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Abstract

Introduction. The registration of sporadic cases of glanders in horses in Russia, caused by Burkholderia mallei,
highlights the importance of developing genotyping algorithms for this pathogen. The MLVA method (multilocus-
variable tandem repeat analysis), based on a comparative analysis of the number of variable tandem repeats
(VNTRs), remains a promising genotyping tool. As the number of whole-genome sequences in international
databases increases, the informative value of VNTR loci changes, necessitating a revisiting of existing typing
schemes.

The aim of this study was to assess the feasibility of including the VNTR locus BPSS1974* in the MLVA-6
scheme for intraspecies differentiation of B. mallei.

Materials and methods. The study of 64 strains of B. mallei was conducted in silico and in vitro using MLVA,
differentiating region amplification, whole-genome sequencing, and bioinformatic analysis.

Results. Genotyping B. mallei using the MLVA-6 scheme failed to determine in silico VNTR profiles of 13 strains
from the GenBank NCBI database for one or more loci due to low read coverage of the corresponding genomic
regions or their complete absence (null alleles). The effective number of alleles (ne) and the polymorphic information
content (PIC) index for the MLVA-6 scheme loci ranged from 3.842-8.103 and 0.740-0.877, respectively. The
potential for including the VNTR locus BPSS1974# in this scheme was determined based on the molecular
stability of the motif within it and a high values for ne and PIC, which were 4.299 and 0.767, respectively. VNTR
profiles of the collection strains at locus BPSS1974# were identical to the corresponding strains in the GenBank
database. The results of the cluster analysis using a combined MLVA-6 scheme and the BPSS1974* locus were
consistent with the phylogenetic reconstructions obtained using other molecular genetic methods.

Conclusion. The VNTR locus BPSS1974* can be considered a marker, the inclusion of which in the MLVA-6
scheme will improve the accuracy of genotyping and the determination of the regions of origin of newly isolated
B. mallei strains.
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CoBepwieHcTBOBaHMe cxembl MLVA-TunupoBaHua WTaMmmoB
Burkholderia mallei

NlepeHeBa M.J1.%, boHgapesa O.C., TkaueHko I"A., YctuHoB [.B., 3axaposa U.b.
Bonrorpagcknin HayuHo-nccneaoBaTelbCKUN NPOTUBOYYMHbBIN UHCTUTYT, Bonrorpag, Poccuna

AHHOMAayus
BBeaeHue. Peructpauns Ha TeppuTtopun Poccrnmy oTaenbHbIX Criydaes cana y nowuagen, Bo3dyamTtenem KoTopo-
ro siensietcs Burkholderia mallei, onpegensieT BaXXHOCTb pa3paboTkvM anropuTMOB reHOTUMNMPOBAaHUSA 3TOrO na-
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ToreHa. lMepcnekTuBHbIM ocTaetca metoa MLVA (multilocus-variable tandem repeat analysis), ocHoBaHHbIV Ha
CpaBHUTENbLHOM aHanu3e KonuyecTBa BapuabenbHbix TaHaemHbix noeTopoB (VNTR — variable number tandem
repeats). [lo Mmepe yBenuyeHUst Ymcrna nonHOreHOMHbIX NOocrneaoBaTensLHOCTEN B MeXAyHapoaHbix 6a3ax gaH-
HbIX U3MeHsieTcsl nHopmaTtueHas LeHHocTb VNTR-nokycoB, 4To TpebyeT nepecmoTpa CyLLEeCTBYHOLUX CXEM
TUNUPOBAHMS.

Llenb paboTbl — oLeHWUTb nepcrnekTMBHOCTb BkMtoveHnst VNTR-nokyca BPSS1974# B cxemy MLVA-6 onst BHy-
Tpuugoson auddepeHumnaummn B. mallei.

MaTepuanbl n metoabl. iccnegosarne 64 wrammoB B. mallei nposogunu in silico v in vitro ¢ NOMOLLbIO MeTO-
aoB MLVA, amnnndukaumm guddepeHUmpyowmnx permoHoB, NOTHOFEHOMHOIO CEKBEHUPOBaHUSA 1 BruonHdop-
MaTU4YeCcKoro aHanuaa.

