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ABSTRACT

A method for identifying single nucleotide polymorphisms of the PMDR1 gene (A958146T, A961013G, G961625T) based on the
analysis of the lengths of restriction fragments using polymerase chain reaction technology with specific primers is presented.
To identify the polymorphism A958146T (amino acid substitution N86Y), it was proposed to amplify a fragment of parasitic de-
oxyribonucleic acid with a length of 417 bp, including the 86th codon of the P/MDR] gene, followed by treatment of the amplicon
with Apol endonuclease, the restriction site of which includes the sequence of the analyzed mutation. With the Plasmodium
falciparum genotype unchanged, the isolated deoxyribonucleic acid site is divided into two fragments of size 239 and 179 bp.
In the case of an altered genotype containing a single nuclectide missense mutation A > T, the original fragment 417 bp will be
preserved. When designing the system to detect the amino acid substitution N1042D caused by the A961013G mutation, a pair
of specific primers were selected that limit the 404 bp-long section of parasitic deoxyribonucleic acid. For restriction analysis,
the most optimal was the use of Asel endonuclease, which in the case of an unchanged Plasmodium falciparum genotype di-
vides the initial amplicon into 4 fragments (132, 116, 99 and 25 bp), and in the presence of A > G mutation — into 3 (248, 99, 25
bp). It was found that a fragment of the P/MDR1 gene, including the G961625T mutation leading to the amino acid substitution
D1246Y, contains 1 site corresponding to the restriction site of endonuclease Bglll. Therefore, in the case of the wild genotype
of Plasmodium falciparum, the initial fragment of deoxyribonucleic acid is cut into 2 short sections (300 and 269 bp). With the
D1246 mutation, the replacement of the nuclectide G > T leads to the disappearance of the restriction site, so only one source
fragment (509 bp) will be recorded on the electrophoregram. Based on the analysis of the data obtained, criteria for evaluating
the drug resistance of Plasmodium falciparum have been developed. The decrease in sensitivity to mefloquine and its deriva-
tives of pathogens of tropical malaria can be evidenced by positive results obtained using the developed methods for detecting
haplotypes A > T (N86Y (band 417 bp)), A > G (N1042D (bands 248, 99 and 25 bp)), G > T (D1246Y (509 bp)). The developed
methods can be used to analyze the spread of drug-resistant tropical malaria.
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Pe3sioMe

MpeactaBneHa MeTOAMKA UAEHTUGMKALMM €AMHWNYHBIX HYKITEOTUAHBIX nonuMopduamoB reHa PMDR1T (A958146T, A961013G,
G961625T) Ha ocHOBe aHanM3a [MH PECTPUKLMOHHBIX QParMeHTOB C UCMONIb30BAHWMEM TEXHOOTMM MOSMMEPA3HOi Len-
HOM peaKkuuu co cneunpuyeckumm npaimMepamu. [ns naeHTMduKaumm nonumopdusMa A958146T (aMUHOKUCIOTHAsA 3aMeHa
N86Y) npeanoxeHo aMnMduumMpoBaTb GparMeHT napasuTapHoii Ae30KCMpUDOHYKNEUHOBOM KUCIOTLI AKMHOI 417 bp, BKto-
yaiowmi 86-i KopoH reHa PMDRT, ¢ nocnegytoLuein 06paboTKoi aMnMKoHa 3HACHYKea3oi Apol, caliT pecTpuKuum KoTopon
BKJII04AET NOCe0BaTeNbHOCTb aHanM3upyeMon MyTauumm. Npu HensMeHeHHoM reHotune Plasmodium falciparum Bbinenen-
HbliA YYaCTOK [e30KCUPUBOHYKEMHOBON KUCNOThI pasaensetcs Ha 2 ¢parmeHTa pasmepoM 239 u 179 bp. B ciydae nsMe-
HEHHOr0 reHOTUNA, COAEPIKALLEro OAHOHYKNEOTUAHYI0 MUCCEHC-MyTaumMio A > T, coxpaHUTCA UCXOAHbIA dparMeHT 417 bp.
Mpn KOHCTPYMPOBaHWUM CUCTEMBI 1S BbISIBIEHUS aMUHOKMCNOTHOW 3aMeHbl N1042D, obycnosneHHon myTaumein A961013G6,
bbina nopgobpaHa napa cneuMduyeckux NpaiMepoB, OrpPaHUuYMBAIOLLMX YYACTOK MapasvTapHoOM [e30KCMpUboHyKenHoBOM
KUCNoTbl AanHon 404 bp. [ins npoBeeHNs peCTPUKLMOHHOTO aHanu3a Haubonee onTMManbHbIM 0Ka3anoch NPUMEHEHME 3H-
LOHYKNeasbl Asel, KoTopas B ciyyae HeuaMeHeHHoro reHotuna Plasmodium falciparum penuT UCXOAHBIA aMMIMKOH Ha 4
¢parmeHTa (132, 116, 99 n 25 bp), a npu Ha Hanuumm myTaumum A > G — Ha 3 (248, 99, 25 bp). YctaHoBneHo, 4To GparMeHT
reHa PfMDR1, skntovatowmii Mytaumio G961625T, npuBoasLLyio K aMUHOKMUCIOTHOM 3aMeHe D1246Y, copeput 1 yyacTok,
COOTBETCTBYHLUMIA CanTy PecTpUKLMK 3HAOHYKNeasbl Bglll. MoatoMy B cnyyae aukoro reHotuna Plasmodium falciparum wc-
XOAHbIA (parMeHT [e30KCUPUOOHYKIIEMHOBOW KUC/IOTbI pa3pe3aeTcsl Ha 2 KopoTkux yuactka (300 u 269 bp). Mpu MyTauum
D1246 3ameHa Hykneotuaa G > T npuBOAMT K MCHE3HOBEHWIO CaiiTa PeCTPUKLMM, NO3TOMY Ha anekTpodoperpamMme byaet
PerucTpupoBaThcs TonbKo 1 ucxoaHbli dparmeHT (509 bp). Ha ocHoBe aHanM3a nonyyeHHbIX AaHHbIX paspaboTaHbl Kpu-
TEPUM OLEHKW NeKapcTBeHHoI ycToiumocTn Plasmodium falciparum. O CHUXeEHWM YyBCTBUTENBHOCTU K Me(IOXUHY W ero
NpOU3BOAHBLIM BO30YAMTENEN TPOMUUECKOA Manspuu MOryT CBUAETENbCTBOBATbL MONOXKUTENbHBIE Pe3ysbTaThl, NOMyYeHHbIE
MpW UCMONb30BaHUM pa3paboTaHHbIX MeTOAMK BbifBNeHMs rannotunos A > T (N86Y (63Ha 417 bp)), A > G (N1042D (63Habl
248, 99 n 25 bp)), G > T (D1246Y (509 bp)). PaspaboTaHHbIe METOAMKM MOIYT UCMOJIb30BATLCA ANIA aHaNM3a pacnpoCTpaHeHus
NeKapCTBEHHO YCTOMYMBOW TPOMMHECKON ManApUM.

