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Abstract. Bacillus anthracis is the anthrax causative agent. For its epidemiology, it is important not only to identify the
etiological agent but also to determine the patterns of its evolution and spread. Modern methods of molecular bio-
logy make it possible to detect a number of genetic markers suitable for indicating and differentiating the strains of
B. anthracis, including the loci arranged as variable number tandem repeats (VNTRs) and SNPs, one nucleotide-sized
differences in the DNA sequence of the loci being compared. The objective of the present study was to examine the
effectiveness of SNP analysis and PCR amplification of VNTR loci combined with the high-resolution amplicon melting
analysis for identification and differentiation of the anthrax agent strains. In the study, seven strains of B. anthracis ob-
tained from soil samples and animal carcasses were investigated using vaccine strain STI-1 as a reference. For molecular
genetic characterization of these bacteria, analysis of 12 SNPs and variability analysis of eight VNTR loci were carried
out. To detect the differences between the strains, their PCR product melting points were measured in the presence of
the EvaGreen (Sintol, Russia) intercalating dye. For SNP detection, a PCR assay with double TagMan probes was applied.
It was found that the studied virulent strains, except for B. anthracis No. 1 and 3, could not be attributed to any phylo-
genetic subgroup of the anthrax agents. The proposed method made it possible to differentiate four out of the seven
investigated strains. Strains No. 5-7 had identical SNP and HRM profiles and, as a result, formed a single cluster. Our
investigation has confirmed that the proposed method can be successfully used for preliminary analysis of an epizootic
situation in the case of anthrax.
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OuddepeHmaliisa nirtaMMoB Bacillus anthracis
Ha ocHOBe SNP- u VNTR-nmonmMmop@dn3ma reHOMOB
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H.J. XammapoB, AV 3aithyaans, KA. OcstHuH

DepepanbHbI LEHTP TOKCMKOOrMYECKO), painaLoHHoOM 1 6ruonornyeckon 6esonacHocTy, HayuHblin ropopok-2, KasaHb, Poccua
® elizaveta-real@mail.ru

AHHoTauus. baktrepuu Bacillus anthracis saBnsioTcs Bo30yauTenem cubnpckoi A3ebl. ns anMaemMmmonornm 3toi MHdek-
LUV UMEET 3HaUYeHMEe He TONIbKO NAeHTUdMKaLMA STUONOMMYECKOro areHTa, HO U BbIAACHEHNE 3aKOHOMEPHOCTM ero 3B0-
nouun 1 pacnpoctpaHeHns. CoOBpeMeEHHbIE METOAbI MOSIEKYNAPHOW GO0 NO3BONAIOT ONPeAenUTb PAL reHeTnYe-
CKUX MapKepoB, MPUIroAHbIX ANA UHANKauMn 1 anddepeHumauuy wrammos B. anthracis. K Takum mapkepam OTHOCAT
VNTR-noKycbl - nocniefoBaTeNlbHOCTY, OPraHN30BaHHble B reHOMe B BMAE TaHAEMHbIX MOBTOPOB, a Takxe SNP — otnnunsa
B nocnepoBatenibHocTn [IHK B cpaBHrBaeMbIX JIOKycax pa3MepoMm B OAVH HykneoTua. Lienbto HacToswein paboTbl 6bina
oueHKa 3pdeKTUBHOCTM COBMeCTHOro npumMeHeHna SNP-aHanusa u MNUP-amnnndurkaumm VNTR-nokycoB ¢ aHann3om
TemnepaTypbl MAABAEHUA aMMIMKOHOB BbICOKOMO paspelleHna ans naeHtndukaumm n guddepeHumaymmn lWtammos
B036yauTensa cnbupckoii A3Bsbl. Miccnegosanu cemb WTaMmoB B. anthracis, nonyyeHHbIX 13 06pa3LoB NoYBbI 1 TPYMNOB
KMBOTHBbIX, B KauecTBe pedepeHC-MUKpoopraHnama Obii BakUVHHbIN wtamm B. anthracis CTU-1. ina monekynapHo-re-
HeTNYeCKoW XapaKTepuCTMKN AaHHbIX 6akTepuii npoBefeH aHanu3 12 oAHOHYKNEOTUAHbIX NONMMOPOU3MOB, a TakKe
BapuabenbHocTy BocbMu VNTR-0KYCOB, AnA onpeaeneHna pasnnymnin B KOTOpbIX Obin BrepBble NCMob30BaH MeTox
onpepeneHua Temnepatyp nnasnenuva [MLP-npoaykToB B npucyTcTBUM nHTepKanupytowero kpacutena EvaGreen
(3A0 «CuHTONY, Poccna). OAna getekumm SNP nprimeHeH meTog nonmmepasHom LenHown peakuyumu (MLP) ¢ ncnonbsosa-
HueMm [BoHbIX TagMan-30Ha0B. O6Hapy»KeHo, UTO BCe 13yYaeMble BUPYNEHTHbIE WTaMMbl, Kpome B. anthracis N2 11 3,
no SNP-npodusnio He MoryT 6bITb OTHECEHbI K Kakon-nnbo dunoreHeTYeCcKon Noarpynmne Bo3byautena cubrnpckom
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InddepeHumauma wrammos Bacillus anthracis
Ha ocHoBe SNP- 1 VNTR-nonumopdrama reHomos