Pe3ynkraTbl. [eHoTUNUpoBaHue B. mallei npn ncnonb3oBaHun cxembl MLVA-6 He no3sonuno onpeaenuTtb in
silico VNTR-npocpmnm 13 wrammoB 13 6a3bl AaHHbIX GenBank NCBI no ogHOMyY Mnv HECKOMbKMM FI0KyCcaM BBU-
Oy HU3KOrO NMOKPLITUA pyaaMmn COOTBETCTBYHOLLMX obriacTen reHoma Unm ux NomHOro OTCYTCTBUSA (HyNb-annenu).
A pekTnBHOE Yncno annenen (ne) n MHAeKC NonNMMopdHOro nHdopmaumoHHoro cogepxxanus (PIC) ana noky-
coB cxembl MLVA-6 Bapbuposanu B guanasoHax 3,842—8,103 n 0,740-0,877 cooTBeTCTBEHHO. [1lepcnekTMBHOCTb
BkntoveHus B aTy cxemy VNTR-nokyca BPSS1974# onpepeneHa Ha ocHOBE MOMNEKYNSIPHOW cTabnnbHOCTN MOTU-
Ba B €0 COCTaBe W BbICOKMNX Nokasartenen ne u PIC, coctaBusLumx 4,299 1 0,767 cootBeTcTBeHHO. VNTR-npodu-
N KOMNMNEKUMOHHBIX LITaMMOB Mo fiokycy BPSS1974# Gbinu MaeHTUYHbI COOTBETCTBYHOLLMM LUTaMMam 13 Gasbl
AaHHbix GenBank. PesynsraThl knacTepHOro aHanusa npy co4eTaHHOM 1cnonb3osaHny cxembl MLVA-6 1 nokyca
BPSS1974# cootBeTcTBOBanNu (OUNOreHETUYECKUM PEKOHCTPYKLMSIM, MOMYYEHHBIM C UCMONb30BaHNEM OpPYruX
MOSEKYNSPHO-reHETUYECKNX METOAOB.

3akntoveHue. VNTR-nokyc BPSS1974# MoxHO pacueHMBaTb kak MapKep, BKIHYeHe koToporo B cxemy MLVA-6
NO3BONUT MOBBLICUTbL TOYHOCTb FEHOTUMMPOBAHUSA U YCTaHOBINEHUSI PETMOHOB NMPOUCXOXAEHNUS BHOBb BbIJENEH-
HbIX WTammoB B. mallei.

KnroueBble cnoBa: Burkholderia mallei, can, ezeHomunupoeaHue, MLVA, maHOeMHbie noemopsl

UcmoyHuk d)UHchupoeaHun. ABTOpbI 3a8BNSAIOT o6 OTCYTCTBMU BHELLHEro PrHaHCUPOBaHWA NPU NPOBEAEHUM UC-

crnegoBaHus.

Komimuxm UHmMepecos. ABTOPbI AEKNapupyrT OTCYTCTBMUE ABHbIX N NOTEHUWaNbHbIX KOHMIMKTOB UHTEPECOoB, CBSA-

3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.
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Introduction

The Gram-negative bacterium Burkholderia mal-
lei is the causative agent of glanders, a potentially fatal
anthropozoonosis that primarily affects equids: horses,
mules and donkeys [1, 2]. Human illness is linked to
their professional activities and occurs through close
contact with infected animals, for example, among
farm and veterinary workers [3]. There are known cases
of infection among employees of bacteriological lab-
oratories who work with B. mallei cultures [4, 5]. In
Russia B. mallei is classified as pathogenicity group 11
(hazard) agent, while abroad it is considered a potential
group B bioterrorism agent, which is due to the possi-
bility of a public health emergency arising from the use
of B. mallei as a biological weapon [6-8].

Currently, outbreaks or sporadic cases of glanders
occur in several regions of Asia and the Middle East,
North Africa, as well as Central and South America [9,
10]. The registration of imported cases of glanders in
countries free of this disease poses a threat of infection
to local livestock, humans, as well as the possibility of
reintroduction of the infection [11, 12].

Cases of glanders are being reported in countries
bordering Russia, which necessitates vigilance from

veterinary services regarding this disease, especially in
the regions of Siberia and the Far East. The outbreak
of glanders in horses in 2023 at the "Chita State Stud
Farm and Hippodrome named after Khosaen Khaki-
mov," registered by the World Organization for Animal
Health', highlights the importance of epidemiological
monitoring of glanders in Russia.