KnioueBble cnoBa: Tponudeckas Manspus; Plasmodium falciparum; HykneoTMgHble NOAMMOPGM3MBI; PECTPUKLIMOHHLIE
dparMeHTbI; NosMMepasHas LienHas peakums; cneumnduyeckie npaiiMepsbl; aMIMGUKaLMSA; aMIMIMKOH; MUCCEHC-MyTaLms.
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BACKGROUND

Drug resistance in parasites is associated with their
high proliferative activity and the presence in the genome
of variable regions susceptible to single nucleotide
polymorphisms (SNPs) mutations. The development of drug
resistance in plasmodia depends on the specific mechanism
of pharmacological action of the antimalarial drug [1].
Plasmodia acquires resistance from mutations that change
the structure of proteins, particularly enzymes that serve as
targets for antiprotozoal drugs [2-4].

The development of plasmodium resistance to
4-aminoquinoline derivatives (mefloquine, quinine, and
quinidine) is associated with mutations in PFMDRI gene
(Plasmodium falciparum multidrug resistant-1), encoding
the transport protein of the digestive vacuole membrane [5].
Modified proteins can excrete metabolites of antimalarial
drugs, reducing their concentration and preventing
the formation of toxic complexes [6-91.

The SNPs of the PfMDR1 gene, such as A958146T
(N86Y), A961013G (N1042D), and G961625T (D1246Y), are
most often associated with resistance to mefloquine and its
derivatives [10,11]. The A958146T mutation, which results
in an amino acid N86Y substitution, is most common among
African and Asian isolates of P. falciparum. It causes
the drug resistance of plasmodia during monotherapy with
mefloquine and along with other drugs [12]. Polymorphisms
A961013G (N1042D) and G961625T (D1246Y) are strongly
associated with mefloquine resistance and are most
characteristic of the parasite population distributed in South
America [13].

Recently, the restriction fragment length analysis
method based on the polymerase chain reaction
(PCR-RFLP) has often been used to identify the SNPs of
malarial plasmodia [14]. This technique has high accuracy
and specificity. In addition, unlike other methods for
identifying gene mutations, such as Sanger sequencing,
whole genome and whole exome sequencing PCR-RFLP
is a substantial economical technique for screening
studies [15]. However, the technique for its implementation
has not yet been standardized; thus, there is a need to
develop independent research modes. Practical experience
shows that the representativeness of the results obtained
largely depends on the equipment and reagents used,
which makes it difficult to widely apply the technique in
clinical practice [13]. Therefore, it is necessary to develop
a method for identifying SNPs A958146T, A961013G, and
G961625T in the gene PMDR], which lead to corresponding
amino acid substitutions N86Y, N1042D, and D1246Y. This
method would be suitable for assessing the resistance
of tropical malaria pathogens to mefloquine and its
derivatives.
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This study aimed to develop a method to identify single-
nucleotide polymorphisms of the PfMDRI gene (SNPs
A958146T, A961013G, and G961625T) using PCR-RFLP
analysis.

