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Abstract: The first generation sequencing technology based on the dideoxynucleotide (ddNTP) chain termination method 
proposed by Sanger was gradually eliminated due to its high cost, low sequencing read length and cumbersome process. The 
second generation of sequencing technology, called High-throughput sequencing (HTS), which was then developed, still has the 
problem of fixed read length. In recent years, the third generation sequencing technology represented by SMRT technology and 
Nanopore sequencing technology has gradually become popular. Compared with the previous two generations of sequencing 
technology, the most significant advantage of the third generation sequencing technology is its ability to carry out single molecule 
sequencing. In this process, the infinite length of nucleic acid sequence can be determined theoretically without the help of PCR 
amplification. This paper first introduces the basic principles, advantages and disadvantages of third-generation sequencing, and 
introduces in detail the CRISPR/Cas family-mediated SMRT technology and Nanopore sequencing technology in the third-
generation sequencing technology. Finally, the research progress and prospects of the combination of the third generation 
sequencing technology and gene editing technology in the future are analyzed. 
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1. Introduction 
As human understanding of the genome deepens, genomics 

has become the key to comprehending the complexity of 
living organisms. The diversity of microbial communities, the 
origins of genetic diseases, and the paths of biological 
evolution [1] are all directly related to the genome sequence. 
in order to accurately read the target gene sequences inside 
and outside the body as well as the changes in epigenetic 
modifications of genes [2], researchers have been exploring 
new high-tech sequencing technologies with higher accuracy, 
broader sequencing range, and fewer interfering factors.  

The first-generation sequencing technology invented by 
Sanger and others, despite its milestone significance in history, 
was limited by its high cost, low efficiency, short read lengths, 
and low throughput. Although it was a sensation at the time, 
it could not be widely applied, thus heralding the development 
of high-throughput sequencing technologies. The emergence 
of second-generation sequencing technology (HTS) greatly 
reduced sequencing costs and increased data output, but it still 
did not solve the problem of short read lengths, and therefore 
still had certain limitations, unable to measure high CG 
regions and some complex target areas. In recent years, with 
single-molecule sequencing (SMRT sequencing) and 
nanopore sequencing leading the way, the third-generation 
sequencing technology has emerged. This technology has 
changed the previous limitations of sequencing technology 
that was bound to PCR amplification, and its high throughput, 
long read length, and no amplification are its highlights, 
quickly promoting it in the field of molecular biology. 
However, the downside is that due to its higher error rate 
compared to the previous two generations of sequencing 
technologies, it is far less practical than the second-generation 
sequencing technology when high-precision measurement is 
required. 

At this time, the discovery of the CRISPR/Cas system, 
especially the proteins Cas9, Cas12, and Cas13, has brought 
revolutionary tools to gene editing technology. They are 

highly target-specific with a low off-target rate, easy to use, 
and when combined with third-generation sequencing 
technology to enhance their targeting, the application range of 
this system has been expanded like never before, from basic 
gene function research to complex disease treatment. This 
study aims to explore the potential and applications of the 
combination of the CRISPR/Cas system with third-generation 
sequencing technology. 

2. An Overview of CRISPR/Cas 
Technology 

2.1. Types of CRISPR/Cas Gene Editing Tools 
The types of CRISPR/Cas systems found in nature are rich 

and diverse, and they can be broadly divided into two classes 
based on their protein effectors, with six types and various 
subtypes [2]. Class I includes Types I, III, and IV, which need 
multiple Cas proteins to form a multi-protein effector 
complex for coordinated work, accounting for 90% of known 
CRISPR types and widely present in bacteria and archaea. 
Class II systems are characterized by the usage of a single Cas 
protein to perform the cut, including Types II, V, and VI, 
which make up 10% of known types and are preferred for 
biotechnological applications due to their simplicity and 
thorough research. Among them, Cas9 from Streptococcus 
pyogenes (S. pyogenes Cas9, SpCas9) is widely applied in the 
realm of gene editing due to its simple and rapid 
characteristics. This system is guided by a dual RNA, 
including the tracrRNA that targets DNA and the crRNA that 
forms a complex with Cas9, with its recognition of the NGG 
PAM sequence facilitating its rapid development. In addition, 
researchers are also exploring other CRISPR systems with 
different characteristics, such as Cas12 and Cas13, as well as 
more than 70 Cas9 homologs, which provide different PAM 
sequence recognition and target selection, either enhancing 
the range of sequence recognition or improving the efficiency 
of gene editing. In summary, they have enriched the gene 
editing toolkit [3]. 
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2.2. The Working Principle of the CRISPR/Cas 
Gene Editing Tool 