Modern methods of intraspecies typing allow ob-
taining a detailed genetic characterization of the patho-
gen to address issues such as investigating cases of hu-
man or animal disease, and determining the evolution-
ary and phylogenetic relationships between microbial
strains [13—15]. However, in the case of glanders, the
search for effective DNA targets is complicated by the
high conservation of the B. mallei genome. The high
density of microsatellite and minisatellite repeats (Vari-
able Number Tandem Repeats, VNTR) in B. mallei ge-
nome determines the prospects of using strain differen-
tiation schemes based on multilocus variable number
tandem repeat analysis (MLVA). In foreign sources, a

! Russia — Burkholderia mallei (Inf. with) (Glanders) — Follow
up report 1 [FINAL].
URL: https://wahis.woah.org/#/in-review/4915
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scheme of 23 VNTR loci is most often used for this pur-
pose, it was originally proposed for the causative agent
of melioidosis — Burkholderia pseudomallei, a clone
of which is supposed to be the ethilogical agent of glan-
ders [16]. However, this scheme is not optimized for the
B. mallei. A large number of typing loci increases the
overall cost of the analysis.

To reduce the labor intensity and cost of the
MLVA method, the development of shortened schemes
is relevant, allowing the maintenance of the discrimina-
tory power and reliability of molecular epidemiological
investigations using fewer loci. The combination of 6
VNTR loci we previously selected allowed the differ-
entiation of B. mallei strains with high discriminatory
power [17]. However, the informative value of VNTR
loci changes as the number of new whole-genome se-
quences in international databases increases, which ne-
cessitates a review of existing typing schemes.

In a recent study, we demonstrated the effective-
ness of using a scheme of 5 VNTR and 4 SNP loci for
establishing the geographical origin of B. pseudomallei
strains and determining the clonality of isolates in me-
lioidosis cases [18]. The new VNTR locus BPSS1974%,
proposed in this study, located within the BPS_RS29560
gene region, was characterized by stable amplification
and the presence of amplicons in all B. pseudomallei
strains examined. The tandem repeat sequence (motif)
consisted of 9 nucleotide pairs and had a degenerate
structure that was under stabilizing selection. The pres-
ence of an orthologous gene in B. mallei genome deter-
mines the possibility of using the BPSS1974 locus to
improve the 6-locus MLVA typing scheme.

The aim of the study was to assess the feasibi-
lity of including the VNTR locus BPSS1974" in the
MLVA-6 scheme for genetic typing of B. mallei strains.

Materials and methods

The research objects were whole-genome sequenc-
es of 56 B. mallei strains from the GenBank NCBI da-
tabase?. Our sample included nucleotide sequences of
B. mallei strains isolated in endemic countries (India,
Pakistan, Brazil), certain parts of Asia and the Middle
East where outbreaks or cases occur sporadically (Tur-
key, China, Myanmar, Bahrain), as well as in USA and
some European countries (Hungary, Yugoslavia).

To assess the stability of DNA loci within geno-
typing systems, 7 strains of B. mallei from the collec-
tion of the Volgograd Plague Control Research Institute
were used. Duplicates of the strains P-1, Muksuwar-11,
V-120, C-4 and C-5, deposited in the State Collection of
Pathogenic Microorganisms and Cell Cultures under the
numbers SCPM-0O-B-4688, SCPM-0-B-7093, SCPM-
O-B-7146, SCPM-0O-B-4682 and SCPM-0O-B-4683,
corresponded to the collection strains. In turn, the col-
lection strains Muksuwar-11, Bogor-37 and Zagreb

2 URL: http://www.ncbi.nlm.nih.gov/genome

were matched by strains whose nucleotide sequences
have been deposited in GenBank NCBI under acces-
sion numbers GCA 033870375.1, GCA_033870395.1
and GCA 033870355.1. The study also included the
collection strain B. mallei 16050, isolated from a horse
in 2023 during an outbreak of glanders at a state stud
farm in Chita. The genome sequence of B. mallei strain
16050 has been deposited in the VGARus database (id
vnip002404). A total of 64 strains of B. mallei were an-
alyzed in the study.

For setting up polymerase chain reactions for ML-
VA typing and amplification of differentiating regions
of the genome (Different Region Analysis, DFR), DNA
was extracted using the RIBO-prep reagent kit (Central
Research Institute of Epidemiology, Moscow). Genom-
ic DNA for sequencing was extracted using the Biolab-
mix-DU-250 kit (Biolabmix) according to the manufac-
turer instructions.

Primers and amplification parameters for typing
using the MLVA-6 scheme and the BPSS1974" locus
were described in earlier studies [17, 18]. The VNTR
profiles of the strains were determined as the set of al-
lelic variants at each locus and are presented as a nu-
merical pattern in the format "L933k/L3145k/L3652k/
L20k/L1217k/S2862k/BPSS1974"".