MATERIALS AND METHODS

Sample preparation. The DNA was isolated from
the blood of patients after treating them with a phenol-
chloroform mixture in accordance with the generally accepted
procedure [16].

Primers for PCR were designed using the online BLAST
tool based on the genome “Plasmodium falciparum 3D7
genome assembly, chromosome: 5", taken from NCBI —
NC 004326.2.

Restriction endonucleases. Optimal restriction enzymes
for use in P. falciparum genotyping were selected in-silico
using the databases of sequenced genomes with a program
for simulating genome cleavage by restriction endonucleases.

DNA amplification. A Biorad C1000 amplifier was used
for PCR. The reaction mixture included 5.2 pl of deionized
water, 2 pl of 5x Taq Red buffer, 1.2 pl of 2.5-mM dNTPs
(Evrogen, Russia), 0.2 pl of 20 pM each of the forward and
reverse primers, 0.2 pl of Tag-DNA polymerase (SibEnzyme,
Russia); 1 pl of 1 U of isolated DNA template. The number
of amplification cycles and amplification conditions
(initial denaturation, main denaturation, primer annealing,
elongation, and final elongation) were individually selected.

Documentation of results. Amplification products were
separated by electrophoresis on a 2% agarose gel using
a Sub-Cell GT electrophoretic chamber (Biorad, USA). We
used LE agarose (Thermofisher) diluted in TBE buffer with
the addition of ethidium bromide (biotechnology grade).
The size of the amplified DNA regions was estimated using
standard DNA length markers (100 and 50+ bp DNA Ladder).
The electrophoresis results were recorded using an ECX-20M
transilluminator (Vilber Lourmat, France). The results were
recorded using a gel documentation system.

Clinical material. We studied blood samples obtained from
patients with tropical malaria from various endemic regions
(Africa, Southeast Asia, and Oceania) from the collection of
the Department of Biology of the S.M. Kirov Military Medical
Academy.

RESULTS AND DISCUSSION

The N86Y mutation is associated with a transversion
of nucleotide 1 in codon 86 at position 958146 of
the PfMDR1 gene when replacing adenine with thymine
(T > A (TAT > AAT)), which leads to replacing asparagine
with tyrosine in the multidrug resistance polypeptide of
P. falciparum [17]. To develop a method for identifying
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the N86Y mutation, at stage 1, pairs of primers were selected
to isolate parasitic DNA fragments, including the 86™ codon.
The main criteria for selection were specificity in relation
to the genome of P. falciparum, absence of crossreactions
with nucleotide sequences of human genomes and normal
and pathological microflora. BLAST showed that these
requirements were met by four pairs of primers, which
allowed the amplification of fragments of length 948, 417,
106, and 105 bp (Table 1).

Primer pairs No. 3 and 4, which gave DNA sequences of
105 and 107 bp in length, respectively, were excluded from
further development owing to the short length of the region
they amplified, which can complicate the restriction
analysis. For further analysis, we used primers of the pairs
1 and 2, which amplified fragments of 948 and 417 bp,
respectively.

At stage 2, restriction enzymes were selected using
the NEBcutter online tool to search for restriction sites in
a given sequence. The main criteria were the inclusion of
the sequence of the analyzed mutation in the restriction
site, as well as the number of restriction points within

MluCl
MluCl
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the amplicon analyzed. The results showed that
the endonucleases Apol and MluCl met these requirements.
A comparative analysis of the number of restriction points
within the analyzed amplicons showed that the 948-bp
amplicon included 17 regions corresponding to the MluC/
restriction site and the Apol restriction site 3. The 417-bp
amplicon included three MluCl restriction sites and one Apo/
site (Table 2).

Based on the data obtained, the restriction enzyme
MluCl was excluded from further analysis, as its use led to
the division of the 948- and 417-bp amplicons into 18 and
8 parts, respectively, which would significantly complicate
the analysis of the electropherogram during further analysis.
Similarly, a pair of primers limiting the 948-bp amplicon,
which, if treated with the restriction enzyme Apol, would
be divided into four fragments difficult to distinguish during
electrophoretic separation (Fig. 1), was excluded from further
analyses.

A fragment of the parasitic genome with a length of
417 bp with one point of application of the Apol restriction
enzyme was selected to identify N86Y (Fig. 2).

