cas9 genome

editing of the single-base P23H mutation for rhodopsin-associated dominant retinitis pigmentosa. CRISPR J. 1: 55-64.
93. Park HM, Liu H, Wu J, Chong A, Mackley V, Fellmann C, et al. 2018. Extension of the crRNA enhances Cpf1 gene editing in vitro

and in vivo. Nat. Commun. 9: 3313.
94. McMahon MA, Prakash TP, Cleveland DW, Bennett CF, Rahdar M. 2018. Chemically modified Cpf1-CRISPR RNAs mediate

efficient genome editing in mammalian cells. Mol. Ther. 26: 1228-1240.
95. Bin Moon S, Lee JM, Kang JG, Lee NE, Ha DI, Kim DY, et al. 2018. Highly efficient genome editing by CRISPR-Cpf1 using CRISPR

RNA with a uridinylate-rich 3'-overhang. Nat. Commun. 9: 3651.
96. Anderson EM, Haupt A, Schiel JA, Chou E, Machado HB, Strezoska Z, et al. 2015. Systematic analysis of CRISPR-Cas9 mismatch

tolerance reveals low levels of off-target activity. J. Biotechnol. 211: 56-65.
97. Lee HJ, Kim HJ, Lee SJ. 2020. CRISPR-Cas9-mediated pinpoint microbial genome editing aided by target-mismatched sgRNAs.

Genome Res. 30: 768-775.
98. Kim HJ, Oh SY, and Lee SJ. 2020. Single-base genome editing in Corynebacterium glutamicum with the help of negative selection by

target-mismatched CRISPR/Cpf1. J. Microbiol. Biotechnol. 30: 1583-1591.
99. Lee HJ, Kim HJ, Lee SJ. 2021. Mismatch intolerance of 5′-truncated sgRNAs in CRISPR/Cas9 enables efficient microbial single-base

genome editing. Int. J. Mol. Sci. 22: 6457.
100. Song B, Yang S, Hwang G-H, Yu J, Bae S. 2021. Analysis of NHEJ-based DNA repair after CRISPR-mediated DNA cleavage. Int. J.

Mol. Sci. 22: 6397.
101. Rodrigues SD, Karimi M, Impens L, Van Lerberge E, Coussens G, Aesaert S, et al. 2021. Efficient CRISPR-mediated base editing in

Agrobacterium spp. Proc. Natl. Acad. Sci. USA 118: e2013338118.
102. Hayashi A, Tanaka K. 2019. Short-homology-mediated CRISPR/Cas9-based method for genome editing in fission yeast. G3

(Bethesda) 9: 1153-1163.
103. Zhang J, Qian FH, Dong F, Wang QZ, Yang JJ, Jiang Y, et al. 2020. De Novo engineering of Corynebacterium glutamicum for L-proline

production. ACS Synth. Biol. 9: 1897–1906.
104. Shen W, Zhang J, Geng B, Qiu M, Hu M, Yang Q, et al. 2019. Establishment and application of a CRISPR-Cas12a assisted genome-

editing system in Zymomonas mobilis. Microb. Cell Fact. 18: 162.
105. Zhou D, Jiang Z, Pang Q, Zhu Y, Wang Q, Qi Q. 2019. CRISPR/Cas9-assisted seamless genome editing in Lactobacillus plantarum

and its application in N-acetylglucosamine production. Appl. Environ. Microbiol. 85: e01367-01319.
106. Krumbach K, Sonntag CK, Eggeling L, Marienhagen J. 2019. CRISPR/Cas12a mediated genome editing to introduce amino acid

substitutions into the mechanosensitive channel MscCG of Corynebacterium glutamicum. ACS Synth. Biol. 8: 2726-2734.
107. Wege SM, Gejer K, Becker F, Bolker M, Freitag J, Sandrock B. 2021. Versatile CRISPR/Cas9 systems for genome editing in Ustilago

maydis. J. Fungi. 7: 149.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