DFR genotypes were determined by real-time
hybridization-fluorescence PCR (real-time PCR) for 9
fragments: BmVAT1, BmVAT2, BmVAT3, BmVAT4,
BmVATS, BmVAT6, BmVAT7, BmVATS&, BmVAT9,
using the oligonucleotide sequences and genotyping
scheme described by O.S. Bondareva et al. [19]. The
DFR typing results were converted into a binary matrix,
where the presence of an amplicon was denoted by "1"
and its absence by "0".

Library preparation for whole-genome sequenc-
ing was performed using the Nextera XT library prep
kit, and sequencing was carried out on the MiSeq plat-
form using the MiSeq Reagent Kit v3 (all from Illu-
mina Inc.). The raw nucleotide reads were processed
using the Trimmomatic utility with standard parame-
ters for [llumina. Processed reads were assembled using
SPAdes v3.15.4 with the "-isolate" option and standard
command-line parameters [20].

Cluster analysis and dendrogram construction
were performed using FAMD v. 1.31 [21] and Mega v.
11.0.11 [22] software, employing the nearest neighbor
joining algorithm and the Jaccard genetic distance coef-
ficient. The Hunter—Gaston discriminatory index (HG-
DI) [23] was used to assess the discriminatory power of
the typing schemes. To analyze the informativeness of
the microsatellite loci, the number of alleles, the effec-
tive number of alleles (ne) and the polymorphic infor-
mation content (PIC) index were determined.

Results

In silico analysis showed that the entire 692 bp
amplicon of the BPSS1974 locus, located at positions
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1627686—1628377 in the genome of the reference strain
B. mallei ATCC 23344 (GCA_033956065.1), corre-
sponded to the 1755 bp BMA RS16575 gene, located
on the second chromosome. Much like in the B. pseu-
domallei genome, the BMA RS16575 gene is annotat-
ed in the NCBI GenBank database as a collagen-like
protein containing a triple helix repeat (WPJ46631.1,
584 bp). The forward primer site occupied positions
1627686-1627707 in the B. mallei ATCC 23344 ge-
nome and 28—49 in the BMA RS16575 gene sequence,
while the reverse primer site occupied positions
1628359-1628377 and 701-719, respectively. As in
the B. pseudomallei genome, positions 3, 6 and 9 of the
motif within the BPSS1974" locus were under stabiliz-
ing selection.

In silico typing of 56 B. mallei strains from the NC-
BI GenBank database using primers to the BPSS1974%
locus revealed 10 allelic variants, the most common of
which were repeats with copy numbers 56 and 54 —
each accounting for 17 strains. 55 and 53 repeats were
found in 9 and 5 strains respectively; the number of re-
peats was 58 for 2 strains, and the remaining 5 variants
were unique. In B. mallei SCPM-0O-B-4686, primer
binding sites were absent (null allele).

Using the MLVA-6 scheme, null alleles were iden-
tified atthe L1217k locus in 14 strains from the GenBank
NCBI database. Analysis of the molecular nature of the
null alleles showed that the absence of amplification
products at loci BPSS1974* and L1217k is due to the
deletion of the corresponding genome fragments. Null
alleles at the L1217k locus, identified in 4 complete ge-
nomes of strains B. mallei 6, 34, BMQ and 23344, were
considered as one of the allelic variants in further work.
However, the genomes of B. mallei strains BM 1, BM 5,
BM 6, Turkey5, NCTC3709, SCPM-0O-B-4682, SCPM-
0-B-4683, SCPM-0O-B-4684, SCPM-0O-B-4688, and
SCPM-0-B-4686 are represented by a set of contigs of
varying lengths, which does not exclude the absence of
a PCR product in in silico analysis due to an incomplete
nucleotide sequence. Therefore, these strains were ex-
cluded from further analysis.

The MLVA-6 scheme did not allow the in silico
determination of the genotypes of B. mallei strains BM-
1, BM-3, BM-6 and BM-9 at locus L20k and B. mallei
3076 at locus L3652k, as the target VNTR region was
located on different contigs. Due to this, these strains
were also removed from the study.

Excluding 13 strains from the sample resulted in
the loss of 3 unique allelic variants at locus BPSS1974%
and one at locus L20k. Table 1 presents the B. mallei
strains that were subsequently used for cluster analysis.