A3Bbl. MeToAMYecKUin nogxon, BKNovalowmin B ce6sa aHanus SNP- n VNTR-nocnegoBaTtenbHocTel, no3sonun andde-
peHUrpoBaTb MeXay cobol WwTammbl B. anthracis N2 1-4, B To Bpems Kak 6akTepun B. anthracis N° 5-7 feMOHCTprpyoT
opviHakoBble SNP- n HRM-npodunu n, Kak cneactaue, GopmmpytoT oaviH Knactep. Takum 06pa3om, NoKasaHa NpuHLU-
nManbHana BO3MOXXHOCTb MCMOJIb30BaHWA PACCMOTPEHHON B 3TOl paboTe MeTOANKY ANA NPefBapuUTeNIbHOro aHanusa
3NN300TNYECKON CUTYaLMM MPU BCrbILLKaX CUOUPCKO A3BbI.

Kntouesble cnosa: Bacillus anthracis; reHotunuposanue; VNTR; SNP; HRM-aHanus; anugemmonorusa cubupckom A3Bbl.

Introduction

Bacillus anthracis is the causative agent of anthrax, a par-
ticularly hazardous zoonotic infection. Although effective
measures to prevent the occurrence and spread of the disease
have been developed and rather widely implemented, from
2000 to 20,000 anthrax cases are registered around the world
every year (Pisarenko et al., 2019), mostly in Africa, Central
Asia, and Latin America (Hugh-Jones, Blackburn, 2009;
Kenefic et al., 2009). In Russia, anthrax commonly occurs in
Siberia and North Caucasus (Logvin et al., 2017).

All the B. anthracis populations known to researchers are
extremely monomorphic and have clonal structure (Achtman,
2008; Keim et al., 2009). This high genetic similarity poses
a significant hindrance for strain differentiation of anthrax
agents using bacteriological and serological methods. The
problem, however, may be solved using molecular genetic
approaches. The methods detecting sites with variable number
tandem repeats (VNTR) and single nucleotide polymorphisms
(SNP) in the agent’s genome have turned out to be the most
promising for B. anthracis strain indication and differentiation
(Timofeev et al., 2018; Wang et al., 2020).

Compared to VNTR loci, SNPs are more stable in evolu-
tionary perspective and have low mutation frequency, which
comes at a cost of lower resolution. That is why polymorphism
detection in SNP loci of the anthrax agent is a rather common
first stage in the genotyping systems using a combination of
SNP and VNTR markers (Timofeev et al., 2018), in which a
set of 14 diagnostically significant canonical SNPs (canSNPs)
is widely used. The systems make it possible to attribute the
microorganism under study to a particular phylogenetic line
and, as a result, make an assumption about its geographic
origin (Van Ert et al., 2007). Three phylogenetic lines (A, B,
and C) are commonly identified in today’s research, which
in turn form 14 phylogenetic groups as follows: A.Br.Ames,
A.Br.Australia 94, A.Br.003/004, A.Br.Vollum, A.Br.005/006,
A.Br.001/002, A.Br.Western, A.Br.WNA, A.Br.008/009,
A.Br.011/009, B.Br.001/002, B.Br.KrugerB, B.Br.CNEVA,
and C.Br.A1055 (Timofeev et al., 2018). According to the
literature, the strains isolated in the Russian Federation belong
predominantly to group B.Br.001/002 of line B and groups
A.Br.001/002 and A.Br.008/009 of line A, and less often to
A.BrAust94 (Eremenko et al., 2018; Koteneva et al., 2019).