The CRISPR/Cas system, an acquired bacterial and 
archaeal-originated adaptive immune system, consists of 
CRISPR RNA (crRNA) and Cas proteins. Resist foreign DNA 
such as viruses or plasmids by forming specific effector 
complexes. Among them, the CRISPR/Cas9 system, which 
includes crRNA, transactivating crRNA (tracrRNA), and 
Cas9 proteins, has been widely used in genome editing. 
crRNA can specifically identify target sites on the genome 
through complementary base pairing, and cooperate with 
tracrRNA to recruit Cas9 protein. In subsequent studies, the 
scientists simplified the technique by fusing crRNA and 
tracrRNA into a single guide RNA (sgRNA) [4]. The activity 
of Cas9 is also regulated by protospacer-adjacent motif,PAM. 
After the Cas9 protein scans the sequence, CRRNA-specific 
binding to the target site is required to create double-strand 
breaks (DSBs), allowing the target gene to complete cut. 

After cutting, cells use endogenous repair mechanisms to 
repair DSBs, completing insertion, deletion, or base 
replacement. The major mechanisms include nonhomologous 
end joining (NHEJ) and homology directed repair (HDR), 
which usually result in random insertion or deletion of 
nucleotides silencing genes or targeted disruption of 
regulatory elements silencing downstream genes and the 
latter allows precise gene editing by inserting foreign DNA 
sequences [2]. 

Unlike Cas9, which requires two separate short Rnas, the 
Cas12a and Cas13 proteins use only one gRNA and cut at the 
target DNA site to form sticky ends, rather than producing flat 
ends as Cas9 does [3]. 

3. Third Generation Sequencing 
Technology 

Third-generation sequencing technology, also known as 
single-molecule sequencing, represents a significant 
breakthrough in genomics research. This innovation enables 
the simultaneous sequencing of individual DNA molecules in 
real time, by passing the requirement for PCR amplification. 
It is characterized by high read length and real-time data 
output, providing a more complete view of the genome and 
more accurate detection of structural variations. 

The main third-generation sequencing platforms currently 
available on the market include PacBio's SMRT technology 
and Oxford Nanopore Technologies' nanopore sequencing 
technology. These platforms' high throughput and long read 
capabilities give them unique advantages in genome assembly, 
the resolution of complex genomic regions, and 
metagenomics research. With the continuous advancement of 
the technology, third-generation sequencing technology is 
expected to play a more critical role in future biomedical 
research and clinical diagnostics. 

3.1. SMRT Technology 
At present, Single Molecule Real-Time (SMRT) 

Sequencing, developed by Pacific Biosciences (referred to as 
PacBio), is one of the mainstream third-generation 
sequencing platforms. It is important to note that before 
carrying out SMRT sequencing, a library must first be 
prepared from double-stranded DNA. The hairpin adapters is 
connected to the DNA molecule to form a closed-loop 
SMRTbell. Next, A primers and a polymerase are bound to 
the adapter, and the library is loaded into an SMRT Cell 

containing a large number of nanoscale observation chambers 
(ZMWs). The RSII system can load up to 150,000 ZMWs, 
while the Sequel platform can load up to 1 million[5].In 
distinction to Next-Generation Sequencing (NGS) techniques, 
Single Molecule Real-Time (SMRT) sequencing detects 
nucleotide incorporation in real-time on a per-molecule basis. 
This method also leverages incorporation timing to infer base 
modification profiles. To mitigate the error rate, Pacific 
Biosciences (PacBio) offers an enhanced protocol known as 
Circular Consensus Sequencing (CCS). The DNA templates 
are circularized, allowing the polymerase to read through 
them multiple times, thereby significantly improving the 
precision from around 90% to 99.8%[6]. 

Due to its advantages such as ultra-long read length, no 
need for template amplification, shorter run times, and real-
time monitoring of epigenetic modification sites [7], its use is 
gaining broader acceptance, extending its reach beyond the 
realm of fundamental science to encompass practical domains 
like agriculture, environmental studies, and medical 
investigation. 