417

MluCl MluCl MiuCl

MluCi

Fig. 1. Restriction points of Apol amplicon 417 bp
Puc. 1. Touku pectpurkummn Apol amnnnkoHa 417 bp

Table 1. Primers for specific amplification of Plasmodium falciparum genome fragments including the 86" codon
Ta6nuua 1. MpaiiMepbl Ans cneumuyecKoi aMnaMuKaumum gpparMeHToB reHoma Plasmodium falciparum, Brntovatowmx 86-1 KoAoH

Ne Primer | Amplicon

1 Forward 5 -TGATTTTGTGTTGAAAGATGGGT-3 948 b
Reverse 5 -TGGGGTATTGATTCGTTGCAC-3 P

9 Forward 5 -AGAGTACCGCTGAATTATTTAG-3’ 417 b
Reverse 5 -CCTGAACTCACTTGTTCTAAAT-3’ P

3 Forward 5 -TGATTTTGTGTTGAAAGATGGGT-3 106 b
Reverse 5 -TCAGCGGTACTCTTTTTGTTCA-3' P
Forward 5 -TGATTTTGTGTTGAAAGATGGGT-3

4 105 bp

Reverse 5 -CAGCGGTACTCTTTTTGTTCAACT-3’

Table 2. Comparative characteristics of MluCl and Apol restrictases with respect to amplicons 948 and 417 bp
Tabnuua 2. CpaBHuTENbHasA XapaKTepucTKa pecTpuktas MIuCl n Apol no oTHOLIEHMIO K aMMNIMKOHaM 948 v 417 bp

Number of restriction sites

Restrictase Restriction site
948-bp amplicon 417-bp amplicon
5 ..TAATT ... 3°
Miucl 3. TIAAL 5" 17 7
5 ... RTAATTY ... 3’
Apol 3' YTTAAIR .. 5° 3 1

Note: T and { are restriction points..

DOl https://doi.org/1017816/brmma387427
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Fig. 2. Amplified fragment of the Pf/MDRT gene. The primers are highlighted in italics, the dot mutation in the 86™ codon is in bold, the

fragment containing the Apol restriction site is underlined

Puc. 2. AmMnauduumpoBaHHbii dparmeHT reHa PfMDR1. KypcvBoM BbifeneHbl npaiiMepbl, UPHBIM LWPUGTOM — ToYeyHas MyTaums
B cocTaBe 86-ro KoAoHa, Nog4YepKUBaHNEM — (parMeHT, CoLlepIKaLLMiA CaliT pecTpukummn Apol

The Apol restriction endonuclease site includes codon
86 of the P/MDR1 gene and exists only in the structure of
the wild (unmodified) genotype of P. falciparum (Fig. 3).

Thus, with an unchanged P. falciparum genotype,
the isolated DNA region would have been divided into two
fragments of 239 and 179 bp. For an altered genotype
containing the point mutation A958146T (N86Y), the original
417-bp Plasmodium fragment will be retained.

The system we constructed for detecting the N86Y
mutation was tested by examining the genetic material
isolated from blood samples of patients with tropical
malaria containing P. falciparum trophozoites. The results
were considered based on the analysis of electrophoretic
separation of the amplification products on a 2% agarose
gel after treating the amplicon with Apol endonuclease.
The examination of control samples indicated that no false-
positive results were observed. The discriminatory ability of
the developed method was revealed in relation to samples
obtained from various parasitic strains (Fig. 4).

The N1042D mutation is associated with the transformation
of nucleotide 1 in the codon 1042 at position 961013 of
the PFMDR1 gene from adenine to guanine (A > G (AAT > GAT)),
which leads to the substitution of asparagine with aspartic acid
in the multidrug resistance polypeptide of P. falciparum [17].
To select a region of the parasitic genome containing
the mutation A961013G (N1042D) and suitable for restriction
analysis, we selected only one pair of specific primers,
namely, N1042D F: 5 -GCTCTTTCTGGTTAGCATGGTT-3
(21 bp); N1042D R: 5 -AGGATCCAAACCAATAGGCAA-3
(21 bp). The fragment of parasitic DNA they amplify had
a size of 404 bp in Plasmodium. Primers for other nucleotide
sequences either did not have the necessary specificity
for the human genome or demonstrated the possibility of
crossreactions with known nucleotide sequences of normal
or pathological microflora.

The chosen restriction enzyme to detect the N1042D
mutation included sites of three endonucleases, namely,
Asel, MluCl, and Msel (Table 3).

Endonuclease Asel had the smallest number of
restriction points relative to the 404-bp amplicon.

DOl https://doi.org/1017816/brmma387427

Fig. 3. Fragment of the PIMDR1 gene site with the 86" codon
and the Apol restriction site: 1 — the restriction point when the
Apol endonuclease recognizes the restriction site as part of the
PfMDR1 gene; 2 — the 86" codon of the PIMDR1 gene encoding
asparagine (in this case wild type) or threonine in the polypeptide
of the Plasmodium falciparum multiple resistance protein;
3 — the first nucleotide of the 86™ codon (in this case, adenine),
which determines the polymorphism of the PfMDR1 gene on the
basis of drug resistance to mefloquine; 4 — the restriction site of
Apol endonuclease

