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ABSTRACT

This review presents basic principles and methods of next-generation sequencing (NGS) and discusses a
number of the latest papers on the possibilities, principles and stages of NGS, as well as the application
of NGS in medical research, particularly, clinical microbiology and infectious diseases, epidemiology. The
development of NGS technologies will allow improving the results of diagnostics, treatment and prevention
of infectious diseases and opens up new prospects for personalized medicine.
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MeToAbl CEKBEHHUPOBaHHsI HOBoro nokoaeHust (NGS)
H HX HCIOAB30BAaHHE B KAHHHYECKOH MHKpoGHOAOrHH,
HH(PEKTOAOTHH H 3MHAECMHOAOTHH
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PecnybaurkaHckull HAYUHO-NPAKMUUECKUl UeHmp paduauuoHHOU MeOUYUHbL U 9KONI02UL uesogeKka, 2. omens, Berapyce

PE3SIOME

B 0630pe IIPEACTaBACHBI CBEACHUA 06 OCHOBHBIX ITPUHITHUIIAX U METOAaX I'€HHOTO CEKBEHUPOBAaHUA HOBOTO
HOKOAeHUd (next-generation sequencing, NGS). O6cyxkpmaeTcsa psan COBPEMEHHBIX paboT, KacaroIluxcs
BO3MOXKHOCTeH, ITpUHIUIIOB U 3TanoB NGS, a Takxke npuMeHeHUs NGS B MEIUIIMHCKHUX UCCAE€OBaHUAX, B
YaCTHOCTH: KAMHHYECKass MHKPOOHOAOTHS U MH(EKIINOHHbIE 00Ae3HH, antuaeMuosorud. Pazsutue NGS-Tex-
HOAOTHH II03BOAHUT YAYYIINUTBH PE3YABTATBl MQUATHOCTHKH, ACUYEHHd H IPOMHUAAKTHKN HHQEKIIMOHHBIX
0oae3HeH M OTKPBIBAET HOBBIE IIEPCIIEKTHBEI IIEPCOHAAN30BaHHON MEIUIIMHEL.

KaroueBEBIe CAOBa: CeK8eHUPOBAHUE HOB020 NOKOJEHUSL, KAUHUUECKASI MUKPOOUON02USL, UHEeKmMOo02Usl, INU-
demuosno2usl.

KoHbAHKT HHTEpecOB. ABTOD 3asBAGET 00 OTCYTCTBHH KOH(MAUKTA HHTEPECOB.

HcTounnku dbuHaHCcHpoBaHHA. lccaeqoBaHue IpoBeneHO 6€3 CIIOHCOPCKOM MOANEePKKH.

HOaa muTupoBanua: Muitypa BM. Meroas! cekBeHUpoBaHUg HOBOTO nTokoaeHUs (NGS) 1 UX HcrioaAb3oBaHUe
B KAWHHUYECKOH MHKPOOHOAOTHH, HHMEKTOAOTHH W SIHIAEMHOAOTHH. [Ipobrembl 300po6bsi U 3KOI02UU.
2021;18(4):26-32. DOI: https://doi.org/10.51523/2708-6011.2021-18-4-3

Introduction in a nucleic acid sequence and to represent it
Sequencing methods are aimed at deter- in a text form. Thus, it is possible to study the
mining the primary structure of biomacromol- sequences of regions of genes, whole genes, to-

ecules (nucleic acids, proteins and polysaccha- tal messenger RNA (mRNA) and even complete
rides). Nucleic acid sequencing (DNA and RNA)  genomes of organisms [1].
allows determining the order of nucleotides
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The first sequencing technologies were
introduced in the late 1970s. One of the first
methods was Sanger sequencing, which made
it possible to determine some mutations and
causes of human genetic diseases. The meth-
od allows identifying short tandem repeats
and individual gene sequencing. However, it is
time-consuming and allows processing only rel-
atively short DNA sequences (up to 1,000 base
pairs, bp) simultaneously. Nevertheless, the
ambitious Human Genome project, complet-
ed in 2003, was carried out on the sequencers
working by the Sanger method. Until now, this
method is still considered the most popular
and reliable [2]. Sequencing techniques have
continued to progress over the past 20 years.
The use of new technologies for obtaining and
processing of genetic information has made it
possible to significantly reduce the cost of full
genome sequencing — from 10 million to 1,000
US dollars and even to 600 US dollars [3].