In basic science, SMRT sequencing can study the 
molecular mechanisms of living cells with new resolution [8]. 
This makes it possible to construct dynamic genomes and 
monitor real-time gene synthesis and origin in organisms. At 
the same time, due to its PacBio circular consensus 
sequencing (CCS) with high-throughput and high accuracy, it 
plays an important role in epigenetics, such as DNA 
methylation modifications [9, 10], as well as in the analysis 
of RNA isoform sequencing [11]. 

3.2. Nanopore Sequencing Technology 
Oxford Nanopore Technologies (ONT) secured the 

licensing rights for its foundational nanopore sequencing 
patents in 2007 and initiated its strand sequencing operations 
in 2010. And in June 2014, Oxford Nanopore Technologies 
(ONT) introduced individual MinION devices as part of a 
comprehensive initiative known as the MinION Access 
Program (MAP)[12]. Nanopores are categorized into two 
principal classes: biological and solid-state. Biological 
nanopores encompass entities like the α-hemolysin (α-HL) 
pore, Mycobacterium smegmatis porin A (MspA), and the 
phi29 connector. In contrast, solid-state nanopores are 
predominantly crafted from silicon-based substrates, 
including silicon and silicon nitride. The field has also 
witnessed the emergence of novel materials for nanopore 
fabrication in recent times, expanding the scope of materials 
science in this domain[13]. Its core is a nanoscale protein pore, 
acting as a biosensor, set within an electrically insulating 
polymer membrane. This system functions by maintaining a 
steady voltage across the nanopore immersed in an 
electrolytic solution, propelling the negatively charged 
single-stranded DNA or RNA molecules through the pore 
from the negatively charged 'cis' compartment to the 
positively charged 'trans' compartment[14].  

As the nucleic acid molecule traverses the pore in a 
stepwise fashion, fluctuations in the ionic current reflect the 
sequence of nucleotide within the detection region. These 
changes are captured in real-time and decoded by 
computational algorithms to determine the genetic sequence 
of the single molecule. 

This "sequencing by synthesis" approach allows for the 
real-time, single-molecule sequencing, distinguishing ONT's 
technology through its ability to measure the unique electrical 
signatures produced by each base as DNA molecules pass 
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through the nanopore. The distinct current signatures are 
decoded to identify the specific bases, offering a direct and 
label-free method for genomic analysis[15]. 

Similarly, nanopore sequencing technology is a disruptive 
and innovative third generation sequencing technology. Its 
application range includes DNA and RNA molecules, so it has 
been widely used in environmental science [16], criminal 
investigation [17], agriculture [18], basic research [19], 
medicine [20,21] and food [22]. However, due to its certain 
error rate, it will not completely replace other sequencing 
technologies in the next few years, but a comprehensive and 
systematic understanding and improvement of this 
technology is still of great significance for future 
development. 

4. Enrichment Improvement based on 
CRISPR/Cas Family 

4.1. Basic Advantage 
In traditional sequencing methods, PCR amplification is 

usually required. However, this process can lead to a very 
high error rate, especially when amplifying (tandem) repeats, 
and removes all epigenetic marks. Therefore, the use of 
amplification methods hinders obtaining a comprehensive 
genetic and epigenetic profile of the tandem repeats [5]. At 
the same time, there are certain limitations when the sample 
DNA has characteristics such as being repetitive, low 
complexity, or rich in AT/CG. As a result, in recent years, a 
large number of researchers have developed targeted 
sequencing technologies, including but not limited to the 
Xdrop system [23], adaptive sampling [24], and CRISPR/Cas 
family-based third-generation sequencing technologies, 
which can perform targeted sequencing on specific DNA sites 
and have a stronger ability to resolve SVs and other complex 
regions in the human genome [25]. In CRISPR-mediated 
third-generation sequencing technology, it not only enables 
researchers to fully characterize the amplification of 
homozygotes for the first time, providing a deeper insight into 
the instability of repeat length and chimera that traditional 
methods cannot accurately estimate [26]; it can also 
determine the results of genome editing at any site (including 
"dark" regions), including the frequency of non-homologous 
end joining (NHEJ) and homology-directed repair (HDR) 
[27]. At the same time, compared with STR analysis, the 
sequence-level data generated by CRISPR-guided SMRT 
sequencing technology provides higher genotyping accuracy, 
thanks to its ability to detect all instabilities amplified in a 
particular allele [27], thereby more accurately characterizing 
the dynamic nature of the genome. This is of great 
significance for assessing the effectiveness and safety of 
gene-editing technologies. The following will introduce the 
general methods and progress of two types of sequencing 
mediated by the CRISPR/Cas family. 