As aresult of VNTR loci amplification of B. mal-
lei collection strains, PCR products were obtained that
appear as single bands on the electropherogram. At the
same time, the amplification product for the L1217k lo-
cus was absent in 3 strains from the collection (B. mal-
lei P-1, C-4 and C-5). Subsequent amplicon sequencing

ORIGINAL RESEARCHES

allowed us to determine the corresponding number of
repeats for each locus (Table 1). Subsequently, when
calculating the polymorphism indicators of VNTR lo-
ci, the MLVA profiles of strains from GenBank NCBI
and the collection of the Volgograd Plague Control Re-
search Institute were combined.

When calculating the effective number of alleles
(ne) and the polymorphic information content (PIC) in-
dex for the BPSS1974* locus, the values were found
to be 4.299 and 0.767, respectively. In the adjusted
sample of strains, the number of alleles per locus in the
MLVA-6 scheme was distributed as follows: the mini-
mum number of alleles was 8 and 10 in loci L3145k
(ne = 4.257; PIC = 0.765) and L933k (ne = 7.087;
PIC = 0.859), respectively; 11 alleles in loci L3652k
(ne = 7.368; PIC = 0.864) and L1217k (ne = 3.842;
PIC = 0.74); 13 alleles in locus S2862k (ne = 7.628;
PIC = 0.869); and the maximum number of alleles was
16 in locus L20k (ne = 8.103; PIC = 0.877). The HGDI
did not change when locus BPSS1974* was added to
the MLVA-6 scheme and remained at 0.981.

For the analysis of genetic polymorphism in
strains whose VNTR profiles were reliably determined,
the method of amplifying differentiating regions of the
genome was additionally used. As a result, 51 strains of
B. mallei were distributed into 19 DFR types, of which 6
were identified for the first time (DFR20— 001110011,
DFR21 — 000111110, DFR22 — 111110110,
DFR23 — 110110111, DFR24 — 010111010,
DFR25 — 111101100).

When comparing dendrograms constructed based
on typing results using the MLVA-6 scheme (Figure, a)
and when including the BPSS1974" locus in this scheme
(Figure, b), differences were observed in the arrangement
of root clusters and individual strains. Thus, when using
the MLVA-6 scheme and the BPSS1974" locus in combi-
nation, a new cluster was formed, which we designated
as G and which consists of subclusters G1, G2 and G3.
Subcluster G1 formed the B. mallei strain Bahrainl.
Subcluster G2 included strains BM-4 and B. mallei 11,
while subcluster G3 included strains B. mallei NCTC
10229, 2002734299, and Ivan, isolated by researchers
at the Pecs Institute in Hungary in 1961, and B. mallei
BM_campo 2.1. For the G3 subclade strains, a common
DFR type (DFRO02) was established, and their MLVA
profiles differed by 1 repeat at loci L3145k and L3652k,
while the VNTR genotypes of strains BM_campo 2.1
and Ivan were completely identical.

