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ABSTRACT

The review discusses a range of classical and modern methods used to determine the nucleotide sequence of unknown DNA
regions flanking known ones. These methods are applied to decipher the regulatory regions of genes, identify integration sites
of T-DNA or viruses, and so on, in cases where the use of whole-genome sequencing is not justified. To amplify a DNA seg-
ment, a binding site for a primer must be added to the end of the unknown sequence. This can be achieved either by ligating an
adapter or by annealing a degenerate primer under gentle conditions, or by looping the DNA fragment so that the target region
is surrounded by known sequences. The second important task is to eliminate the inevitable products of nonspecific binding
of adapters or degenerate primers, which is often resolved through multiple rounds of nested PCR. Different methods vary
significantly in terms of complexity, prevalence, and the availability of required reagents.
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AHHOTALNA

B 0630pe paccMaTpuBaeTca psL KITaCCUYECKUX M COBPEMEHHBIX METOL0B, NO3BONSAIOLLMX YCTaHOBUTL HYKIEOTUAHYIO Mocre-
[0BaTeNIbHOCTb Hen3BecTHbIX yuacTKoB [HK, dnaHkupytowmx nssecTHble. OHM NPUMEHSIOTCA A1 pacluMpPOBKU perynsaTop-
HbIX 0b6n1acTei reHoB, onpefenenns cantoB BcTpamBanus T-IHK wnu BupycoB u T. 4. B Tex ciyyasx, KOraa MCnosb3oBaHue
MOIHOreHOMHOT0 CEKBEHWUPOBaHMs HeonpasaaHHo. [ng amnanduumkaumm ydactka [IHK, K KoHUY Heu3BecTHoM nocnepoBa-
TeNIbHOCTW HeobxoauMo [,06aBUTb YHaCTOK CBA3bIBAHWA ANs NpaliMepa; 3T0 peanusyeTca IMbo NyTeM MrMpOBaHWSA afanTe-
pa, mMbo NocaKoM BbIPOXAEHHOMO NpaliMepa B MSAMKMX YCNOBUAX, MO0 3aKosbLoBbiBaHWeM ¢parMeHTa [HK, utobbl ns-
Y4aeMbliA Y4aCTOK OKa3asics OKPYXKeH U3BECTHLIMM MocNie0BaTesIbHOCTAMK. BTopoi BaxkHol 3apaqen sBnseTca u3baBneHne
OT Hen3beXXHO BO3HMKAIOLLMX MPOAYKTOB HecreumdUYeckoro CBA3bIBaHMUA afanTepoB MO0 BbIPOXAEHHbIX NpaiMepoB —
yalle BCero faHHas npobsieMa paspeLuaeTcsi HeCKONbKUMM payHaamm BnoxKeHHoi MLP. PasHble MeTofbl CyLLLECTBEHHO OT-
JINYAKTCA NO TPYAOEMKOCTM, PacnpoOCTPaHEHHOCTH M AOCTYMHOCTU HEOBXOAMMBIX PEaKTUBOB.
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INTRODUCTION

The key technology of modern life sciences is un-
doubtedly sequencing, which enables the sequencing
of biopolymers such as genomic DNA. The crown of its
development, whole-genome sequencing, as the name
suggests, provides comprehensive information on the ge-
nome of an organism. However, the use of such “heavy
artillery” is unreasonable for many tasks due to the cost,
limited accessibility, and redundancy of the output data.
Most routine queries in genetics and molecular biology
can still be resolved using cheap and readily available
Sanger sequencing, which can process DNA fragments
of up to 1,000 nucleotide pairs per read.

However, with Sanger sequencing, the challenge
of providing a target DNA fragment, preferably ampli-
fied, falls on the researcher. The creation and screen-
ing of genomic DNA libraries is different in labor inten-
sity from preparation for whole-genome sequencing;
PCR-based methods are simpler, faster, and less re-
source-demanding. PCR requires forward and reverse
primers complementary to both ends of the DNA frag-
ment of interest. Thus, the search for mutations in al-
ready known sequences is easy, but screening for mu-
tations in unexplored regions of DNA, even bordering
the known ones, faces the “chicken and egg” problem;
amplification requires a primer, which can be designed
only if the sequence of the required region is known.
This applies to a wide range of molecular genetics tasks
related to the analysis of unknown DNA sequences, such
as deciphering regulatory regions of genes; amplification
of variable sequences surrounding conserved regions of
genes; determination of T-DNA, virus, or transposon inte-
gration sites; filling gaps in full-genome sequencing [1],
and metagenomic analysis [2, 3].

In such cases of limited genetic information, a group
of methods, collectively called genome walking (GW),
are used to amplify an unknown region of DNA border-
ing a known sequence. Therefore, primers should bind
to an unknown DNA region. The classical “inverted PCR"
method involves cutting DNA with restriction enzymes
before self-ligating the fragments into ring structures.
Thus, an unknown flanking DNA region is surrounded by
a known sequence and can be amplified using a pair of
primers specific to it (arranged in the opposite orientation
to the classical one).

In other variants of the GW method, a short known
linker/adapter/cassette sequence is attached to an un-
known DNA strand. This is accomplished either by re-
striction ligation or by PCR using random and semiran-
dom primers, the 3'-end of which binds to genomic DNA
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under mild annealing conditions and the 5'-end carries
an adapter sequence. For each further PCR step, a gene-
specific primer and a primer complementary to the adap-
tor are used. Thus, all GW methods are divided into the
following categories: inverted PCR, ligation-mediated
PCR, and PCR with random primers [4]. The authors have
added an “Other methods” section describing approaches
to solving the problem of amplifying an unknown DNA
sequence that are not categorized into the three proposed
groups.

A common problem in GW is the need to essentially
amplify a single hybrid DNA molecule arising from a for-
tunate event, which is usually resolved by several rounds
of nested PCR. This is particularly evident in inverted PCR,
in which specific conditions are required for self-ligation,
including a low concentration of starting DNA. The use of
random and semirandom primers inevitably generates a
significant level of “noise.” In addition to the target PCR
product (fragment from the gene-specific primer to the
adapter primer), an overwhelming number of byproducts
(results of “counter” landing of adapter primers on ge-
nomic DNA) are produced. Each genome walk technique
includes a unique method of suppressing nonspecific am-
plification. Thus, the corresponding primers usually can-
not be directly annealed on the initial adapter; the binding
site is only on the complement DNA strand that is synthe-
sized by the polymerase starting from the gene-specific
primer. In other embodiments, the adapter forms a hair-
pin structure that can function as a primer; the resulting
DNA, due to the long self-complementary site, becomes
virtually inert and does not participate in subsequent am-
plification reactions. To further increase the amplification
efficiency of the target fragment (and decrease that of the
byproducts), the annealing temperature of gene-specific
primers should be higher than that of adapter primers.