4.2. CRISPR-mediated SMRT Sequencing 
4.2.1. Construction of CRISPR/Cas9 System 

The process primarily involves the design and synthesis of 
guide RNA (gRNA) and its assembly with the Cas nuclease. 
Prior to the research, it is essential to identify the target gene 
site and craft the gRNA based on the sequence of the target 
gene. The gRNAs are created by annealing the CRISPR RNA 
(crRNA) with the trans-activating crRNA (tracrRNA), and it 
is crucial to ensure complementarity with the target sequence 
[28]. We recommend utilizing an online CRISPR RNA 

configurator accessible on the Dharmacon website to generate 
the anticipated target sequence and verify the specificity of 
the target against the human genome reference sequence to 
guarantee recognition by Cas9 without binding to other 
proteins [28]. Ultimately, the CRISPR/Cas9 complex is 
synthesized using chemical methods, and further elaboration 
on this point is unnecessary. 

4.2.2. Preparation of SMRTbell Template 
For the target gene locus, an amplification-free targeted 

enrichment method using Cas9 is utilized. Initially, DNA is 
fragmented to simplify the genome. The DNA fragments are 
then connected to site-specific hairpin adapters that bear the 
used cutting sites, and these are ligated into SMRTbell 
template libraries by a ligase. Other DNA fragments, 
incompatible with the SMRTbell adapters, are digested by 
nucleases. Subsequently, the nucleases are combined with the 
SMRTbell templates that have been prepared with the specific 
gRNA digestion. After the reaction, PolyA hairpin capture 
adapters are ligated to the digested, targeted DNA; this 
structure allows for effective RNA binding and selective 
capture and binding [28], resulting in the final asymmetric 
SMRTbell template molecule library, which is enriched using 
Pacific Biosciences' Magbead system. 

4.2.3. Targeted SMRT Sequencing 
To prepare for sequencing, it is essential to first remove 

excess DNA and various enzymes. To ready the target 
fragments for SMRT sequencing, a standard PacBio primer 
that does not contain a PolyA sequence is annealed, followed 
by an incubation process. If possible, utilize Circular 
Consensus Sequencing (CCS) reads to enhance the accuracy 
of sequencing. Ultimately, this process generates a genome 
coverage map and facilitates mapping. 

4.3. CRISPR-mediated Nanopore Sequencing 
4.3.1. Cas9-mediated Nanopore Sequencing 

4.3.1.1 Simple Mediated Method 
First, the subsequent guide CRISPR-RNAs need to be 

designed, assembled from synthetic crRNA (IDT, custom 
designed) and tracrRNA (IDT, 1072532) into a duplex. The 
crRNA can be designed using CRISPick, the IDT tool, and 
CHOPCHOP. You can further evaluate and select the crRNA 
with the highest predicted target performance and the lowest 
off-target activity without common single nucleotide 
polymorphisms (SNPs) using the IDT CRISPR-Cas9 crRNA 
checker (https://sg.idtdna. com/site/ order/ designtool/ index/ 
CRISPR_ SEQUENCE) [29]. 

Based on the ONT (Oxford Nanopore Technologies) 
protocol, which can be obtained from the ONT community, 
one can acquire a sequencing library. Alternatively, a method 
involving initial dephosphorylation, followed by the addition 
of the designed Cas9/gRNA complex, Taq polymerase, and 
then proceeding with A-tailing of DNA ends can also achieve 
enrichment. After completing double or multiple cutting of 
the double strands, sequencing is carried out. 

4.3.1.2 Data Processing and Analysis 
Raw sequencing signals were base-called and transformed 

into FASTQ format reads, and we can utilize GUPPY for 
performing the basecalling. Minimap2 can be employed to 
align the reads with the GRCh38 human reference genome, 
and then categorize them using SAMtools or the 'bincov' 
script from the SURVIVOR software package. Alignments 
can be visualized on the Integrative Genomics Viewer (IGV) 
[29,30]. Specifically, during diagnostic sequencing for 
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familial hypercholesterolemia [30], considering the off-target 
effects of the Cas9 complex's nonspecific binding and the 
physical shearing forces during the experiment that may 
damage gDNA molecules outside the region of interest (ROI), 
a unique method for calculating coverage was devised. In this 
context, "off-targets" are defined as regions outside the 
regions of interest (ROIs) that exhibit a spatial deviation 
exceeding 1000 base pairs (bp) and possess a sequencing 
depth or coverage greater than 25-fold. To identify these "off-
target" candidates, we can use the SURVIVOR tool. 
Subsequently, to gain insights into the enrichment efficiency 
of the intended targets, the coverage levels within ROIs, "off-
target" sites, as well as across the entire genome, were 
quantified utilizing the SAMtools software package. 
Specifically, the on-target ratio, was derived by dividing the 
number of on-target reads by the number of total reads 
generated in the experiment [30]. 