NGS is based on massive parallel sequenc-
ing (MPS) technology, which allows simultane-
ous decoding of a large number of genome re-
gions. Up to hundreds of millions and billions
of nucleotide sequences can be analyzed in one
working cycle, and a distinctive feature of these
methods is the multiple reading of the analyzed
nucleotide sequence [1, 3].

NGS technology: general principles

New generation sequencing is used both
to analyze the genomes of organisms for which
a reference genome is already available (rese-
quencing), and to decode the genome of an or-
ganism for the first time (de novo sequencing).
These tasks are solved in different ways. For
resequencing, working platforms generate a
large number of short DNA fragments, which,
in bioinformatic data analysis, correlate with
the reference (previously sequenced) genome of
a particular species. Such aligned reads can be
used to search for single nucleotide polymor-
phisms (SNPs), small deletions and insertions,
or other structural changes in the genome.
Analysis of a new genome, previously unpub-
lished (de novo sequencing) issues a more dif-
ficult challenge for the researcher to assembly
single fragments into a contig, which requires
numerous mathematical algorithms and mas-
sive computing power [1, 4, 5].

The use of NGS in medical research can
be roughly divided into the following groups: 1)
sequencing of the entire DNA (whole-genome
sequencing, WGS); 2) sequencing of the pro-
tein-coding regions of the genome (whole-ex-
ome sequencing, WES); 3) sequencing of genes

of interest (from “clinical exomes”, CES, which
include about 5000 clinically significant genes,
to small target panels analyzing 1-3 genes);
4) sequencing of the transcriptome (RNA se-
quencing), which is often used in oncology to
classify tumors, determine neoantigens, search
for new chimeric genes, etc. [5, 6].

The human genome contains approximate-
ly 3.2 x 10° base pairs (bp), the exome — about
20 thousand genes. Though the exome makes
up about 1.5 % of the entire genome, at least
80-90 % of known mutations that cause var-
ious diseases occur in this area. Exome se-
quencing is much cheaper and easier to pro-
cess, but it is rather difficult to identify large
gene insertions and deletions, as well as large
gene rearrangements [5, 7].

The steps of NGS are generally: 1) obtain-
ing a variety of short DNA fragments or mRNA
molecules and ligating of adapters; 2) amplifi-
cation (multiplication) of these short sequenc-
es; 3) obtaining a DNA library (i.e., a set of DNA
fragments from a studied sample) for following
sequencing; 4) high-throughput reading of
nucleotide sequences in this set of gene frag-
ments. Further, the resulting data collection is
processed by a computer using mathematical
algorithms and compared with reference gene
sequences [1, 4, 7, 8].

Genomic sequencers (devices used for se-
quencing) for research and applied projects are
produced by various manufacturers, of which
the most widely represented are [llumina, Ther-
mo Fisher Scientific, Oxford Nanopore Tech-
nologies, Pacific Biosciences and others [3, 4].
They differ in their technical characteristics.
Conventionally, the performance of these de-
vices can be compared in terms of the sequenc-
ing output (the total size of generated sequence
data), which is measured in million or billion
bp (Mb, Gb) for a certain time. It should be not-
ed that the range of sequencing instruments is
not limited to the presented instruments and
is being improved rapidly. New manufacturers
are currently entering the sequencer market,
including BGI (China, www.bgi.com), Nebu-
la Genomics (USA, https://nebula.org), Axbio
(USA, China, www.axbio.cn) and others. New-
ly developed sequencing techniques, includ-
ing those based on other technologies, make
it possible to achieve miniaturization, automa-
tion, greater instrument productivity and lower
cost of the process [9, 10, 11].