Due to the probabilistic nature of GW techniques, the
success of an experiment depends on many factors, and
much time is spent adapting the protocol to the subject
at hand. The concentration of matrix DNA (excess can be
as harmful as deficiency) and its quality (short primer-
like DNA degradation products significantly increase the
amount of PCR byproducts) have a significant impact.
The length of the resulting target product is important
for sequencing; in methods involving restriction, the
length depends on the location of the enzyme recogni-
tion sites in the genome. If several products of various
lengths appear during the reaction, the shortest product
is preferentially amplified. PCR methods with random
primers allow the size of the resulting fragments to be
adjusted within certain limits. The annealing temperature
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in the low-hardness/strictness/precision cycle is key
when adapter primers are planted onto genomic DNA.
Increasing the temperature decreases the probability of
a given event and simultaneously increases the average
fragment length; decreasing the temperature results in
shorter fragments and increases noise. The temperature
is easiest to adjust for optimal results.

INVERSE PCR

The first method to identify an unknown DNA se-
quence from a known region in vitro was the inverse
PCR method (1988). This approach involves DNA cleav-
age by a restriction enzyme that does not have a cut site
in the region to be integrated. The resulting fragments
are circularized by ligation under special conditions, in-
cluding a low concentration of DNA. The desired site was
amplified using differently directed primers complemen-
tary to the ends of the known sequence. In this case,
flanking primers to the plant region of the genome were
not required (Figure 1).

The main advantage of the inverted PCR method is
its high specificity because no adapters or degenerate
primers are used. However, there is a lower probability
of circularizing the desired fragment during this approach
than that during cross-ligation. The technique also has
limitations associated with the nonuniform distribution
of restriction sites [5, 6].

- - - -
—p—
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LIGATION-MEDIATED PCR

Several methods have been described for ligation-
mediated PCR, and all involve the following steps:

1. restriction cleavage of DNA;

2. ligation of small nucleotide sequences (adapter/
linker/cassette) containing the annealing site of the adapt-
er primer to the ends of the resulting fragments, and

3. amplification of the border region using primers
specific to the target DNA site and the ligated fragment
(Figure 2).

The differences between the individual methods lie
in the structure of the ligation fragment and how false
positives are excluded. Let us consider some techniques
from this group.

Ligation-mediated PCR is extremely sensitive to the
quality of the matrix DNA and requires the isolation of
a high-quality product [7].

Vectorette PCR, first used in 1990, rapidly isolates
terminal sequences from yeast artificial chromosome
clones [8]. Vectorette PCR allows the amplification of
DNA sequences that lie between a known primer and the
nearest restriction site.

DNA is cleaved by a restriction enzyme to form
a sticky 5'-end. A vectorette linker is ligated to the
5'-end. The target fragment is amplified by PCR us-
ing a primer specific to the target DNA and a primer
specific to the vectorette. The vectorette cassettes

_’———E————E—'

Restriction l

Fig. 1. Schematic representation of inverted PCR (based on E.K. Hui et al. [6]). Solid line, known DNA sequence; dashed line, unknown
DNA segment; arrow, primer binding site; white rectangles, restriction sites. DNA is cleaved by a restriction enzyme that does not have
a cutting site within the insert, then circularized under conditions favorable for the formation of monomeric circles and amplified. In PCR,
primers complementary to the ends of the insert fragment are used in opposite directions

Puc. 1. CxeMatnyeckoe n3obpaeHue npuHumna uHeepTupoBaHHom MLP (Ha ocHoBe E.K. Hui u coasr. [6]). CnnoLwuHas MHUS — n3BecTHas
nocneposartenbHocTb [IHK; wrpuxoBas nuHus — HeusBecTHbIN yuacTok [HK; cTpenka — cait nocapkv npaiiMepa; benble npsiMoyronbHu-
Kn — cantbl pecTpukumn. [IHK pacluennsiot pecTpukTason, KOTopasi He UMeeT caiTa pa3pe3aHis B UHTErpupyeMoM yJacTKe, 3aK0/bL0BbI-
BaloT B yCNoBUAX, BnaronpusaTHbIX Ans 06pa3oBaHMs MOHOMeEPHBIX Konel U amnnnduumpytot. Mpu MLUP ucnonb3sytoT pasHoHanpaBneHHbIe
npaiMepbl, KOMMIEMEHTapHbIE KOHLLAM MHTErpupyemMoro parmMeHTa
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Restriction

Fig. 2. Schematic representation of PCR mediated by ligation. Solid line, known DNA sequence; dashed line, unknown DNA segment;
dotted line, amplification product; small arrow, primer binding site; black rectangles, adapters

Puc. 2. CxeMatnyeckoe n3obpaxenue npuHumna NLP, onocpesoBaHHon inrmpoBaHueM. CnnoLuHas IMHWS — U3BECTHas nocnefoBaTeb-
Hoctb [IHK; wrpuxoBas NMHMA — Hen3BecTHbIM yyacToK [HK; nyHKTUpHas nMHUA — NponyKT aMminduUKaLmMW; ManeHbKas CTpesika —

CaliT Mocaiku NpaitMepa; YepHble NPAMOYTOJIbHAKY — apantep

comprise a double-stranded sequence with a central
noncomplementary region and a sticky end suitable
for ligation of DNA cleaved by restriction enzymes.
The primer to the vectorette used in PCR has the same
sequence as the mismatched portion of one of the
strands; therefore, it cannot anneal and initiate elon-
gation until its complementary strand is synthesized
by the polymerase from the specific target DNA primer
(Figure 3) [8].

The main disadvantage of this technique is its low
specificity: byproducts may be formed owing to the non-
specific annealing of any primer and the end-repair re-
action. This is caused by leaving unligated cassettes and
restriction products with sticky 5'-ends in the solution.
These ends are completed during the first cycle of the
PCR reaction, and after a subsequent denaturation step,
they anneal to each other, forming sufficiently stable
structures that function as primers.

DOl https://doiorg/10.17816/ecogens24820

The mechanism of Splinkerette PCR (1995) is simi-
lar to that of vectorette PCR, but it allows the elimina-
tion of amplification byproducts. Instead of the central
mismatched region of the vectorette DNA cassette, the
splinkerette cassette includes a structure with a “hair-
pin” on one of the strands (Figure 4). The primer has a
sequence similar to the noncomplementary region of the
adapter opposite the “hairpin”; therefore, as in the case
of the vectorette, it cannot anneal until the complemen-
tary strand has been synthesized. In the PCR reaction, the
hairpin structure works as a primer and the polymerase
starts elongation along the lower chain. The resulting
“giant hairpin” is stable and functionally excluded from
further reaction. Although the hairpin structure “straight-
ens out” during denaturation, when the temperature
drops, it regains its hairpin shape faster than primers can
bind to it because the complementary sequences are long
and have a melting point higher than that of any primer.
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Fig. 3. Schematic representation of the “vectorette PCR” (based on E.K. Hui et al. [6]). Solid line, known DNA sequence; dashed line,
unknown DNA segment; hatched arrow, primer binding site to the “vectorette”; hatched segment, DNA fragment complementary to the
“vectorette” primer; black arrow, primer binding site to the target DNA. DNA is cleaved by a restriction enzyme, generating a 5'-sticky end.
Then, a synthetic oligonucleotide (linker) called “vectorette” is ligated to the 5'-end. PCR amplification of the DNA fragment is performed
using an internal primer specific to the target DNA and a primer specific to the “vectorette”