Puc. 3. OparMeHT yyacTka reHa PMDR]T ¢ 86-M KOLOHOM U CaliTOM
pecTpuKLmmM Apol: 1 — TouKa PecTpuKLMM NPy pacrio3HaBaHUM 3H-
LOHYKneasomn Apol caiita pecTpukumm B coctase reHa PMDRT; 2 —
86-# KozoH reHa PfMDR1, KoavpytoLLmii acnapariH (B AaHHOM ciy-
yae AMKUIA TUM) UM TPEOHUH B NoaMnenTUae 6eska MHOKECTBEHHOI
peaucteHTHocH Plasmodium falciparum; 3 — nepBbiit HykneoTua
86-ro KopoHa (B [aHHOM Cnyyae afieHuH), onpeaensioLLMiA Nonm-
MopdHocTb reHa PAMDR no npu3HaKy fekapCTBEHHOM YCTONYMBOCTM
K MeQnIOX1HY; 4 — CalT pecTpUKLMKM 3HAOHYKNeasbl Apol

Fig. 4. Electrophoregram of the results of PCR-RFLP mutation
N86Y in the PfMDRI gene using Apol: 1 — length marker;
2, 3 — negative control; 4 — 86Y; 5, 6 — 86Y/N; 7 — 86N

Puc. 4. 3nektpodoperpamma pesynbtatoB PCR — RFLP-myTauum
N86Y B rene PfMDRT c nomouwplo Apol: 1 — Mapkep A/mH;
2, 3 — oTpULaTeNIbHbIN KOHTpOSb; & — 86Y; 5, 6 — 86Y/N; 7 — 86N

Processing the analyzed fragment of parasitic DNA revealed
four clearly distinguishable bands on the electropherogram
(Fig. 5).

To detect A961013G (N1042D), a 404-bp long fragment of
the parasitic genome with three application points of the Ase/
restriction enzyme was selected (Fig. 6).
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Table 3. Comparative characteristics of Asel, MluCl and Msel restrictases with respect to amplicon 404 bp
Ta6nuua 3. CpaBHuTENbHAsA XapaKTepucTUKa pectpuktas Asel, MluCl v Msel no oTHowweHMIo K aMninkoHy 404 bp

Restrictase Restriction site

Number of restriction sites
in the 404-bp amplicon

Asel 5°... ATTTAAT ... 3’ 3
3. TAATITA ... 5
5. TAATT ... 3’
MluCl 37 TIAAL .. 5" 6
5..TTTAA ... 3’
Msel 3 AATIT.. 5 7
Note: T and { are restriction points.
<1|lll|lllII|\lII|lllI|IIII|IlI||l|lll||||lm04>
[T 1 I I | [ ]
L LMselpse/ [ LMlur:/ { LMse/ LMluC/L LMluc/ \:Asel
MluC! Msel Msel Msel| Asel MluCl Msel
Msel| MluCl

Fig. 5. Restriction points of Ase/ amplicon 404 bp
Puc. 5. Touku pectpukumm Asel amnivkoHa 404 bp

Fig. 6. Amplified fragment of the Pf/MDRT gene. Primers are highlighted in italics, restriction sites are in bold, DNA fragment incision
points (restriction points) are indicated with arrows, and codon 1042 is underlined

Puc. 6. AMnnndumumpoBaHHbiA GparMeHT reHa PfMDR]. KypcvBoM BbigenieHbl NpaiMepbl, JKUPHBIM LWPUGTOM — CaiiTbl PECTPUKLIMM,
CcTpenikamnm — MecTa paspe3a ¢parmenta [JHK (Toukm pectpukumm), noayepkmuaHmeM — KodoH 1042

Fig. 7. Fragment of a section of the PfMDR1 gene with the
1042 codon and the Asel restriction site: 1 — the restriction
point when the Asel endonuclease recognizes the restriction site
as part of the P/MDR1 gene; 2 — the 1042 codon of the PMDR1
gene encoding asparagine (in this case wild type) or aspartic acid
in the Plasmodium falciparum multiple resistance polypeptide;
3 — the first nucleotide of codon 1042 (in this case adenine),
which determines the polymorphism of the Pf/MDR1 gene on the
basis of drug resistance to mefloquine; 4 — Asel endonuclease
restriction site

Puc. 7. ®parmeHT yyacTka reHa PfMDR] ¢ 1042-M Ko[10HOM W caid-
TOM pecTpuKumm Asel: 1 — ToYKa pecTPMKUMM NPY pacno3HaBaHUm
3HOHYKIea3on Asel caitTa pecTpukumu B cocTase reHa PfMDRT;
2 — 1042 kopoH reHa PfMDR1, Kopmpytowmii acnaparvH (B AaH-
HOM Clly4ae [UKMIA TUM) MW acnaparvMHoBYIO KUCIOTY B Nosunen-
TUAE MHOMECTBEHHO! pesucteHTHocTn Plasmodium falciparum,
3 — nepsblit Hykneotus, 1042 KofoHa (B AaHHOM Ciyyae afieHuH),
onpenenalwmiA noiMMopdHocTs reHa PMDRT no npusHaky ne-
KapCTBEHHOM YCTOMYMBOCTM K Me(NOXMHY; 4 — CaliT pecTpuKLmm
3HAOHYKNeasbl Asel
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The Asel restriction endonuclease site included codon
1042 of the PfMDR] gene and occurred only in the wild
(unmodified) genotype of P. falciparum (Fig. 7).