Multilocus variable number tandem repeat analysis (MLVA)
is used for further strain differentiation within each SNP cluster
(Timofeev et al., 2018). PCR analysis with further separation
of amplification products in agarose or polyacrylamide gel,
often combined with capillary electrophoresis, is the most
common MLVA strategy (Bondareva et al., 2014). The most
accurate results may be obtained from amplicon sequencing,

but the duration of the procedure (at least several days) tends
to be a major downside of the approach.

In the present study, differences in VNTR loci, specifically
tandem repeat numbers, were determined using HRM (high
resolution melting), i. e. real-time analysis of amplicon melting
points. The EvaGreen (Sintol, Russia) intercalating dye used
for HRM analysis inserts itself between two complementary
nucleotides in a double-stranded DNA molecule. The dye’s
fluorescence under light of 490-nm wavelength is registered
in FAM detection channel. When DNA denaturation occurs,
there is no fluorescence and hydrogen bonds break. Thus, if
we gradually increase the temperature in the thermocycler,
continuous detection will enable us to determine the repeat
number based on amplicon melting point. The latter approach
outperforms the classical MLVA methods since it does not
require sequencing or fluorescence-labeled probes, and, as a
result, makes it possible to detect differences in VNTR loci of
B. anthracis strains at a lower financial and time cost. HRM
analysis of PCR amplification products had been previously
suggested for SNP genotyping (Derzelle et al., 2011) but had
never been described for analyzing VNTR loci.

The objective of the present study was to evaluate the ef-
ficiency of SNP analysis and PCR amplification of VNTR
loci in combination with high-resolution amplicon melting
point analysis for identification and differentiation of anthrax
agent strains.

Materials and methods

In the study, seven B. anthracis strains obtained from soil
samples and animal carcasses were used (Table 1). B. anthra-
cis vaccine strain STI-1 from the microorganism strain col-
lection of the Federal Center for Toxicological, Radiation and
Biological Safety (Kazan, Russia) was used as a reference.
The strain samples were prepared for further molecular genetic
research in compliance with the MUK 4.2.2941-11 methodo-
logical protocol (2011).

The genomic DNA was isolated using the DNA-sorb-B kit
(Central Research Institute for Epidemiology of Rospotreb-
nadzor, Moscow) as per manufacturer’s instructions.

The SNP analysis was performed using real-time polyme-
rase chain reaction (qPCR) with the double TagMan probes
and primers described earlier (Van Ert et al., 2007). The
master mix volume of 15 pl included 125 pM of each dNTP,
2.5 MM MgCl,, 5 pM of each primer and probe, 10 ng DNA
matrix, 1.0 U Taq polymerase (Evrogen, Russia), ddH,O (up
to 15 ul). The qPCR procedure was run on a Real-Time C1000
thermocycler with CFX96 optical reaction module (Bio-Rad,
USA) under the following protocol: initial DNA denaturation
at 95 °C for 3 minutes followed by 39 cycles as follows:
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Table 1. Studied strains of B. anthracis

Bacillus anthracis strain differentiation
based on SNP and VNTR loci

Strain, No. Collection site and year of isolation

1 Checheno-Ingush ASSR, 1971

2 ................................ Tajlk SS R 1 971 ............................................................
3 ................................. Kurganreglon’ . 1 . 97 1 ..................................................
. 4 ................................ U|ya nOVSk’ 2 0 04 ........................................................
. 5 ................................

. 6 ................................ Rep ub| Ic ofTata rsta n .,. 2 004 ......................................
. 7 ................................ Rep Ubl IcofTata rsta n 2 008 ......................................
. STH ...............................................................................................................