Puc. 3. Cxematnyeckoe nsobpaxenue npuHumna «vectorette PCR» (Ha ocHose E.K. Hui u coagr. [6]). CnnowHas fMHUA — M3BECTHas
nocnegosatenbHocTb [HK; wrpnxoBas nmHus — HeusBecTHbI yyactok [HK; 3awwTpuxoBaHHas cTpenika — calT nocagku mpanMepa
K «vectorettex; 3aLITpuxoBaHHbIii yuactok — dparMeHT [IHK, KoMnnemeHTapHbIN npaiiMepy K «vectorette»; yepHas CTpesika — caiiT no-
cagkv npanMepa K [HK-muwenn. IHK pacwiennsetcs pecTpukTasomn ¢ 06pa3oBaHUeM JIMMKOrO 5'-KoHUa. 3aTeM K 5'-KoHLy aurupyetcs
CUHTETUYECKUIA 0NIUIOHYKNeoTUs, (MMHKep), HasbiBaeMbll «vectoretter. MLP-amnandukaumno dparmenta IHK npoBoasT ¢ Mcnonb3oBaHWeM
BHYTPeHHero npanmepa, cneumduyeckoro ans [IHK-muwenn, v npaiiMepa, cneunduyeckoro ansa «vectorette»

“Vectorette” “Splinkerette”

Sticky 5 —— \—13  Sticky 5 J

end3 — \—/ ¥ end3 — %

~ep—
— —
Noncomplementary Noncomplementary
site site

Fig. 4. Schematic representation of the structures of «vectorette» and «splinkerette» cassettes (based on E.K. Hui et al. [6])
Puc. 4. CxeMaTnyeckoe n3obpaxeHune CTPYKTYp KacceT «vectorette» u «splinkerett» (Ha ocHose E.K. Hui u coasr. [6])

Hence, it cannot be a “seed” for binding the ends together.
Additionally, in the splinkerette system, only one of
the chains can act as a nonspecific primer, while in the
vectorette system, both the upstream and downstream
chains can cause mis-elongation.

The advantages of splinkerette over vectorette are
particularly evident in the amplification of larger frag-
ments, wherein the formation of the target product may
be hampered by high competition from artifacts arising
from end-repair [5, 9].

DOl https://doiorg/1017816/ecogen624820

Capture PCR (CPCR; 1991) also involves the use
of adapters ligated to the sticky ends of genomic DNA
cleaved by restriction enzymes, with the ligated con-
structs not restoring the restriction site. The oligonucle-
otide adapters lack 5'-phosphate groups, which ensures
that only one oligonucleotide is covalently attached to
the ends of genomic DNA fragments. The 25-nucleotide-
long adapter can be used together with one of three dif-
ferent short complementary oligonucleotides to modify
the ends generated by >30 restriction enzymes. Short
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Fig. 5. Schematic representation of the Capture PCR (CPCR) (based on M. Lagerstrom et al. [10]). Solid line, genomic DNA; black
rectangles, adapters; arrow, primer binding site; B, biotin. The first strand is synthesized using a single gene-specific biotinyl-
ated primer, enabling the fixation of this fragment on a streptavidin-coated substrate. Unlabeled DNA is removed during washing.
The target fragment is then amplified with a primer to the adapter and a second specific primer

Puc. 5. CxemaTnueckoe uzobpaxenue npunumna MLP ¢ 3axsatoM (CPCR) (Ha ocHose M. Lagerstrom u coasr. [10]). CnnowHas nu-
Hua — reHoMHas [IHK; yepHble npsAMoyronbHUKWM — apanTep; CTpenika — cailT nocafku npaiiMepa; B — buotun. Mepsas Lenb cuH-
Te3WUpyeTCA Ha OCHOBE OAHOMO reHcneundUyeckoro BUOTUHUNMPOBAHHOMO MpaiiMepa, YTo No3BONISeT 3aMKCUpoOBaThL 3TOT GparMeHT
Ha MOKPLITON CTpenTaBUAMHOM mogoxke. HemeuenHas [OHK ynansetcs B xome npoMbiBku. Llenesoii dparMeHT aMnauduumpyot

C npaliMepoM K afanTopy 1 BTOPbIM creuuduyeckuM npaiiMepoM

oligonucleotides have a low GC content, which ensures
that they do not function as primers during PCR.

The DNA strand is elongated using a 5'-biotinylated
primer complementary to a known DNA sequence. Thus,
a new biotin-labeled chain was synthesized, which allows
further fixation of this fragment on a streptavidin-coated
solid substrate. The resulting elongation sites include the
DNA fragment of interest and end with a sequence com-
plementary to the added linker. Biotin-labeled fragments
are fixed on a streptavidin-coated solid substrate. After
washing, PCR is performed using the sequence bound to
the carrier as the matrix. A second specific primer, com-
plementary to the region downstream of the biotinylated
oligonucleotide, was used as a primer for PCR together
with the linker oligonucleotide. The resulting PCR product
contains the DNA region of interest (Figure 5).

The convenience of CPCR is considerably enhanced by the
use of a special substrate with streptavidin-coated magnetic
beads placed in the individual wells of a titration microplate.
The procedure allows simultaneous isolation of fragments
from many DNA samples and minimizes the risk of contami-
nation between reactions. This technique is very specific.
Additionally, no cloning procedure is required when using
solid-phase sequencing [10].

DOl https://doiorg/
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Although restriction and ligation reactions are per-
formed simultaneously, the process can be complicated
by the need for streptavidin pellets, two additional rounds
of PCR, and a matrix purification procedure before se-
quencing, as not every laboratory practice works well
with streptavidin and biotin [11].

Extension Primer Tag Selection PCR (EPTS/LM-PCR;
2001) is essentially an improved capture PCR technique.
It is unique in that it allows the exclusion of nontarget
DNA fragments using special biotinylated primers in the
step preceding solid-phase PCR.

The first stage of EPTS/LM-PCR involves prepar-
ing small double-stranded fragments using restric-
tion enzymes and forming blunt ends by amplification
using a reverse biotinylated primer. Biotinylated DNA
is concentrated on a spin column, and excess primers
are removed. Biotinylated fragments were immobilized
on magnetic beads to remove nontarget DNA and reac-
tion components and fixed to the wall of the tube using
a magnetic particle concentrator (processor).

In the second stage, solid-phase LM-PCR is per-
formed as follows: the oligonucleotide cassette is ligated
along the blunt ends of biotinylated fragments, and liga-
tion is stopped by washing. Using subsequent alkaline
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denaturation and exposure to a magnetic particle concentra-
tor, free single-stranded nonbiotinylated DNA is separated.
These fragments are exponentially PCR-amplified. The first
amplification uses an external cassette primer and a primer
to a known DNA sequence, while the second uses an internal
cassette primer and another gene-specific primer, increasing
the specificity of the method. Thus, fragments are gener-
ated that include a border with an unknown DNA sequence
(Appendix 1, doi: 10.17816/ecogen624820-4207491) [12].