The adjacent branches of the dendrogram contain
strains from clusters F and E. For strains from clus-
ter F — B. mallei 34 of unknown origin and NCTC
10247 — the same number of repeats were determined
at VNTR loci L3145k, L20k, and BPSS1974#, and their
DFR profiles were unique and differed at loci BmVAT1
and BmVAT®6. Cluster E included strains from India
(2000031066 and SAVP1) with identical MLVA pro-
files at loci L.933k, 1.3145k and L20k, while their DFR
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Table 1. Results of MLVA and DFR typing of B. mallei strains
B. rgg’féigagzclzgiéiirﬁ)ﬁl; or Location and year of isolation MLVA-profile* MLVA;}%?L”:'{EUSE" t?pZF*{*-*
6 (GCA_000755845.1) Turkey, 1950 14/7/8/4,86/-17/50 1/A 17
LI-4 (vnip002737)**** Mongolia, 1967 11/7/6/17/-/8/54 2/A 06
LI-5 (vnip002738)**** Mongolia, 1967 11/7/6/17/-/8/54 2/A 06
BMQ (GCA_000755885.1) India, 1932 2/4/7/9/-15/54 1/B 12
23344 (GCA_000755865.1) Myanmar, 1944 2/4/7/29/-/5/54 2/B 12
NCTC 3708 (GCA_003590195.1) India, 1932 2/6/10/5/7,9/10/55 1/C 24
16050 (vnip002404)**** Russia, Chita, 2023 5/6/11/17/5/10/54 2/C 06
mongolia_1 Mongolia, 2022 9/5/16/17/5/6/55 3/C 06
B-120 (vnip002736)**** Russia, Ulan-Ude, 1985 10/6/8/17/5/6/55 4/C 06
SCPM-0-B-7146 (GCA_003627695.1) Russia, Ulan-Ude, 1985 10/6/8/17/5/6/55 4/C 06
BM-2 (GCA_028621615.1) China, Hebei, no data 6/8/10/19/4,9/6/55 1/D 16
2002721277 (GCA_003590185.1) USA, 1956 10/8/7/17/4,9/12/55 2/D 16
China5 (GCA_000757315.2) China, 1956 10/8/8/16/4,9/10,4/55 3/D 16
2000031063 (GCA_000756025.2) Hungary, no data 10/8/8/16/4,9/12/55 4/D 16
P-1 (vnip002735)**** Yugoslavia, no data 6/5/11/71-16/55 1/E 09
SAVP1 (GCA_000015465.1) India, no data 4/5/9/7/9,9/11/55 2/E 04
2000031066 (GCA_003590125.1) India, no data 4/5/717/13,9/12/54 3/E 21
NCTC 10247 (GCA_000762285.1) Turkey, Ankara, 1960 5/9/12/7/4,9/7/54 1/F 03
34 (GCA_939576165.1) no data,1972 10/9/16/7/-16/54 2/F 20
Bahrain1 (GCA_001729545.1) Bahrain, 2011 2/10/14/15/5,9/6/54 1/G1 22
BM-4 (GCA_028621665.1) China, Hebei, no data 6/10/10/18/8/13/54 1/G2 23
11 (GCA_000959405.1) Turkey, 1949 8/10/10/8/4,9/3/54 2/G2 19
NCTC 10229 (GCA_000015605.1) Hungary, Budapest, 1961 10/10/14/9/4,9/8/54 1/G3 02
2002734299 (GCA_000959165.1) Hungary, 1961 10/11/14/9/4,9/8/54 2/G3 02
Ivan (GCA_000986905.1) Hungary, 1961 10/10/13/9/4,9/8/54 3/G3 02
BM_campo 2.1 (GCA_905359435.1) Brazil, 2016 10/10/13/9/4,9/8/54 3/G3 02
UFAL2 (GCA_905359425.1) Brazil, 2017 8/4/9/14/4,9/4/27 1/H 06
PRL-20 (GCA_000169875.1) Pakistan, Lachor, 2005 5/4/6/6/3,9/7/58 1/l 25
India86-567-2 (GCA_000959465.1) India, no data 6/4/8/6/8,9/11/58 2/l 01
Turkey1 (GCA_002345985.1) Turkey, no data 7/4/11/6/6,9/7/56 11 15
Turkey2 (GCA_002346025.1) Turkey, no data 7/4/10/6/6,9/7/56 2/ 15
Turkey3 (GCA_002346065.1) Turkey, no data 7/4/7/6/6,9/6/56 31 15
Turkey4 (GCA_002346085.1) Turkey, 1960 7/4/11/6/6,9/6/56 4/J 15
Turkey6 (GCA_002346125.1) Turkey, no data 7/4/11/6/6,9/6/56 4/J 15
Turkey7 (GCA_002346145.1) Turkey, no data 714/11/6/6,9/7/56 11 15
Turkey8 (GCA_002346165.1) Turkey, no data 7/4/11/6/6,9/7/56 11 15
Turkey9 (GCA_002346185.1) Turkey, no data 7/4/12/6/6,9/7/56 51J 15
Turkey10 (GCA_002346005.1) Turkey, no data 7/4/11/6/6,9/7/56 11 15
Muksuwar-11 (vnip002733)**** India, 1979 5/4/8/17/6,9/12/53 1/K 11
SCPM-0-B-7093 (GCA_003627585.1) India, 1979 5/4/8/17/6,9/11/53 2/K 07
Mukteswar (GCA_033870375.1) India, 1996 5/4/8/17/6,9/11/53 2/K 1
Zagreb (vnip002734)**** Yugoslavia, no data 5/4/8/15/6,9/6/53 3K o7
Bogor-37 (vnip002732)**** Indonesia, 1979 5/4/8/15/6,9/11/53 4/K 07
Zagreb (GCA_033870355.1) Yugoslavia, 1996 5/4/8/15/6,9/11/53 4/K 07
Bogor (GCA_033870395.1) Indonesia, 1995 5/4/8/15/6,9/11/53 4/K 07
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End of the Table 1.