The amplified fragment of the PfMDR1 gene contained
three regions corresponding to the Asel restriction site, one
of which includes the sequences of codon 1042. Therefore, in
the case of the Plasmodium wild genotype, the original DNA
fragment (PfMDRT 404 bp) was cut into four short sections
(132, 116, 99, and 25 bp). Because of a mutation in the codon
1042, the nucleotide substitution led to the disappearance
of the central restriction site; thus, the electropherogram
recorded three or two fragments (248, 99, and 25 or 248
and 99 bp).

Testing of the constructed system for detecting
the N1042D mutation on clinical material showed no
false-positive results when examining control samples.
The developed method could distinguish P. falciparum
strains isolated from the blood of different patients, which,
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if confirmed by clinical cases, suggests drug resistance of
parasites (Fig. 8).

The D1246Y mutation is associated with a G > T
transversion (GAT > TAT) of the nucleotide 1 in codon 1246
at position 961625 of the PFMDR] gene from guanine to
thymine, which leads to the replacement of aspartic acid with
tyrosine in the multidrug resistance polypeptide embedded
in the membrane of the trophozoite digestive vacuole of
P. falciparum [17].

During the construction of the system for detecting
the D1246Y mutation, two pairs of primers were used to
isolate parasitic DNA fragments, including codon 1246.
The lengths of the amplified fragments of parasitic DNA were
732 and 509 bp (Table 4).

A search for restriction sites in a given sequence showed
that five endonucleases, namely, Sau3Al, Mbol, Dpnll,
BstYl, and Bglll, can be used to detect the N1042D mutation
(Table 5).

The Bglll restriction enzyme, which has one restriction site
in the nucleotide sequence of each of the selected amplicons,
was selected. Further developments used a short fragment
of 509 bp (Fig. 9).

Dpnll # BstYl

Mbol # Dpnll #

Sau3Al Mbol #
Sau3Al

Tom 25, N2 2, 2023

BecTHVK PoccuicKo BOBHHO-MeMLIMHCKOM 3KaaemMmm

Fig. 8. Electrophoregram of PCR-RFLP results for detecting the
N1042D mutation in the PfMDRT gene using Asel: 1.5 — length
marker; 2 — 1042D; 3 — 1042N/D; 4 — N1042

Puc. 8. 3Jnektpodoperpamma pesynetatos PCR-RFLP
no Beisienenunio MyTauum N1042D B reHe PMDR1 ¢ nomoLublo Asel:
1,5 — mapkep anuH; 2 — 1042D; 3 — 1042N/D; 4 — N1042

To detect the single nucleotide polymorphism G961625T
(N1042D), a 509-bp fragment of the parasitic genome with
one restriction site for the Bglll endonuclease was selected
(Fig. 10).

The Bglll restriction endonuclease site included codon
1246 of the PfMDR1 gene and occurred only in the structure
of the wild (unmodified) genotype of P. falciparum (Fig. 11).

The amplified fragment of the P/MDRI gene contains
one region corresponding to the Bglll restriction site, which
includes the sequence of codon 1246. Therefore, in the case of

509

Bglll
BstYl
Dpnll #
Mbol #
Sau3Al

Fig. 9. Restriction points of Bglll amplicon 509 bp
Puc. 9. Toukw pectpukumm Bglll amnnnkona 509 bp

Table 4. Parameters for specific amplification of Plasmodium falciparum genome fragments including the 1246™ codon
Tabnuua 4. MNapaiMepbl Ans cneunduUyeckoin amnamdukaumm gparmMeHTos reHoMa Plasmodium falciparum, Brntoyatowwmx 1246-i KonoH

Ne Primer

Fragment length

1

F: 5 -CTACAGCAATCGTTGGAGAAA-3’
R: 5'-GAGAATAGCTATAGCTAGAGC-3

509

F: 5 -CAGCAATCGTTGGAGAAACAGG-3’

R: 5'-CGTGTGTTCCATGTGACTGT-3'

732

Table 5. Comparative characteristics of restrictases Sau3Al, Mbol, Dpnll, BstYl and Bglll with respect to amplicons 509 and 732 bp
Tabnuua 5. CpaBHuTenbHas xapakTepucTuka pectpuktas Sau3Al, Mbol, Dpnll, BstYl v Bglll no oTHoweHwto K amnnamkoHam 509 1 732 bp

Number of restriction sites

Restrictase Restriction site

509-bp amplicon 732-bp amplicon

Sau3Al 35 E?’ﬁgi 35
Mbol A
opri AN
Bt 3 TG o
Bglll 31::: s g:

3 5
3 5
3 5
2 2
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Fig. 10. Amplified fragment of the P/MDR1 gene. Primers are highlighted in italics, and codon 1246 is underlined
Puc. 10. AMnivduumpoBaHHbIit parMeHT reHa PMDR1. KypcusoM BbifeneHs! npaiiMepebl, Nog4YepkuBaHUeM — KofoH 1246