The Panhandle PCR method (1992) involves the forma-
tion of a ring structure of DNA with a long end (“panhandle”)
containing a boundary of known and unknown sequenc-
es (Appendix 2, doi: 10.17816/ecogen624820-4207492).
The matrix is created by cleaving genomic DNA with re-
striction enzymes before ligation of a single-stranded oli-
gonucleotide. The resulting fragments are dephosphory-
lated with alkaline phosphatase to prevent self-ligation.
The phosphorylated oligonucleotide is then ligated to the
3'-end. This single-stranded oligonucleotide has two fea-
tures: its 5'-end is complementary to the single-strand-
ed ends of genomic DNA cleaved by restriction enzymes
and its sequence is homologous to part of the integrated
fragment.

Denaturation and intrachain annealing are performed
to form a circular structure with a long end. An unknown
sequence appears in the structure of the circle. A frag-
ment containing an unknown site is amplified using two
pairs of nested primers [13].

The Boomerang PCR method (1995) is named af-
ter manner in which the polymerase starts elongating
a chain from a specific primer annealing site, forms a
loop around another chain, and eventually returns to
the original fragment on the DNA to form a new land-
ing site for the same primer. The loop is formed by
adapters designed with self-complementary ends and
a noncomplementary middle part. This method allows
the use of different variants of adapters that, depending
on the restriction enzyme, can be designed to ligate to
both sticky and blunt ends of cleaved DNA (Appendix 3,
doi: 10.17816/ecogen624820-4207493). The amplification
of target fragments by PCR leads to the generation of
a specific product containing a boundary of known and
unknown DNA sequence, which can then be cloned and
sequenced [14].

However, this method is susceptible to producing
many false positives, as each case of primer binding to a
nonspecific site generates a fragment capable of ampli-
fication on par with the target fragment. This issue can
be addressed by employing several rounds of nested PCR
with multiple sequenced primers.
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T-linker-specific ligation PCR (T-linker PCR; 2003)
involves PCR with T-linker ligation to walk chromosomes
or genes. In the first step, poly(dT)n is added to the
3'-ends of genomic DNA molecules using terminal deoxy-
nucleotidyl transferase (TdT). This addition is necessary
to prevent nonspecific binding to adapters later on. DNA
with poly(dT)n-sequenced DNA is cleaved with restriction
enzymes to form 3'-protruding ends without A. The sec-
ond step involves chain elongation of the target molecule
using specific primer S1 and formation of a “tail” with
A at the 3'-end using TagDNA polymerase. Using T4 DNA
ligase, a T-linker is ligated at the 3'-end of the target
molecule. This is followed by two rounds of nested PCR
to amplify the target molecule; the first round uses the
external primer pair S1 and W1, while the second round
uses primer pairs S2-W2 and S3-W2. Specifically ampli-
fied molecules are identified based on the length differ-
ences (A S2-S3) between the S2-W2 and S3-W2 primer
products (Figure 6) [15].

Adapter ligation PCR (2007) involves the addi-
tion of a special double-stranded adapter with long and
short arms to the sticky ends of restriction fragments.
The amino group at the 3'-end of the short arm pre-
vents amplification of the DNA chain during PCR. The
sequence of the short arm of the adapter does not con-
tain the annealing site of the adapter primer; however,
the longer arm contains a 22-nucleotide sequence that
matches it exactly. The second primer corresponds
to a known DNA sequence; from it, a complementary
strand containing the landing site of the adapter-specific
primer is synthesized. This produces fragments with
the two necessary primer annealing sites (Appendix 4,
doi: 10.17816/ecogené24820-4207494) [16].

Another noteworthy method is PCR with restriction site
elongation (RSE-PCR; 2010). In its application, it does not
involve the ligation of any sequence; instead, an adapter
primer is used, which allows lengthening of the restriction
site (Appendix 5, doi: 10.17816/ecogen624820-4207495) [17].

When using template blocking PCR (2010) to reduce
nonspecific amplification, the 3'-ends of genomic DNA
fragments cleaved by restriction enzymes are blocked
by dideoxynucleoside triphosphate (ddNTP) and ligated
with properly designed cassettes without a phosphate
group at the 5'-end. This approach prevents the ampli-
fication of a fragment that does not contain the target
sequence resulting from restriction and cassette ligation.
The modified cassette-flanked genomic DNA fragments
are used as a matrix for amplifying the target gene with a
gene-specific primer and a cassette primer (Appendix 6,
doi: 10.17816/ecogen624820-4207496) [18].



https://doi.org/10.17816/ecogen624820-4207491
https://doi.org/10.17816/ecogen624820-4207492
https://doi.org/10.17816/ecogen624820-4207493
https://doi.org/10.17816/ecogen624820-4207494
https://doi.org/10.17816/ecogen624820-4207495
https://doi.org/10.17816/ecogen624820-4207496

METHODOLOGY IN ECOLOGICAL

GENETICS Vol. 22 {1

waoa

Addition of poly(dT)n
to the 3'-end of DNA
using TdT

A

<

31T

Restriction with formation
of sticky ends

<+

=g

A
—
—

Annealing of primer S1 and single-
s chain elongation

s

v

T-linker ligation l

|

S1
e

PCR with primers ST and W1

S2 S3
e mie

PCR with

rimer pairs S2
and ?N

2,53 and W3

——

|l

A

| —

Fig. 6. Schematic representation of the T-linker PCR (based on Y. Y

JKONOrMYECKAn reHeTNKa

) 2024 Ecological genetics

[Saleh]

- TTT 3

|=

i

Specific
fragments

Nonspecific
fragments

11
Il
N
=

uanxin et al. [15]). Solid line, known DNA sequence; dashed line,

unknown DNA segment; arrow, primer binding site; black rectangles, linker; S1, S2, and S3, specific primers binding to the known
sequence of the target molecule; W1 and W2, walking primers binding to the T-linker sequence; A, A-"tail” of the target molecule;
T, T-nucleotide of the T-linker; A, presumed difference in amplification products with specific primers S2 and S3 in separate reactions

of the second cycle

Puc. 6. CxemaTtnyeckoe usobpaxenue npuHumna T-linker MLUP (Ha ocHose Y. Yuanxin 1 coasT. [15]). CnnioluHas niMHMA — M3BeCTHas
nocnegosatenbHocTe [IHK; wrpuxoBas nuHus — HemsBecTHbli ydacTok [HK; cTpenka — caliT nocagku npaiMepa; YepHble
npsAMoyronbHukn — nuHkep; S1, S2 n S3 — cneunduyeckue npaiMepbl, CBA3bIBAKLLMECA C M3BECTHOW MOCNEA0BaTENIbHOCTbIO
monekynbl-muwenn; W1 n W2 — wararowme npaiMepbl, CBA3bIBAlOLMECA C NOCNeA0BaTENbLHOCTbI0 T-NMHKepa; A — A-«xBoCT»
MoneKysbl-Muwenun; T — T-Hykneotua T-nuHKepa; A — npefnonaraeMas pasHuua B NPoAyKTax aMnaMduKaLmm co cneumduyeckumm

npanMepamn S2 1 S3 B pa3fenieHHbIX peakumMsx BTOPOro LKA

Single specific primer PCR (SSP-PCR; 1989), also
known as unidirectional GW, can also be included in the
current group of methods. Although a cloning vector
is used instead of linkers in this case, this method is

00l https://doi.org/ 10

fundamentally similar to adapter ligation-mediated PCR
methods.