B. Q}g”:éigigglgi;ii%%a;;( or Location and year of isolation MLVA-profile* MLVA;]zﬁEIZI{*SIUSter t)I/DpFeB’:*
Kweiyang#4 (GCA_001608335.1) China, 1942 9/7/4/24,716,9/15/56 1L 22
2002721274 (GCA_002522985.1) USA, 1956 9/7/4/19/6,9/16/56 2IL 01
ATCC 23344 (GCA_033956065.1) Myanmar, 1942 8/7/4/31/6,9/15/56 3L 01
JHU (GCA_002346205.1) USA, Maryland, 2000 8/7/4/27/6,9/15/56 4/L 01
FMH 23344 (GCA_000755785.1) Myanmar, 1944 8/7/4/27/6,9/15/56 4/L 01
FMH (GCA_002346045.1) USA, Maryland, 2000 8/7/4/27/6,9/15/56 4/L 01

Note. *The MLVA profile of the strains is recorded as a numerical pattern of the number of repeats in the scheme "L933k/L3145k/L3652k/

L20k/L1217k/S2862k/BPSS1974#".

** Each MLVA profile is assigned a serial number within the corresponding cluster formed during the construction of the dendrogram.
***DFR-type numbers have been assigned according to previously published data [19].
****Strains from the collection of the Volgograd Plague Control Research Institute.

types were also unique and differed by the absence of
locus BmVAT6 in B. mallei SAVP1. A separate branch
within cluster E was formed by the B. mallei P-1 strain
from Yugoslavia.

The inclusion of locus BPSS1974" in the typing
scheme allowed strain B. mallei BM-2 to be placed as
a separate branch within cluster D, which consists of
strains B. mallei 2002721277, China5, and 2000031063.
All strains in this cluster have the same number of re-
peats at loci L3145k, L1217k and BPSS1974%, as well
as an identical DFR profile (DFR16).

The genotype at locus BPSS1974%, corresponding
to 58 repeats, was identified only in the Indian strain
B. mallei India86-567-2 and PRL-20, which allowed
these strains to be grouped into a separate cluster .
Strain India86-567-2 belonged to type DFRO1, while
PRL-20 belonged to the newly identified type DFR25,
which differed from DFRO1 by the absence of the Bm-
VATS5 and BmVATS loci.

The position of the strain B. mallei 16050, which
we isolated and identified, is particularly interesting. It
formed a common cluster with B. mallei mongolia 1
and B. mallei V-120, which are genetically identical in
their MLVA profile, and its duplicate SCPM-O-B-7146.
All 4 strains were found to have identical DFR profiles
(DFR06) and VNTR profiles at loci L20k and L1217k.
At the same time, B. mallei mongolia 1 and V-120 were
also found to have the same number of repeats at loci
S2862k and BPSS1974", and they differed by 1 repeat
at loci L933k and L3145k, which allowed these strains
to be placed in a separate branch within cluster C. For
B. mallei 16050, a closer relationship was established
with the B. mallei V-120 strain, as their MLVA profiles
contained 6 repeats at the L3145k locus.

A separate cluster group was formed by the UFAL2
strain (Brazil, 2017) with a unique number of repeats at
loci L20k (n = 14), S2862k (n = 4), and BPSS1974%
(n = 27). At the same time, B. mallei UFAL2, along
with strains from Russia and Mongolia, belonged to
type DFRO6.

MLVA profiles of duplicate strains from different
collections were identical or differed by only 1 locus,
allowing them to remain within the same cluster. Thus,
differences of 3 repeats were found at locus L933k be-
tween B. mallei C-4 and SCPM-0-B-4682, and of 1 re-
peat between B. mallei C-5 and SCPM-0-B-4683. The
Muksuwar-11 strain differed from the SCPM-0-B-7093
and Mukteswar (GCA 033870375.1) strains by 1 repeat
at the S2862 locus. The Zagreb strain from our institute
collection differed from Zagreb (GCA _033870355.1)
by 5 repeats at the S2862 locus (Table 2).

As a result, the addition of locus BPSS1974* to
the MLVA-6 scheme allowed to identify a closer ge-
netic relationship among a number of strains and the
formation of new clusters that correlate with their DFR
profiles.

Discussion

The effectiveness of intraspecies typing of infec-
tious agents is largely determined by the availability
of their genome nucleotide sequences. Whole-genome
sequencing and subsequent assembly of B. mallei ge-
nome are complicated by a large number of repetitive
sequences and a high GC content. As a result, of the
113 B. mallei genomes deposited in NCBI GenBank as
of May 2025, only 33 were complete, while most of
the remaining genomes are represented by dozens or
hundreds of contigs. At the same time, certain strains
were not unique.