4.3.1.3 Cas9 Tiling Related Methods 
When cutting certain target DNA or RNA sequences, there 

is a risk of losing or depleting the fragments due to their small 
size after cutting. Research has shown that without the 
enrichment using the ONT (Oxford Nanopore Technologies) 
platform, a method known as Cas9 tiling can be used to enrich 
longer targets, which involves targeted de novo assembly to 
accurately reconstruct the genome region of interest [31]. 
Unlike conventional Cas9-mediated nanopore sequencing, 
the Cas9 tiling method has been modified for sequencing 
extremely lengthy targets and was utilized for the 
reconstruction of this specific area in the non-shattering P. 
vulgaris cultivar Midas. In the research on the common bean's 
genome [32], the precision of the region of interest (ROI) 
assembly, which was produced using the Cas9 tiling 
technique, was validated against the traditional de novo 
assembly of the entire genome. The Cas9 tiling technique, by 
assembling a genomic region into a continuous sequence, 
achieves high consistency compared to traditional long-read 
WGS methods while improving the accuracy of variant 
detection. 

Utilizing the regions reconstructed by Cas9 tiling, it is 
possible to more precisely locate read sequences within 
specific varieties, facilitating the accurate calling of variations, 
which is suitable for GWAS (Genome-Wide Association 
Studies) and fine-mapping studies related to given 
phenotypes. Additionally, integrating these reconstructed 
sequences into the reference genome can enhance the 
genotyping capability for short-read sequencing data of 
inbred line individuals, providing new strategies for genomic 
research and molecular breeding. 

4.3.2. Cas12a-mediated Nanopore Sequencing 
As previously mentioned, in current research on 

CRISPR/Cas9-mediated nanopore sequencing, there are often 
sequencing errors caused by off-target effects, leading to 
inaccuracies in the results. However, evidence suggests that 
Cas12a, previously known as Cpf1, may have enhanced 
features, including a lower incidence of off-target effects [33-
35], although this is still a matter of debate [36]. Moreover, 
the nucleic acid recognition capabilities of Cas12a have also 
been utilized for diagnostic applications, notably for the 
detection of SARS-CoV-2 genomic RNA [37]. Specifically, 
the realization of the collateral cleavage activity of Cas 
proteins, including Cas12 and Cas13, has facilitated the 
targeted detection of specific transcript sequences, yielding 
observable signals [38]. The Cas12a protein is structured as a 
bi-lobed monomer, comprising distinct recognition and 

nuclease domains. When a Cas12a enzyme complexes with a 
CRISPR RNA (crRNA), it scans DNA for a complementary 
target sequence. The interaction with the target is facilitated 
by a flexible pocket that is formed by the convergence of the 
wedge (WED), the REC1 subdomain, and the PAM-
interacting (PI) domain. This pocket specifically binds to a 
protospacer adjacent motif (PAM) on the DNA, which for 
Cas12a is typically a TTTV sequence, where V represents A, 
C, or G[39], so its binding has high specificity and stability. 
In current research, a well-established method is the solid-
state CRISPR-Cas12a-assisted nanopores (SCAN), which has 
been used for the specific detection of HIV-1 DNA and has 
optimized the buffer conditions for nanopore sensing [38,40]. 
However, in its early stages, this technology could not detect 
target DNA at concentrations less than 10 nM. Therefore, a 
reverse transcription amplification coupled with the modified 
nanopore sensing technique method for SCAN devices was 
developed to enhance sensitivity, thereby allowing the 
examination of reporter size distributions and their relative 
abundance [40]. 