To amplify a fragment containing the boundary of
known and unknown DNA sequences, information about

17816/ecogen624820
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only a small section of DNA is needed to select a gene-
specific primer.

The method includes the following steps:

« restriction of chromosomal DNA by one or a combina-
tion of enzymes;

« ligation of fragments into any cloning vector,

« and amplification of the specific ligated fragment using
one primer specific to a known region and a second
primer that hybridizes with the vector.

Enough fragments are ligated to the vector DNA, and
the vector-specific primer will hybridize with all frag-
ments. A gene-specific primer is used to select target
products, allowing exponential accumulation of the de-
sired fragments containing the primer’s annealing site
(Appendix 7, doi: 10.17816/ecogen624820-4207497).
In contrast to standard methods that work with geno-
mic libraries, in SSP-PCR, PCR is performed soon after
transformation without separating bacterial clones into
separate cultures carrying individual copies of plasmids,
which saves time.

SSP-PCR allows a random combination of restriction
enzymes, enabling the amplification of DNA for which no
restriction site information is available [19].

PCR WITH RANDOM PRIMERS

The group of PCR techniques that use random primers
involves the use of sets of nonspecific primers that can
randomly sit on a DNA molecule during PCR. This cate-
gory does not require complex DNA manipulation before
or after PCR. Typically, these methods involve alternating
cycles of high and low annealing temperatures. Primary
PCR uses a cycle with mild conditions to increase the
likelihood of planting “walking” primers on an unknown
DNA sequence. This is followed by 2-3 rounds of nested
PCR under stringent conditions for efficient annealing of
site-specific primers. These cycles are performed to ex-
ponentially amplify the target fragments and eliminate
false results (Figure 7). The differences in the methods
of this group lie in the structure of the “walking” primers
and in the number and manner of alternating cycles under
different annealing conditions.

Nested

Target
primer

primer
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Some methods involve self-ligation of the investigat-
ed DNA sequence and formation of circular structures
(e.g., UFW method). The main limitation of these methods
is the excessive accumulation of nontarget DNA products
because of nonspecific annealing of a random primer [1].

Targeted gene walking PCR (1991) was one of the
first techniques to be developed. This is based on the
observation that a primer can initiate elongation on either
an unknown or a specific target sequence that has only
partial homology with the 3'-end.

This approach uses three types of primers: “target”
primers, which hybridize with a specific known target se-
quence; “internal” 3P-labeled detection primers, which
are located a short distance inward relative to the “tar-
get” PCR primers; and “walking” primers, for hybridiza-
tion with unknown sequences.

The general protocol for “PCR with genome walking”
comprises three consecutive steps:

1) a series of PCR reactions with identical compo-
nents in each tube (including the “target” primer) except
for different “walk” primers;

2) an aliquot from each PCR reaction is used to select
target fragments using nested internal *2P-labeled primers
and primers to a known sequence. This procedure identifies
fragments that contain sections of “target” DNA, and

3) the labeled band is excised from the gel, reampli-
fied, and directly sequenced.

To increase the frequency of positive results, a whole
series of “walking” primers (at least 20) is commonly
used. Although reactions with “walking” primers are per-
formed in parallel, the process itself can be quite labor-
intensive [20].

Restriction site PCR (RSPCR; 1993) uses sequences
of oligonucleotides (RSOs) that are specific to the region
of DNA containing the restriction recognition site by re-
strictionases instead of “walking” primers (Appendix 8,
doi: 10.17816/ecogen624820-4207498). Restriction site
sequences occur in all organisms and are repeated fre-
quently enough that, theoretically, there will always be
a restriction site (starting at any site) within the PCR
range. However, the use of RSOs could pose a problem

waol

________ 3
________ 5
R . —
Walked Walked
primer primer

Fig. 7. The general scheme of primer placement in PCR with random primers. Solid line, known DNA sequence; dashed line, unknown

DNA segment; arrows, primer binding sites

Puc. 7. 06bwas cxema pacrnonoxenus npaiimepoB npu [LUP co cnyyaiHbiMM npaniMepamu. CnnowHas nMHUA — W3BECTHas
nocnegosatenbHocTb [HK; wrpuxoBas nuuua — HemsBecTHbIM yyacTok [HK; cTpenku — cantbl nocagku npaiiMepos

DOl https://doiorg/1017816/ecogen624820
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Puc. 8. CxeMatnyeckoe uzobpaxenue npuHumuna Metoga UFW (Ha ocHoBe K.W. Myrick n W.M. Gelbart [21]). CnnowHas nmHus —
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KOPOTKMe CTpenku ¢ uncnamm — npaiiMepbl UFW, npoHyMepoBaHbl B nopsaKe UCMo/b30BaHMs

because they are not unique sequences and are not suf-
ficiently specific for PCR. Nested PCR is performed to
increase specificity. Additionally, the product of this PCR
is sequenced by genomic amplification with transcript
sequencing (GAWTS) using another internal primer to a
known sequence [11].

The peculiarity of the universal fast walking (UFW;
2002) method involves a 5-6 h series of reactions per-
formed in a single tube in a single thermocycler program
(Figure 8).

The method begins with the synthesis of the first
chain, followed by the destruction of primer #1 by an
exonuclease. The strands are then denatured and an-
nealed with primer #2, which contains a random site at
the 3'- and 5'-ends that has a complementary segment
to a known DNA sequence.

The second exonuclease simultaneously destroys the
unbound primer and digests the first chain at the start-
ing point of the random 3'-end (at the “branching” point)
of the furthest bound primer #2. Sequence formation at

DOl https://doiorg/1017816/ecogen624820

the 3'-end of the first chain occurs at the expense of
the 5' (nonrandom) part of primer #2. The chains are de-
natured again.

The first chain forms a loop by in-chain annealing be-
tween the complementary annealing site of primer #2 and
its copy at the other end of the sequence. Next comes
the elongation of this chain after the loop along itself,
producing a product containing known sequences at the
edges and an unknown region in the center.

Nested primers #3 and #4, whose annealing sites are
located on both sides of the annealing site of primer #2,
allow obtaining a specific amplicon containing the bound-
aries of known and unknown sequences [21].

The range of action of this method is directly related
to polymerase capabilities.

The SiteFinding method (Site Finding-PCR; 2005) uses
“false” SiteFinder primers with a known sequence of four
nucleotides at the 3'-end, containing a rare restriction site
for Notl in PCR, which facilitates cloning with commonly
used vectors: 5'-...GCGGCCGCGCNNNNNNNNNGCCT3'
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Puc. 9. Cxematnuyeckoe nsobpaxenue npuHumuna metopa MUP SiteFinding (Ha ocHose G. Tan u coasrt. [22]). CnnowHas nuHus —
u3BecTHas nocneposatenbHocTb [JHK; wrpnxoBas nMHus — HemssecTHbIN yyacTok [HK; cTpenka — calT nocafku npaiimMepa; oenbiii
MPSIMOYTO/IbHUK — CalT pecTpukumu; GSP — reHcneumduyeckue npaitMepsl, SFP — npaiiMepsl SiteFinding

and 5'-...GCGGCCGCGCNNNNNNNNNNGCGC3'. A nested
primer (SFP1 and SFP2) and three gene-specific primers
(GSP) are also used (Figure 9).