Fig. 11. Fragment of the P/MDR1 gene site with the 1246th codon
and the Bglll restriction site: 1 — the restriction point when the Bgll/
endonuclease recognizes the restriction site as part of the PAMDR1
gene; 2 — the 1246" codon of the PAMDR1 gene encoding aspartic
acid (in this case wild type) or tyrosine in the PLASMODIUM multiple
resistance protein polypeptide falciparum; 3 — the first nucleotide
of the 1246™ codon (in this case, adenine), which determines the
variant of the P/MDRT gene on the basis of drug resistance to
mefloquine; 4 — the site of restriction of endonuclease Bgll/
Puc. 11. OparmeHT yyacTka reHa PfMDR1 ¢ 1246-M KoaoHOM
W caiiToM pecTpukummn Bglll: 1 — Touka pecTpuKumMM npu pacnos-
HaBaHUW 3HJOHYKNea3oii Bglll caiita pecTpUKLMM B cocTaBe reHa
PfMDR1; 2 — 1246-# konoH reHa PfMDR1, koaumpytoLumii acnapa-
TMHOBYIO KMCNOTY (B LAHHOM CJlyYae AWKWIA TWM) UM TUPO3WH B Mo-
nmnentuae 0efka MHOXECTBEHHOW pesucTeHTHocTU PLASMODIUM
falciparum; 3 — nepsblit HykneoTna 1246-ro KoaoHa (B AaHHOM
C/lyyae afieHuH), onpeaensiowmii BapuaHT reHa PMDR1 no npu-
3HaKy N1eKapCTBEHHOM YCTOMYMBOCTU K MeIOXMHY; 4 — calT pe-
CTPUKLIMM 3HAOHYKNeasbl Bglll

Fig. 12. Electrophoregram of PCR-RFLP results for detecting
the D1246Y mutation in the PfMDR1 gene using Asel: 1 — length
marker; 2 — 1246Y; 3 —1246 D; 4 —1246.D/Y

Puc. 12. 3nektpodoperpamma pesynbtatoB PCR-RFLP
Mo BbisiBNeHM0 MyTauun D1246Y B rede PfMDR] ¢ nomolwupio Asel:
1 — Mapkep fmH; 2 — 1246Y; 3 —1246 D; 4 —1246.D/Y
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the wild genotype of P. falciparum, the original DNA fragment
(569 bp of PMDRT) was cut into two short sections (300 and
269 bp). With a mutation in the codon 1246, the nucleotide
replacement led to the disappearance of the restriction site;
thus, only one original fragment (509 bp) was recorded on
the electropherogram.

When examined using a constructed system of blood
samples containing pathogens of tropical malaria, differences
in results were revealed, indicating the technique can
discriminate mutation D1246Y (Fig. 12).

The data were to develop criteria for assessing and
interpreting the results of examination of biological samples
containing genetic material of tropical malaria pathogens.
The detection of amplicons of 417, 239, and 179 bp in
size indicated the presence of DNA fragments, including
the mutant allele A > T (N86Y) of the PfMDR1 gene in
the sample of P. falciparum (Fig. 13).

Moreover, the appearance of the 417-bp band on
the electropherogram indicates the presence of the A>T
(N86Y) mutation in the P. falciparum genotype and its possible
resistance to mefloquine and its derivatives. The 239- and
179-bp amplicons are the sign of the wild genotype of
P. falciparum and the drug sensitivity of the parasites.
The simultaneous appearance of three bands (417, 239,
and 179 bp) on the electropherogram suggests a mixed
infection and the presence of both sensitive and drug-
resistant P. falciparum in the blood sample. The remaining
electrophoresis options should be regarded as insignificant,
which requires a repeat study.

The separation of amplicon restriction fragments by
electrophoresis, including SNP A > G (N1042D) of the PfMDR1
gene, showed that the detection of bands of 248, 132, 116,
99, and 25 bp should be considered a positive result (Fig. 14).

Moreover, the appearance of bands 132, 116, 99, and
25 bp during electrophoretic dilution of restriction products
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indicates the presence of the wild (unchanged) genotype
of P. falciparum and the preservation of drug sensitivity of
the pathogen of tropical malaria. A positive electrophoresis
result with bands of sizes 248, 99, and 25 bp is a sign
of the A > G (N1042D) mutation and drug resistance of
the pathogens. The appearance of bands 248, 132, 116, 99,
and 25 bp in one sample suggests the persistence of various
parasitic strains, including those sensitive to antimalarial
drugs and those with resistant to drugs. If there were no
positive results, there would be a need to repeat the study.

When examining blood samples for the presence
of the G > T (D1246Y) mutation of the PfMDRT gene of
P. falciparum, detection of bands of 300, 209, and 509 bp is
considered a positive result (Fig. 15).