Due to its highly sensitive collateral cleavage activity, the 
intact circular single-stranded DNA (ssDNA) reporters' 
cleavage ratio can be quantified using the SCAN method, 
which serves as a benchmark for distinguishing between 
positive and negative test outcomes. The Cas12a protein's 
collateral cleavage activity, where it cuts non-target ssDNA 
after binding to dsDNA via RNA guidance, has been 
repurposed for diagnostic applications. In the SCAN method, 
a specific circular ssDNA is used as a reporter and when the 
target DNA, such as HIV-1, is present, it activates the 
Cas12a/crRNA complex, leading to the digestion of the 
reporter[40]. The degree of reporter degradation reflects the 
target DNA's concentration. In the absence of the target, the 
reporter remains undigested. The SCAN technique uses 
nanopores for electronic quantification of the reporter, 
allowing for sensitive detection of specific DNA 
sequences[40]. The specific binding of the Cas12a protein 
quantifies the nanopore sequencing technology, thereby 
elevating this technique to a higher level. 

4.3.3. Cas13a/b-mediated Nanopore Sequencing 
Similarly, for Cas13a (formerly known as C2c2) or Cas13b 

proteins, they exhibit a "collateral effect" of mixed-up 
ribonuclease activity upon the recognition of targets. 
Scientists have integrated this phenomenon with isothermal 
amplification techniques to devise a system for detecting 
nucleic acids that leverages these proteins, termed 
SHERLOCK technology, which stands for Specific High-
Sensitivity Enzymatic Reporter UnLOCKing. It has been 
utilized for various sensitive detections, including identifying 
specific strains of Zika and Dengue viruses, differentiating 
harmful bacteria, genotyping human DNA, recognizing 
mutations in circulating tumor DNA [41]. Moreover, 
SHERLOCK reagents could be freeze-dried to eliminate the 
need for cold storage and can be easily restored when needed, 
making them suitable for use in paper-based formats that are 
ideal for on-site testing and applications in resource-limited 
settings [41]. The collateral cleavage significantly enhances 
the sensitivity of RNA detection [42]. Regrettably, the author 
is not aware of any research cases combining such Cas13 
proteins with third-generation sequencing, hence will not 
elaborate further on this topic. 
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5. Conclusion and Prospect 
In this article, we have discussed research related to the 

CRISPR/Cas system, providing a preliminary overview of its 
principles. We introduced third-generation sequencing 
technology and explored the enrichment and improvements 
of CRISPR/Cas system-mediated third-generation 
sequencing technology. We also briefly introduced methods 
for data analysis and processing, revealing the immense 
potential of this cutting-edge technology in genomic research. 
It can not only provide higher target accuracy but also reduce 
interference in the target sequence caused by factors such as 
high CG content or overly complex structural variations 
through an amplification-free approach, showing a promising 
prospect for development and application. 

Despite the application of the CRISPR/Cas system and its 
favor for its efficiency and accuracy, challenges and 
limitations persist. Off-target effects and the difficulty of 
achieving more than 99% accuracy have always been core 
issues in the field of gene editing, potentially leading to 
unexpected mutations at non-target sites, thereby affecting 
gene function and cell stability, and ultimately causing 
sequencing results and analysis errors. In addition, improving 
editing efficiency is also key to further development, 
especially when dealing with complex or hard-to-edit 
genomic regions. Faced with these challenges, for the 
CRISPR/Cas system, one can start by optimizing gRNA 
design, selecting Cas proteins, and enhancing the specificity 
of the DSBs repair pathway. Through such improvements, the 
system can play a central role in gene function research, 
disease model construction, and precise gene editing and 
therapeutics.  

For sequencing technologies, there are multiple directions 
for improvement. Firstly, technological innovation can further 
enhance the throughput and data output of sequencing, such 
as increasing the number of ZMWs (Zero-Mode Waveguides) 
in a single sequencing reaction or optimizing sequencing 
conditions, thereby obtaining more high-quality data in one 
sequencing run. Secondly, enhancing the read length and 
quality of sequencing can increase the scope and precision of 
sequencing. Of course, with these advancements, improving 
data processing and analysis tools also becomes essential to 
handle more complex and vast genomes. 

At the same time, the development of third-generation 
sequencing technologies, especially those mediated by the 
CRISPR/Cas family such as SMRT (Single Molecule Real-
Time) and the nanopore sequencing, provides a fresh 
perspective for genomic research through different Cas 
proteins and cutting methods. These technologies, 
characterized by their single-molecule sequencing capability, 
long read length, and real-time base monitoring, have broken 
through the limitations of traditional sequencing methods, 
providing powerful tools for deciphering complex genomic 
regions (structural variants, SVs), understanding gene 
expression regulation, and discovering new genetic variations. 
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