First, the SiteFinding reaction is performed with low-
temperature annealing to form the restriction site Notl.
In a desired embodiment, this reaction produces a frag-
ment comprising the boundary of known and unknown
DNA with Notl restriction sites and the primer landing
sites SFP1 and GSP1. Second, nested PCR follows: the
target DNA is exponentially amplified using nested PCR
with GSP and primers SFP1 and SFP2. As the primer
planting process is random, it is possible to form untar-
geted double-stranded products containing SFP planting
sites at both ends. Further amplification is suppressed
due to the formation of stem—loop structures due to the
presence of inverted end repeats (this sequence does not
further participate in the reaction). Third, the SFP-GSP
amplification product undergoes Notl cleavage and is
purified by electrophoretic separation on an agarose gel.
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This results in target molecules with one sticky (in the
restriction site) and one blunt end, facilitating the liga-
tion of such fragments into the linearized pBluescript
SK(+) vector. Restriction products with two sticky ends
or in a stem-loop structure cannot be introduced into
the vector.

Fourth, this fragment is cloned. An internal specific
primer (GSP3) is used to screen clones, ensuring that
only those clones containing the specific product are se-
lected because only target molecules have a complemen-
tary site for GSP3 [22].

The thermal asymmetric interlaced PCR method
(TAIL PCR; 1995) is widely used. It involves the use of a
set of nested sequence-specific primers (TR1, TR2, and
TR3) along with short arbitrary degenerate (AD) primers
(15-16 bps) with a low melting point and varying degrees
of degeneracy. By alternating the annealing temperature
between high (62°C-68°C) and low (44°C), the relative
amplification efficiency of specific and nonspecific prod-
ucts can be thermally controlled.




METHODOLOGY IN ECOLOGICAL

JKONOrMYECKAn reHeTNKa

Vol. 22 (1) 2024

GENETICS Ecological genetics
Target molecule AD Nontarget molecule
TR1 TR2 TR3 -
i ot o o= o o — ———— — 3
J—m====5 Jm———————— 5

Primary PCR with SP1 and AD
5 cycles of high stringency
1 cycle of low stringency
10 cycles of medium stringency
TAIL cycles

12 supercycle

1 cycle of medium stringenc

2 cycles of high stri
(thermally symmetrica O ally atometrial

(thermally asymmetrical)

Specific o s
TR1 TRT  Nonspecific AD Nonspecific
- == products .= products y = products y
3 - =Y 3 —_—" K S gt
AD TR1 AD
Product High or medium High (detectable) Low (nondetectable)
yield: (detectable
or nondetectable) 1000-fold dilution
Secondary PCR with SP2 and AD (10 supercycles)
TR2 Specific AD Nonspecific
§ Py g podits_ _ g
T TS0 = Emmm =
AD AD
Pr(;lideul(cﬁ High (detectable) Very low (nondetectable)

1000-fold dilution l

Tertiary PCR with SP3 and AD (20 normal cycles)

l

Agarose gel separation, analysis

Fig. 10. Schematic representation of the TAIL-PCR method (based on Y.-G. Liu et al. [23]). Solid line, known DNA sequence; dashed line,
unknown DNA segment; arrow, primer binding site; TR1, TR2, TR3, nested primers complementary to the known sequence; AD, short
arbitrary degenerate primers (15-16 bp) with low melting temperature and varying degrees of degeneracy. Alternating annealing tem-
peratures from high (62 to 68 °C) in high stringency cycles to low (44 °C) in low stringency cycles thermally controls the relative efficiency
of amplification of specific and nonspecific products

Puc. 10. Cxematnyeckoe usobpaxeHue npuHumna Metopa TAIL-PCR (Ha ocHoBe Y.-G. Liu u coaBrt. [23]). CnnowHas nmHua —
u3BecTHas nocnegosatenbHocTb [JHK; wrpuxoBas nuHmns — HeussecTHbIM yuacTok [HK; ctpenka — caiit nocagku npaiimepa; TR1, TR2,
TR3 — BnoXeHHble NpaiiMepbl, KOMNIeMeHTapHbIe U3BECTHOM nocnefoBaTeNbHocTH; AD — KopoTKMe NpoK3BOSbHbIE BbIPOXKAEHHbIE
npaiiMepbl (15-16 n. H.) C HU3KOW TeMNepaTypoi NNaBNEHMS W Pa3fIMYHON CTEMEHbIO BLIPOXAEHHOCTW. Yepelys TeMnepaTypy oTKura
0T BbICOKOM (62 o 68 °C) B UMKIaX BbICOKOM TOYHOCTM A0 HU3KOM (44 °C) B UMKNAX HU3KOM TOYHOCTH, TEPMUYECKM KOHTPONMPYeETCS
OTHOCUTeNbHas IPPEKTMBHOCTb aMNANbUKaLMK crnelnduIecknx 1 HecneLMpuUecKux NpoayKToB

as a matrix and a third nested primer (TR3) with the
same six AD primers used in the primary and secondary

TAIL-PCR reactions are performed in sequential order:
primary, secondary, and tertiary, in which the product of

one reaction is used as a matrix for the next reaction
(Figure 10).

The primary reaction is performed in six reaction tubes
containing genomic DNA, primers complementary to a
known sequence, and various degenerate primers. The
primary PCR product is used as a matrix for the second-
ary reaction. In the secondary, similar components are
used except that primer TR1 is replaced with primer TR2,
which is located further away from the 5'-end. The tertiary
reaction uses the PCR product of the secondary reaction
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reactions.

Thus, TAIL-PCR requires 12 PCR reactions to identify a
relatively small site. False-positive results are also pos-
sible due to amplification artifacts during PCR [23, 24].

Fusion primer and nested integrated PCR (FPNI-
PCR; 2011) involves the use of two sets of primers:
1) primers specific to a known DNA sequence and
2) fusion primers (composite primers, FAD, and FP),
one segment of which is a degenerate sequence (AD)
and the other is complementary to the primers of the
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following steps. The combination of fusion primers
of a known sequence and a degenerate sequence dis-
tinguishes this method from TAIL-PCR (Appendix 9,
doi: 10.17816/ecogen624820-4207506).

In the first step, a large volume of a mixture of DNA,
a gene-specific primer (SP1) designed for a region of the
genome with known sequence, and a combination of nine
AD fusion primers is prepared. Amplifications involve
3-6 repetitions of two cycles with harsh annealing condi-
tions followed by a cycle with milder conditions. Theoret-
ically, single-stranded PCR products from a gene-specific
primer are generated during cycles with high annealing
temperatures, while double-stranded products using FP
primers (FP) are obtained during cycles with milder con-
ditions (the melting point of FP primers is significantly
lower than SP). At this stage, many nonspecific products
may be formed.