Table 2. Synthetic oligonucleotides used for amplification of VNTR loci

Locus ID: genomic location, bp Primer nucleotide sequence, 5'—3’ Expected
Forward ....................................................... Reverse ..................................................... ?rr: F?::: fr: :;Z) ,ebp
VA CPO762221:4103374-4103699  CACAACTACCACCGATGGCAC GCGCGTTTCGTTTGATICATAC %6
VBl CP054800.1:3380187-3380415  ATAGGTGGTTTTCCGCAAGTTATTC  GATGAGTTTGATAAAGAATAGCCTGTG 211
VB2 CP054800.1:3380389-3380541  CACAGGCTATTCTTTATCAAMACTCATC  CCCAAGGTGAAGATTGTTGTTGA 135
ViC1 CPOS4816.1:1937943-1938522  GAAGCAAGAAAGTGATGTAGTGGAC  CATTTCCTCAAGTGCTACAGGTTC 544
VG2 CPOSA816.1:1937447-1937978  CCAGAAGAAGTGGAACCTGTAGCAC  GTCTTTCCATTAATCGCGCTCTATC 460
CG3  CP054816.1:4931009-4931169  CCATGTCGTTTTACTTCTCTCTCCAATAC AGTCATTGTTCTGTATAAAGGGCAT 151
oxo1 FRS72876 CAATTTATTAACGATCAGATTAAGTTCA  TCTAGAATTAGTTGCTTCATAATGGC 108
px02 FRS72886 TCATCCTCTTTTAAGTCTTGGGT GTGTGATGAACTCCGACGACA PR

denaturation at 95 °C for 10 s, annealing oligonucleotides at
50 °C for 30 s (detection in R6G/ROX channel), extension
at 72 °C for 5 s. Point nucleotide changes in each locus were
identified based on fluorescence intensity in each channel.
Variability of SNP loci was numerically estimated based on
allelic polymorphism index (h) (Selander et al., 1986).

MLVA amplicon melting points were determined using the
EvaGreen intercalating dye. The primer set for amplification
of VNTR loci is presented in Table 2.

The qPCR master mix volume of 15 pl included 1.5 ul
10> PCR-buffer with the EvaGreen dye (Syntol), 2.5 MM MgCl,
solution (Syntol), 1.0 U Taq polymerase (Syntol), 125 uM of
each dNTP, 5 pM forward and reverse primers, 10 ng DNA
matrix, ddH,O (up to 15 pl). DNA amplification with further
HRM analysis was run on a Real-Time C1000 thermocycler
with CFX96 optical reaction module (Bio-Rad) under the fol-
lowing protocol: initial DNA denaturation at 95 °C for 3 min
followed by 39 cycles as follows: denaturation at 95 °C for
10 s, annealing oligonucleotides at 60 °C for 30 s (detection
in FAM channel), extension at 72 °C for 10 s. Melting para-
meters were as follows: temperature range from 65 to 95 °C
with 0.2 °C increments, 5 s dwell time. Melting curves for
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amplification products were graphically analyzed using CFX
ManagerTM (Bio-Rad). The amplicons were separated in na-
tive 8 % polyacrylamide gel (PAAG) (Sambrook et al., 1989).

Bioinformation analysis of B. anthracis genomes was per-
formed using the Vector NTI 9.1 software and NCBI databases
(https://www.ncbi.gov).

Results

Design and validation

Molecular typing of the strains was performed using the
extended protocol including the detection of 12 SNP loci re-
ferred to as A.Br.001, A.Br.003, A.Br.004, A.Br.006, A.Br.007,
A.Br.008, A.Br.009, B.Br.001, B.Br.002, B.Br.003, B.Br.004,
and A/B.Br.001 (Van Ert et al., 2007) and analysis of eight
VNTR loci (VirA, VirB1, VirB2, VirCl1, VirC2, CG3, pXO01,
and pX02) (Keim et al., 2000). The genotyping was validated
using B. anthracis vaccine strain STI-1.