Clinical microbiology and infectious

diseases
Globally, infectious diseases remain one of
the most significant causes of morbidity and
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mortality. Correct and accurate etiologic diag-
nosis is critical for patient management, since
delayed or incorrect diagnosis can lead to many
side effects, including unnecessary or inappro-
priate use of antibiotics, increased health care
costs, and decreased patient outcomes [12].

Traditional laboratory diagnostic methods
such as culture-based or PCR tests are gen-
erally reliable and cost-effective for common
pathogens; nevertheless, NGS can be of great
importance in cases where a priori information
about the pathogen is not available. In many
cases, rapid detection of the pathogen and
associated markers of resistance or virulence
is extremely important for proper and timely
treatment [12, 13].

There are three main types of NGS tech-
niques used in clinical microbiology [3]. The
first type includes targeted NGS panels, which
are designed to screen clinical isolates for a
known set of possible pathogens. The panels
can be specific or target several types of patho-
gens, including bacteria, viruses, and even eu-
karyotic organisms. These panels can also be
optimized for use with specific sample types
such as cerebrospinal fluid. The advantages of
these panels are their high specificity, sensi-
tivity, fast processing times, and the ability to
sequence directly from a clinical sample. How-
ever, the disadvantages include their limited
assortment and inability to identify new patho-
gens or markers of antibiotic resistance [3, 14].

The second type of methods is genome-wide
sequencing of bacterial samples, which allows
examining the entire genome of a pathogen, in-
cluding plasmids. This broad sequencing allows
the identification of antibiotic resistance pro-
files that can be used to make decisions about
the use of first-line drugs. The disadvantage of
this approach is that a separate culture step is
usually required to ensure that the sample does
not contain other contaminating or commensal
bacteria. However, sequencing directly from a
clinical isolate without a culture step is possi-
ble if targeted enrichment is applied. Moreover,
although genome-wide sequencing datasets ac-
curately identify known markers of drug resis-
tance, the discovery of new mutations and their
effect on the phenotype add additional uncer-
tainty into the test [15].

The third type of method is metagenomic
NGS (mNGS), which can use samples obtained
directly from the patient and amplify the nucle-
otide sequences of all organisms in the sample,
including the host cells. This approach allows
the detection of several types of pathogens in a
single sample (and even the body’s response to

them) and can be especially useful when target-
ed or less comprehensive tests are not diagnos-
tic. In addition, mNGS can detect pathogen se-
quences that represent a very small fraction of
all sequenced reads; such low-level sequences
can be easily missed by other methods. mNGS
had a higher sensitivity than culturing while
studying blood, bronchoalveolar lavage and
sputum samples, as was shown for Klebsiella,
CMV and EBV [16]. However, using the mNGS
approach has significant limitations: the cost
and complexity of the process, as well as the
need to optimize and standardize each step in
the test, from sample preparation to data anal-
ysis. Results can be skewed by the presence of
host DNA / RNA, and commensal bacteria in
samples and contaminated laboratory reagents
can also make testing difficult leading to incor-
rect results [3, 17].

NGS is particularly useful in situations
where results are delayed or the culture meth-
od is not diagnostic, and can detect markers
of antimicrobial resistance or virulence at a
low frequency, while exhibiting sensitivity
and specificity comparable to standard prac-
tice. NGS can also bridge the gap between
culture-based and molecular-based diagnos-
tic routine and identify multiple co-infections
that can skew routine test results [8, 13]. In
addition, culturing may be less effective as a
diagnostic test when used to detect pathogens
in patients who have already received antibi-
otics. In one study, NGS showed significant-
ly higher sensitivity than culture methods in
patients previously exposed to antibiotics [18].
Finally, NGS using extracellular DNA in the
urine or blood has been shown to be effective
in diagnosing additional pathogens when cul-
ture-based methods have failed [19].