In the second and third steps, nested PCR is per-
formed using target-specific primers (SP2 and SP3,
respectively) and FP-specific primers (FSP1 and FSP2,
respectively). These steps represent PCR with a high an-
nealing temperature to promote selective amplification of
target sequences. Additionally, the large hairpin formed
in some nonspecific products also contributes in prevent-
ing their further amplification (PCR suppression).

Thus, nonspecific products obtained in the first step of
FPNI-PCR are not amplified in the second and third steps
and are significantly diluted in the final mixture [25].

Partially overlapping primer-based PCR (POP-
PCR; 2015) is another GW technique. It uses a set of
relatively long POP primers that partially overlap at the
3'-end: POP1 for primary PCR, POP2 for secondary PCR,
and POP3 for tertiary PCR. The primers are randomly se-
quenced and contain identical 3'-ends of 10 bp and heterol-
ogous 5'-ends of 15 bp in length. This partially overlapping
design ensures that POP primers anneal to each other’s
complementary sites only at relatively low temperatures.
Nested primers are used as GSP. A total of three rounds
of PCR (primary, secondary, and tertiary) are performed.
Each round comprises three annealing stages: stage 1, five
highly harsh cycles (at 65°C); stage 2, one lowly harsh
cycle (at 25°C) and moderately harsh cycle (at 50°C); and
stage 3, 30 highly harsh cycles (at 65°C). Each subsequent
round uses the products of the previous round as the ma-
trix. The products of the last round of PCR contain the most
specific fragments that include the boundary of known and
unknown DNA sequences (Figure 11).

POP-PCR is a fairly efficient method but it requires
numerous degenerate “walking” primers, which compli-
cates the experimental operations [26].
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Stepwise partially overlapping primer-based PCR
(SWPOP-PCR; 2018) is an improved version of POP-PCR
method. The main disadvantage of POP-PCR is the need to
use a separate POP primer in each round of PCR, which com-
plicates the experiment and leads to amplification errors.

The key to SWPOP-PCR is the development of an
improved set of overlapping primers in which the
3'-end (10 bp) of the subsequent SWPOP primer is iden-
tical to the 5'-end of the previous primer. Therefore,
annealing between the SWPOP primer and its partially
complementary site (the previous SWPOP site) oc-
curs only at relatively low temperatures (Appendix 10,
doi: 10.17816/ecogen624820-4207507) [4].

Levano-Garcia et al. (2005) proposed a method for
mapping transposon integration sites by touchdown PCR
using a pair of primers, one of which is a hybrid con-
sensus-degenerated oligonucleotide and the other is a
sequence-specific primer that anneals only from one of
the chains of the inserted marker gene. The sequence of
the gene-specific primer is designed to allow annealing
of the 3'-end at the known DNA site occurs close to the
target unknown genomic sequence, preferably 40-60 bp
away from the boundary.

Hybrid primers are designed according to the
CODEHOP method [27] and can be any 25-43-mer oligo-
nucleotide having a nondegenerated consensus sequence
at the 5'-end (13-31 bp) followed by a 10-bp sequence
with degenerate bases at various positions within this
segment, followed by 2 bp at the 3'-end that are nonde-
generated [28].

The palindromic sequence targeted PCR (PST-PCR;
2021) method involves targeting walking primers to
palindromic sequences arbitrarily present in natural DNA
matrices.

PST-PCR involves two rounds of PCR. The first round
uses a combination of a single sequence-specific primer
(SSP) and a semirandom primer targeting a palindromic
sequence (PST). The second round uses a combination
of one or two universal primers: one is annealed with a
5'-tail attached to a SSP, and the other is annealed with
another 5'-tail attached to a PST primer (Appendix 11,
doi: 10.17816/ecogen624820-4207508).

The key advantage of PST-PCR is the convenience of
using a single universal primer with unchanged sequence
in GW processes using various matrices [7].

A feature of PCR with single-long primer and ran-
domly-amplified polymorphic DNA primer PCR (SLRA
PCR; 2019) is the use of a single-long (30-35 bp) SLP
primer with an annealing site on a known sequence.
SLP-PCR allows amplification of a known region of the
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Fig. 11. Schematic representation of the POP-PCR (based on H. Li et al. [26]). Solid line, known DNA sequence; dashed line, unknown
DNA segment; arrow, primer annealing site

Puc. 11. CxeMaTnyeckoe nsobpaxenue npuHumna metoga POP-PCR (Ha ocHoBe H. Li v coaBT. [26]). CnnolwuHas NMHWUS — KU3BeCTHas
nocneposatenbHocTb [HK; WrpuxoBas nMHus — HensBecTHbI yyacTok [HK; cTpenka — caiiT nocagku npanMepa
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genome toward an unknown sequence boundary. A se-
ries of nested PCRs with three gene-specific GSP primers
(26—28 bps) and randomly amplifying polymorphic DNA
with RAPD primers (10 bp) are used to screen out nonspe-
cific fragments. The novelty of the approach lies in the use
of long primers and using the same high temperature for
annealing and elongation during nested PCRs (Appendix 12,
doi: 10.17816/ecogen624820-4207509) [29].

Fusion primer-driven racket structure forma-
tion PCR (Fusion primer-driven racket PCR, FPR-
PCR; 2022) uses a trifunctional fusion primer fused
to two sequence-specific fragments generated during
primary PCR. A trifunctional primer mediates walking,
selective amplification, and intrachain annealing of the
target DNA.

FPR-PCR involves two rounds of PCR (primary and
secondary). Primary PCR begins with five moderately
harsh cycles (at 55°C) that allow the 3'-end of the fusion
primer (FP) to hybridize with only its annealing site in
the known region (SSP1) to increase the number of cop-
ies of the first chain. A subsequent single mildly harsh
cycle (at 25°C) helps the FP to partially anneal in the
unknown region of this chain and elongate toward the
known region to produce the target second chain, form-
ing its inverted repeat. The target DNA is then exponen-
tially amplified in the subsequent harsh (at 65°C) cycles.
Partially single-stranded DNA undergoes intra-stranded
annealing between the SSP3 site and its inverted repeat.
This results in a racket-shaped structure in which the
unknown single-chain region is bounded by a known
double-chain “handle.”

Secondary PCR is a nested PCR with primers SSP2
and SSP4 for exponential amplification of the target DNA.
Any untargeted DNA cannot be amplified due to lack of
an ideal binding site with these two primers. Target DNA
becomes the main product of the reactions (Appendix 13,
doi: 10.17816/ecogen624820-4207510) [1].

Wristwatch PCR (2022) and POP-PCR use a set of
partially overlapping WWP primers. Their difference lies
in the structure of the oligonucleotides used: the wrist-
watch primers have 5'- and 3'-overlapping regions and a
heterologous interval, thus, annealing produces a struc-
ture resembling the shape of a wristwatch or a bubble.
Annealing of primers in this way is possible at sufficiently
low temperatures (40°C). WWP primers also have a high
melting point (60°C—65°C) and uniform distribution of the
four bases (A, T, C, and G). The sequence of each WWP
is randomized.