The results of SNP analysis presented in Table 3 allowed us
to draw conclusions on the configuration of point nucleotide
changes in the 12 investigated loci of B. anthracis STI-1. It
was found that, except for two loci (ABr003 and ABr008), the
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Table 3. Results of SNP analysis of investigated B. anthracis strains
Strain, Locus Phylogenetic
NO. e group
ABr001 A.Br003 A.Br004 A.Br006 A.Br.007 A.Br.008 A.Br.009 B.Br.001 B.Br.002 B.Br.003 B.Br.004 A/B.Br.001
STH ......... -|- .............. G .............. -|- .............. A ............... -|- .............. -|- .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ A Broos/oog .....

1 ................ -|- .............. _ ............... C .............. A ............... -|- .............. _ .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ A Br003/004 .....

2 ............... T .............. _ ............... C .............. A ............... C .............. _ .............. A .............. T .............. G .............. G .............. T .............. A ................ _ ........................

3 ............... -|- .............. _ ............... -|- .............. A ............... -|- .............. _ .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ A B ro o 8/009 .....

4 ............... -|- .............. _ ............... C .............. A ............... C .............. _ .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ _ ........................

5 ............... -|- .............. _ ............... C .............. C ............... -|- .............. _ .............. A .............. -|- .............. -|- .............. A .............. -|- .............. A ................ _ ........................

6 ............... -|- .............. _ ............... C .............. C ............... -|- .............. _ .............. A .............. -|- .............. -|- .............. A .............. -|- .............. A ................ _ ........................

7 ............... T .............. _ ............... C .............. C ............... T .............. _ .............. A .............. T .............. T .............. A .............. T .............. A ................ _ ........................
Table 4. VNTR locus characteristics of B. anthracis STI-1
Locus Locus Repeat  Repeat nucleotide sequence Repeat Amplicon

size,bp  size, bp number  melting point, °C
VrrA ............ 3 14 ........... 12tatcaacaacaa4845 ........................
Vrrm ........... 2 29 ............. 9 ............. c aaggtcac ...................................................................................................................... 2 862 ........................
VrrBz .......... 162 ............. 9 Caatatcaa ....................................................................................................................... 3 857 ........................
Vrra ........... 6 16 36cttcttctgactcttctgtttccgcaattacttcta ........................................................................... 2 82 ...........................
W2 604 72 ctacgaccggtactictictgcaactggtigtctictacaatcggtgttictictacaactgattgticct 2 85
CG3 ............. 156 ............. 5 tatta ................................................................................................................................ 1752 ........................
pxm ........... 156 ............. 3 aat ................................................................................................................................ 16742 ........................
pxoz_ .................. 2 at__ .............................

SNP profile obtained matched the data on single nucleotide
polymorphisms available in the literature for the same strain
(Afanas’ev et al., 2014; Eremenko et al., 2018). It should be
noted that canSNPs are rather conservative and known for low
mutation rate (Timofeev et al., 2018). Therefore, the validi-
ty of atypical single nucleotide changes in loci ABr003 and
ABr008 detected for B. anthracis STI-1 required further
confirmation, particularly by sequencing. Thus, ABr003 and
ABr008 loci were discarded from the canSNP panel applicable
for strain differentiation at the current research stage.

MLVA was performed using classical PCR with further
amplicon separation in PAAG that only allowed us to deter-
mine the approximate sizes of seven investigated VNTR loci
of B. anthracis STI-1 as follows: VitrA — 300 bp, VirB1 —
250 bp, VrrB2 — 190 bp, VrrC1 — 700 bp, VirC2 — 600 bp,
CG3 -160 bp, pX01 — 160 bp. Amplification products for the
locus localized in capsule-encoding plasmid pX02 were not
detected. The absence of plasmid pXO?2 is characteristic for
B. anthracis STI-1 (Afanas’ev et al., 2014).