Public health and epidemiology

NGS has shown its effectiveness in the
identification of the etiology of infectious dis-
ease outbreaks. In particular, in 2015, during
the outbreak of Ebola fever in West Africa, a
field laboratory equipped with a MinION se-
quencer was able to process more than 140 vi-
rus samples, and the time to obtain the result
did not exceed a day [3]. Just several days after
the outbreak of new coronavirus-related pneu-
monia in Wuhan, China, the new coronavirus,
SARS-CoV-2, was sequenced using mNGS,
which has served to diagnose and monitor the
spread of the disease, and to develop effective
antiviral drugs and preventive vaccines [20]. In
addition, NGS has proven its value in monitor-
ing the most common influenza strains, which
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has an important impact on the development
of annual vaccines [21].

NGS has also helped to track disease out-
breaks in the clinical setting, especially in
cases of health-care acquired infections. WGS
allows microbial typing, which is used for ep-
idemiological investigations. This is especially
important for identifying outbreaks and mon-
itoring the evolution of multidrug-resistant
pathogens. For example, the study of multi-
drug-resistant strains of K. pneumoniae, us-
ing genomic phylogenetic analysis, made it
possible to trace the transmission of bacteria
between patients treated in the same center in
the Netherlands, and the subsequent spread in
the hospital [13].

Molecular epidemiology is now an estab-
lished branch of epidemiology developed by
merging molecular biology into epidemiological
studies. It is a discipline that uses molecular
microbiology principles to study the distribu-
tion and determining factors of infectious dis-
eases in human populations. Molecular epide-
miology, by definition, is laboratory-based, and
the NGS technology is now the main tool for
molecular epidemiologic investigations [22, 23].

More and more attention is being paid to
the microbiome of the human body; its rela-
tionship with various somatic and even men-
tal disorders has been proven. Using datasets
about the host’s microbiome, as well as chang-
es in host gene expression, can significantly
increase the predictive value of testing [24].
One study on lower respiratory tract infections
showed that an approach combining the ex-
pression signature of the patient’s immune re-
sponse genes as measured by profiling the host
transcriptome through RNA sequencing, along
with mNGS to identify and distinguish between
the patient’s own commensal flora and the ge-
nomes of pathogens, was useful for accurate
identification of the pathogen and achievement
of high sensitivity and specificity with a truly
negative predictive value of 100% [25]. Virome
sequencing in immunocompromised patients

after organ or stem cell transplantation can
assess the competence of the host’s immune
system, since viral load may increase with the
use of immunosuppressive drugs [26]. Chang-
es in the diversity of the commensal bacterial
flora may indicate the onset or progression of
the disease [27]. The increase in this diversity
in patients with Clostridium difficile infections
who received substitution treatment (fecal
transplant) also was controlled by NGS [28].

The method of the characterization of bac-
terial communities in terms of species composi-
tion with the use of NGS was proposed recently
by A. Rapin et al. The method allows predicting
the composition of the entire bacterial commu-
nity and includes extracting the entire DNA
content of a microbiota sample and performing
a targeted high-throughput sequencing of the
16S rRNA gene [29].

Conclusion

It is assumed that genomic sequencing will
play an increasingly important role in clinical
medicine, solving an increasing number of di-
agnostic and therapeutic problems. However,
there are still unresolved issues in the anal-
ysis, interpretation and data storage. The im-
plementation of NGS tests in clinical diagnos-
tic laboratories requires significant resources,
which is often expensive for most small labo-
ratories.

NGS is a revolutionary technology that
opens up new possibilities for molecular di-
agnostics. Many clinical laboratories have al-
ready implemented NGS methods to detect
pathogens and their drug resistance in infec-
tious diseases, to control the host’s immune
response to infection and to study microbiome
changes in different conditions.

Overall, further advances in sequencing
technologies will boost new opportunities for
integrating sequencing data from both host
and pathogens in order to provide a more per-
sonalized and holistic approach to clinical pa-
tient management.
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