Wristwatch PCR consists of three nested (primary,
secondary, and tertiary) PCRs, each using a different
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WWP primer and gene-specific GSP primers to ampli-
fy the boundary of known and unknown DNA sequence
(Appendix 14, doi: 10.17816/ecogen624820-4207511) [30].

OTHER METHODS

Methods that use an approach different from the pre-
vious two were included in this group.

In 1999, a restriction-independent method for cloning
segments of genomic DNA beyond known sequences was
proposed that includes, as a first step, the elongation of
a gene-specific primer, a method commonly used in RNA
studies. This method represents the first step of cDNA
synthesis and is commonly known as “5'-rapid amplifica-
tion of cDNA ends” (5'-RACE) [31].

The method does not depend on cutting or mapping
with restriction enzymes. It relies on the ability of ter-
minal transferase to attach a chain of cytosines to the
3'-end of DNA. In the initial step, single-stranded DNA
covering the flanking region is created by linear am-
plification with a single primer in a known region.
A homo-oligomeric cytosine “tail” is added using termi-
nal transferase. The elongated fragments are then am-
plified by PCR with a nested gene-specific primer in a
known region. A homo-oligomeric polyguanine primer
complementary to the cytosine tail in the unknown region
is used as the reverse. It contains an “ATAT" sequence
at the 5'-end, which allows further ligase-independent
incorporation of the obtained DNA molecules into the
T-vector by TA-cloning [32] and sequencing (Appendix 15,
doi: 10.17816/ecogen624820-4207512). This method was
first successfully applied to the bacterial genome [33].
Later, it was used to adapt the 5'-RACE-based approach
to mapping the boundary of known and unknown se-
quence for DNA of eukaryotic organisms [34, 35].

The method of rolling circle amplification of genomic
templates for inverse PCR (RCA-GIP; 2010) is based on
creating circular fragments of genomic DNA with subse-
quent amplification using DNA polymerase 929, charac-
terized by high processivity without the need for linker
sequences.

The DNA is cleaved by various restriction enzymes
in different tubes, then the fragments are joined by T4
ligase to produce circular DNA. The circular DNA is
then amplified using DNA polymerase @29 and hexamer
primers. The primers are annealed on the matrix and
elongated. When polymerase ¢29 encounters a double-
stranded stretch of DNA, it displaces the second strand
and continues elongation. The substituted newly synthe-
sized site serves as a planting site for new primers and
becomes the matrix. A structure resembling a branching
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tree is formed, in which synthesis occurs on each branch.
This produces many linear concatemers suitable for the
inverse PCR matrix that can be easily amplified, se-
quenced, or cloned, allowing simultaneous mapping of
the 3'- and 5'-unknown ends of a virtually unlimited
number of genomic sequences (Figure 12) [36].

4SEE (2020) is based on next-generation sequenc-
ing and allows identification of the location of numerous
transgenic insertions in the genome in a single application
and to characterize the complex chromosomal rearrange-
ments associated with this event. Usually, full-genome
sequencing does not consider situations where heterolo-
gous insertions compromise the integrity of both the plant
DNA and the integrating fragment itself, which makes
identification of the insertion site difficult. The 4SEE ap-
proach relies on the chromosome conformation capture
(3C) method [37], which uses only molecular methods to
map chromosome contact zones and uses the principle of
ligation of DNA molecules converged in space.

The first step involves treating the cells with form-
aldehyde to preserve the native structure of the nucle-
us. This fixes protein—protein, protein~-DNA, DNA-DNA,
and other interactions through the formation of cova-
lent bonds between closely related organic molecules.
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In the second step, DNA fragmented after crosslink un-
folding using restriction enzyme treatment, followed by
ligation of DNA fragments under high dilution conditions
to increase the likelihood of autoligation of the molecules.

DNA ligation products are further processed to form
ring structures by a second restriction cleavage. Unknown
DNA bound to a known sequence is amplified using in-
verted PCR before it is sequenced. Sequencing results
are compared with DNA bibliographies, and the results
are subjected to bioinformatics analysis. The polymeric
properties of the genome provide a high frequency of
contacts between linearly neighboring sequences. Thus,
by calculating the relative enrichment of a library of spe-
cific genome regions ligated to each other, we can infer
the probability of interactions between these regions in
the three-dimensional core space (Figure 13) [38].

CONCLUSION

Several GW methods based on different mechanisms
have been proposed over the past decades. All the meth-
ods are functional; thus, a researcher wishing to decipher
an unknown DNA sequence flanking a known sequence
can choose a method based on the available reagents
and skills.

restriction enzymes

Ligation to form circular

Restriction by various l
molecules l

Amplification
using Phi29
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PCR, cloning, and sequencing

Fig. 12. Schematic representation of the RCA-GIP method (based on A. Tsaftaris et al. [36]). Black line, genomic DNA; arrows, random

hexameric primers; dotted lines, copies of concatemers

Puc. 12. Cxematnyeckoe nsobpaxenue npuHumna RCA-GIP (Ha ocHose A. Tsaftaris 1 coasr. [36]). YepHas numHus — reHoMHas [HK;
CTPESIKU — ClyYaitHble reKcaMepHble NpaiiMepbl; MYHKTUPHbIE JIMHUA — KOMUM KOHKaTeMepoB
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Fig. 13. Schematic representation of the 4SEE principle. Shaded circle, DNA crosslinking region with formaldehyde; gray line, known DNA
sequence; black line, unknown DNA segment; white and gray rectangles: restriction sites

Puc. 13. Cxematnyeckoe nsobpaxenue npuHumna 4SEE. 3awrpuxoBaHHbi Kpyr — obnacte cwwmskn JHK dopmanbaernoom; cepas
JMHUA — nocefoBaTenbHocTb u3BecTHoM [HK; yepHas nuHua — HensBecTHbIN yyacTok [JHK; benbie n cepble NpsAMOYrofibHUKWM — caiTbl

PEeCTPUKLIMM

Theoretically, an ideal GW system should include only
commonly used methods (e.g., PCR) without modifica-
tions (e.g., adding reagents during PCR), use only “nor-
mal” reagents (standard polymerases, primers up to
50 bps long without radioactive and other tags); be held
in one phase, and have samples immediately suitable
for sequencing. None of the currently existing systems
fully satisfies all the requirements, but many modern
techniques do. For example, PCR-based methods require
only primers (this is one of the cheapest and most read-
ily available reagents) and a thermocycling amplifier, the
basic equipment of a genetic laboratory. The only disad-
vantage is the need to perform multiple stages of nested
PCR with different primers.

DOl https://doiorg/1017816/ecogen624820

Methods that increase labor intensity include sequence
ligation procedures and working with reagents that are
rarely used (e.g., biotin and streptavidin). However, an
advantage of using primers with biotin is that they allow
immediate use of the product in solid-phase sequencing.

Owing to the probabilistic nature of GW methods, re-
searchers usually need to adapt the chosen protocol to
their subject. The most significant factors here are the
quality and concentration of matrix DNA and, in the case
of PCR with random primers, the annealing temperature
at the low-hardness stage of the cycle.

Although these methods are now increasingly being
replaced by full-genome sequencing, many of them re-
main relevant due to their economic feasibility.
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