The accurate size of the amplified VNTR fragments of the
B. anthracis STI-1 DNA as well as nucleotide repeat sizes
were determined in silico. Chromosomal DNA nucleotide

sequence of B. anthracis STI-1 (GenBank CP066168) was
limited by the respective primers (see Table 2) using the Vector
NTI 9.1 software. The results obtained after bioinformation
analysis of the B. anthracis STI-1 genome are presented in
Table 4. The complete nucleotide sequence of plasmid pX01
for the investigated strain is not available in the GenBank
database. As a result, the tandem repeat number in the locus
of interest was determined as a difference between the ampli-
con molecular mass and the repeat-free size of the amplified
fragment divided by the number of nucleotides in the variable
site. Electrophoresis showed that CG3 and pX01 locus sizes
for B. anthracis STI-1 were identical. Thus, to calculate the
repeat number for plasmid pX01, the molecular mass of the
CG3 locus was used.

The melting curve peaks for gPCR amplification products
for MLVA loci of B. anthracis STI-1 were also identified
(see Table 4). The qPCR procedure was performed using the
EvaGreen dye in eight replicas. It was found that the difference
between replicas for most loci under study was 0.2 °C. Thus,
the values of at least 0.2 °C were considered an acceptable
parameter difference for the further differentiation of anthrax
strains based on VNTR loci melting point differences.
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Table 5. Melting points of the PCR products obtained after amplification in the VNTR loci of the investigated B. anthracis strains

Strain, Locus

NO. e s
VrrAl VrrB1 VrrB2 VrrC1

1 ......................... 846 .................... 860 .................... 854 .................... 842 .....

2 ........................ 846 .................... 860 .................... 830 .................... 840 .....

3 ......................... 842 .................... 858 .................... 854 .................... 842 .....

4 ........................ 852 .................... 860 .................... 854 .................... 842 .....

5 ......................... 850 .................... 858 .................... 858 .................... 840 .....

6 ........................ 850 .................... 860 .................... 858 .................... 840 .....

7 ........................ 850 .................... 860 .................... 860 .................... 840 .....

Single nucleotide polymorphism analysis

The results of molecular genetic analysis of SNP loci for the
studied virulent strains of B. anthracis are shown in Table 2.
It turned out that SNP analysis did not show differences in
five loci including A.Br001, A.Br005, A.Br009, B.Br001, A/B.
Br001. The values of variability index (h) for the remaining
seven SNP loci ranged from 0.12 to 0.4.

The results obtained allowed us to divide the investigated
strains into four clusters. The largest cluster was formed by the
three strains isolated in the Republic of Tatarstan (B. anthracis
No. 6 and 7) in 2008 and 2014 and in Ulyanovsk (B. anthracis
No. 5) in 2004. The second cluster included strains No. 2 and 4
collected in the Tajik SSR in 1972 and Ulyanovsk in 2004,
respectively. Two remaining clusters were formed by strains
No. 1 and 3 found in the Checheno-Ingush ASSR in 1971 and
in the Kurgan region in 1972, respectively.

The results of SNP typing allowed us to attribute strain
No. 1 to the phylogenetic subgroup A.Br.003/004. It was found
that B. anthracis bacteria of strain No. 3 could be attributed
to the phylogenetic line A.Br.011/009, similarly to the STI-1
reference strain. The SNP profiles obtained for the rest of the
investigated microorganisms were not characteristic for any
of the previously identified phylogenetic subgroups of B. an-
thracis strains.

Multilocus variable number tandem repeat analysis

The obtained amplicon melting point values were used to
perform VNTR strain differentiation (Table 5). The melting
points of the obtained PCR fragments after variable-locus
amplification depended on their nucleotide compositions,
specifically the tandem repeat numbers, i.e., the higher the
latter, the higher the melting point.

It was found that the melting curves of strains No. 1 and 2
obtained after amplification in the VrrAl locus were identi-
cal to the melting curve obtained for the reference strain at
the same locus and probably included four tandem repeats in
VirAl. Four strains (No. 4-7) showed higher melting points
compared to the reference strain, which implies a higher
tandem repeat number in the VirAl locus. On top of that,
strain No. 3 showed the lowest melting point in the VirAl
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VrrC2 CG3 pXO1 pX02
............... 836756746782
............... 834750742778
............... 834750742782
............... 836752746784
............... 834752746782
............... 836752746784
............... 836752748784

locus among the investigated strains, and as a result it was
characterized by the lowest repeat number in the VrrAl locus.