The appearance of 300- and 209-bp bands upon
electrophoretic dilution of restriction products indicates
the presence of the wild (unchanged) genotype of P. falciparum
and the preservation of drug sensitivity of the parasites.
A positive electrophoresis result with 509-bp amplicons is
a sign of the presence of the D1246Y mutation and drug
resistance of the pathogens. The appearance of 300-, 209-,
and 509-bp bands suggests persistence of various parasitic

1 2
248 bp 248 bp
132 bp 132 bp
116 bp 116 bp

99 bp 99 bp
25 bp 25bp
N1042
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417 bp

239 bp

179 bp

86Y 86N 86Y/N

Fig. 13. Schematic structure of PCR-RFLP cleavage of fragment
86 by Apol restrictase: 86Y — tyrosine (absence of restriction,
single band 417 bp, sign of Plasmodium falciparum resistance);
86N — asparagine (restriction, bands 239 and 179 bp, sign of
absence of Plasmodium falciparum resistance); 86Y/N — tyrosine/
asparagine (bands 417, 239 and 179 bp, persistence of wild and
drug-resistant strains of Plasmodium falciparum

Puc. 13. CxemaTtnueckas crpyktypa PCR-RFLP pacwenneHnue
¢parMeHTa 86 c nomoLiblo pecTpukTasbl Apol: 86Y — TuposuH
(oTCyTCTBME PECTPUKLMM, OAMHOYHBIA B3HA 417 bp, npusHak pesu-
creHTHocTv Plasmodium falciparum); 86N — acnaparvH (pecTpuk-
ums, 63Habl 239 u 179 bp, npusHaK oTCYTCTBUA PE3UCTEHTHOCTM
Plasmodium falciparum); 86Y/N — Ttupo3suH/acnaparut (63HAbI
417,239 n 179 bp, nepcuctpoBaHmne AUKMX U NEKAPCTBEHHO YCTOMN-
umBbIX WTamMMoB Plasmodium falciparum

3
248 bp

132 bp
116 bp
99 bp
25 bp

N1042D N1042N/D

Fig. 14. Schematic structure of electrophoretic dilution of the amplified fragment using Asel: 1 — PfMDR1 N1042 — AAT (asn), wild
(unchanged) type genotype, a sign of Plasmodium falciparum drug sensitivity; 2 — PfMDR1 1042D — GAT (asp), a genotype containing the
N1042D mutation, a sign of Plasmodium falciparum drug resistance; 3 — persistence of wild and drug-resistant strains of Plasmodium
falciparum

Puc. 14. CxeMaTuuecKas CTPYKTYpa 3neKTpodOpeTMyeckoro passefeHns aMnaMpuuMpoBaHHoro GparMeHTa npu ucnosb3oBaHun Asel:
1 — PfMDR1 N1042 — AAT (acH), reHoTAN AMKOTO (HEM3MEHEHHOT0) TUMa, MPU3HaK JIeKapCTBEHHON YyBCTBUTENbHOCTU Plasmodium
falciparum; 2 — PfMDRT 1042D — GAT (acn), reHotun, coaepxaiimit MyTaumio N1042D, npusHaK neKapcTBEHHON Pe3NCTEHTHOCTU
Plasmodium falciparum; 3 — nepcucTeHUMA AUKMX U NEKAPCTBEHHO YCTONUMBLIX WTaMMoB Plasmodium falciparum

Fig. 15. Schematic structure of electrophoretic dilution of the
amplified fragment using Bglll: 1 — PfMDR1 D1246 — GAT
(asp) — wild (unchanged) type genotype, a sign of Plasmodium
falciparum drug sensitivity; 2 — PfMDR1 1246Y — TAT (dash),
a genotype containing the D1246Y mutation, a sign of Plasmodium
falciparum drug resistance; 3 — persistence of wild and drug-
resistant strains of Plasmodium falciparum

Puc. 15. CxeMaTu4ecKas CTPYKTypa 3NeKTpodopeTHHecKoro pas-
BefleHUs aMnMduUMpoBaHHOro dparMeHTa npy MCMosb30BaHUM
Bglll: 1 — PfMDR1 D1246 — GAT (acn) — reHoTvn auKoro (He-
M3MEHEHHOr0) TUNa, NpU3HaK NeKapCTBEHHON YYBCTBUTENBHOCTH
Plasmodium falciparum; 2 — PfMDR1 1246Y — TAT (tup), reHo-
TMN, cofepalumi Mytaumio D1246Y, npusHak nekapcTBeHHOM pe-
3ucteHTHocTv Plasmodium falciparum; 3 — nepcucTeHUMs AUKKUX
W NEKapCTBEHHO YCTOWYMBLIX WTaMMoB Plasmodium falciparum

500 bp

300 bp

200 bp

1246Y D1246 1246D/Y
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strains, including those sensitive to antimalarial drugs and
those resistant to drugs. If there are no positive results,
a repeated study is required.

CONCLUSION

Our findings indicate that the developed methods
have a discriminatory ability against various genotypes of
tropical malaria pathogens and can be used to genotype P.
falciparum in blood samples of patients with tropical malaria.
The genetic markers of P. falciparum with reduced sensitivity
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