Strains No. 5-7 and STI-1 showed identical amplicon melt-
ing curves at VrrB2 and, thus, included three tandem repeats
in the VrrB2 locus, similarly to B. anthracis STI-1. The data
from Table 5 demonstrate that the rest of the investigated
strains had lower repeat numbers in this locus, i.e., probably
two in strains No. 1, 3, 4, 6 and one — in strain No. 2.

The amplicon melting curves in the CG3 locus indicate
that all the strains of interest, except for No. 1, included one
tandem repeat, similarly to STI-1, so strain No. 1 probably
carries several repeats in this locus.

It was observed that strains No. 2 and 3 were characte-
rized by amplicon temperatures in pX01 identical to those of
the reference strain. Thus, a conclusion was made that these
bacteria had 16 tandem repeats in plasmid pX01, whereas the
remaining strains had over 16 repeats.

The melting points of PCR products obtained after ampli-
fication in loci VrrB1, VrrCl, and VrrC2 were the same for
all investigated strains, and, as a result, their repeat numbers
fragments were the same in these DNAs as well. STI-1 had
two tandem repeats in these loci. The investigated strains
showed lower amplicon melting points in VirB1 and VirC2
compared to the reference strain and probably carried one tan-
dem repeat in these loci. With regards to the VrrC1 locus, the
melting points of PCR products obtained after amplification
for all the investigated strains exceeded the respective value
of the reference strain. Thus, a conclusion can be made that
the investigated strains carry three or more tandem repeats
in the VrrCl1 locus. The number of repeats in the pX02 locus
could not be determined due to the lack of this marker in the
reference strain.

Thus, it was found that strain No. 1 had a different tandem
repeat number in the CG3 locus, strain No. 2 — in the VrrB2
and pXO2 loci, and strain No. 3 —in the VirA1 locus. A unique
melting point profile of PCR amplification products in VNTR
loci was identified for strains No. 1-3, making it possible
to differentiate between them. The remaining three strains
(No. 5-7) showed the same melting point profiles and could
therefore be combined into one cluster. A similar melting
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point profile was detected for strain No. 4, its only difference
from strains No. 5-7 being the tandem repeat number in the
VrrB2 locus.

Discussion

In recent years, Russian and foreign authors have published
a substantial number of papers on the design of viable ap-
proaches to genotyping anthrax agent strains (Le Fleche et
al., 2001; Keim et al., 2004; Van Ert et al., 2007; Gierczynski
et al., 2009; Eremenko et al., 2012; Afanas’ev et al., 2014).
Most of the available B. anthracis genotyping methods are
based on polymorphism of tandem repeats or point mutations
in their genome. Some authors believe that the test systems
based on a combination of genetic markers with different dis-
criminating power and stability are the most efficient way to
differentiate between B. anthracis strains (Keim et al., 2004;
Chang et al., 2007; Afanas’ev et al., 2014). SNP loci are more
stable but have a low variability index compared to VNTR
ones. That is why, when these loci are used in combination,
it is recommended to first use canSNPs to attribute the inves-
tigated strains to a specific phylogenetic group, and then use
MLVA to differentiate the strains within each canSNP cluster
(Timofeev et al., 2018).

PCR amplification followed by visualization of the obtained
amplicons in agarose or polyacrylamide gel is still considered
a universal approach to the analysis of VNTR loci (Jackson
et al., 1997, 1999; Keim et al., 2000). This method may be
effective for differentiation of nucleotide repeats of over 10 bp
in size (VirAl — 12 bp, VirC1 — 36 bp, VirC2 — 72 bp) but
is not suited for differentiation of repeats of 2—3 nucleotides
in size (VrrB1 and VirB2 — 9 bp, CG3 — 5 bp, pXO01 — 3 bp,
pX02 — 2 bp). In our study, the sizes of most repeats did not
exceed 10 bp, which made electrophoresis unviable for strain
differentiation, so HRM analysis was applied to differentiate
between the allelic variants of the VNTR loci based on tandem
repeat numbers. This method is widely used in genotyping,
specifically to detect mutations, polymorphisms, and epige-
netic differences in double-stranded DNA samples (Graham
etal., 2005; Margraf et al., 2006). According to the literature,
HRM analysis is also applicable for indication and differentia-
tion of Brucella strains (Winchell et al., 2010).

According to the literature, the B. anthracis strains cir-
culating in the Russian territories of high anthrax risk are
predominantly attributed to the A.Br.001/002, A.Br.008/009,
B.Br.001/002, and A.BrAust94 genotypes (Eremenko et al.,
2018; Kravets et al., 2018; Koteneva et al., 2019). In particu-
lar, the strains isolated in North Caucasus generally fall into
canSNP clusters A.Br.008/009 and A.BrAust94. Genotype
B.Br.001/002 also occurs in the Republic of Dagestan (Kote-
nevaetal.,2019). The strains attributed to phylogenetic groups
A.Br.001/002, A.Br.008/009, and B.Br.001/002 are the most
common in Siberia and the Russian Far East (Eremenko et
al., 2018; Kravets et al., 2018).

It should be noted that, according to some authors, the va-
riety of canSNP genotypes is probably not restricted to the 14
that are currently described (Afanas’ev et al., 2014; Timofeev
etal., 2018). For example, M.V. Afanas’ev et al. (2014) have
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identified three additional phylogenetic subgroups. Indeed,
the results of genetic typing of the seven B. anthracis cultures
performed in the present study using SNP and MLVA analysis
showed that all the studied microorganisms, except for strains
No. 1 and 3, could not be attributed to the main phylogenetic
canSNP subgroups based on their SNP profiles. Phylogenetic
line A.Br.003/004, to which strain No. 1 was attributed, mostly
includes strains from the American continents (Eremenko et
al., 2018). Among all the investigated strains, strain No. 3
isolated in the Kurgan region showed the most characteristic
SNP profile for Russian isolates.

The studied anthrax agent strains are typically organized
into SNP clusters based on their geographic origin, the excep-
tion being strains No. 2 and 4 isolated in the former Tajik SSR
in 1972 and Ulyanovsk in 2004 sharing the same SNP profile.
HRM analysis showed that these bacteria had different repeat
numbers in loci VrrAl, VirA2, pXOl1, and pXO2 and, as a
result, may be differentiated from one another. A reasonable
assumption would be that these microorganisms had a com-
mon geographic origin but diverged with time affected by
trade and migration flows. According to the literature, VNTR
loci are characterized by a high mutation rate (103 to 104 per
generation) (Keim et al., 2004; Birdsell et al., 2012; Thierry et
al., 2014) and, compared to SNP loci, are in fact the markers
of the later evolution of B. anthracis strains.

The HRM profiles obtained for the remaining strains of
interest had the patterns matching well with the SNP profiles.
Thus, the extended protocol combining SNP and VNTR analy-
ses makes it possible to differentiate between four B. anthracis
strains. Strains No. 5-7 demonstrated the same SNP and HRM
profiles and were therefore combined into the same cluster.

The use of HRM analysis has made it possible to differenti-
ate the strains of interest from one another and attribute them
to the respective clusters. We have also determined repeat sizes
in the loci, the PCR-product melting points of which were
identical to amplicon melting points in the same VNTR loci
for the reference strain. The state of the art is that the tandem
repeat size may only be accurately determined by sequencing,
which means VNTR locus sequencing is to be performed for
the strains of interest in the future. We believe that combining
the two methods may allow us to create a database of melting
curves for VNTR loci, in which the curves will be related to
the locus size.

Conclusion

Applying HRM to analyze PCR products in VNTR loci has
a high application value. In particular, this approach may be
used for a rapid preliminary differentiation of B. anthracis
strains within the same outbreak. To achieve the most efficient
and informative indication and differentiation of anthrax agent
strains, we propose the following algorithm: 1) attribute the
strains of interest to phylogenetic subgroups using SNP typ-
ing; 2) differentiate the strains within each SNP cluster using
MLVA and HRM analysis; 3) perform MLVA typing for the
differentiated strains using classical PCR, electrophoresis, and
sequencing. However, further research is required to inves-
tigate the capabilities and limits of this genotyping strategy.
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