For certain strains in the sample, it was impossi-
ble to determine the VNTR genotype at individual lo-
ci in silico. Low read coverage of the genome regions
corresponding to the L20k and L3652k loci prevented
the target VNTR region from being localized within a
single contig in 5 strains. Insufficient coverage during
sequencing can be attributed to the GC content of these
regions, which was over 70% in the reference strain
B. mallei ATCC 23344.

Another problem when searching for target VNTR
loci in incomplete genomes is the absence of corre-
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Comparative analysis of the typing results of 51 B. mallei strains using the MLVA-6 scheme (a) and the combined use
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with a dashed line. The strains from the collection of the Volgograd Plague Control Research Institute are highlighted by a frame

sponding genome regions for these loci (null alleles).
In this case, there is no reliable way to determine the
cause of the null alleles: it could be the result of both
natural evolutionary changes and errors in genome as-
sembly. We detected null alleles at the L1217k locus
in 14 strains from the sample, 10 of which were rep-
resented by incomplete genomes, leading to their ex-
clusion from further study. When performing PCR with
DNA from collection strains, the amplification product
for the L1217k locus was absent in 3 strains. However,
null alleles in complete genomes increase the risk of
false homoplasy, which is why such loci are exclud-
ed from analysis in many population studies. However,
the probability of registering a null allele at each locus

increases with the sample size, which can lead to the
exclusion of a large number of loci, and this in turn will
negatively impact the quality of the research.

As a result, 13 strains were excluded from the
initial sample, and the remaining 51 B. mallei strains
were distributed into 39 MLVA types using a 6-locus
VNTR typing scheme (HGDI = 0.981). We included the
BPSS1974" locus in this scheme because of the struc-
ture of the motif within it, the degeneracy of which re-
duces the likelihood of DNA polymerase errors during
replication and sequencing. At the same time, the se-
quence of the motif itself is under the influence of sta-
bilizing selection, which contributes to its preservation
in the genome.
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Table 2. MLVA profiles of B. mallei duplicate strains from various collections

B. mallei strain number (GenBank

Number of repeats in the loci

accession number)

L933k | L3145k | L3652k | L20k | L1217k | S2862k | BPSS1974%
P-1* 6 5 11 7 - 6 55
SCPM-0-B-4688 (GCA_003627635.1)** 6 5 1 7 - 6 55
Muksuwar-11* 5 4 8 17 6,9 12 53
SCPM-0-B-7093 (GCA_003627585.1)** 5 4 8 17 6,9 11 53
Mukteswar (GCA_033870375.1)*** 5 4 8 17 6,9 1 53
B-120* 10 6 8 17 6 55
SCPM-0-B-7146 (GCA_003627695.1)** 10 6 8 17 6 55
LI-4* 11 7 6 17 - 8 54
SCPM-0-B-4682 (GCA_003627705.1)** 14 7 6 17 - 8 54
L-5* 11 7 6 17 - 8 54
SCPM-0-B-4683 (GCA_003627655.1)** 10 7 6 17 - 8 54
Bogor-37* 5 4 8 15 6,9 1 53
Bogor (GCA_033870395.1)** 5 4 8 15 6,9 11 53
Zagreb* 5 4 8 15 6,9 6 53
Zagreb (GCA_033870355.1)*** 5 4 8 15 6,9 11 53

Note. * B. mallei strains from the collection of the Volgograd Plague Control Research Institute. **B. mallei strains deposited

in the State Collection of Pathogenic Microorganisms and Cell Cultures.

***B. mallei strains from the Friedrich Loeffler Institute, the German Federal Research Institute for Animal Health

In the current study, we found that all VNTR lo-
ci had a PIC > 0.5, indicating their high discriminato-
ry power, with the effective number of alleles ranging
from 3.842 to 8.103 per locus and averaging 6.381.
Based on these indicators, locus BPSS1974* occupied
an intermediate position between VNTR loci L3145k
and L933k, represented by perfect and degenerate mini-
satellite repeats, respectively.

Successful amplification of the BPSS1974#1 locus
during PCR with DNA from B. mallei strain 16050, iso-
lated from a sick horse in 2023, indicated the stability
of the areas flanking the VNTR region. In turn, the full-
length nucleotide sequence of the BPSS1974* locus,
identified by whole-genome sequencing data analysis
of the B. mallei 16050 strain, showed its potential for in
silico MLVA typing.

Our cluster analysis results of B. mallei strains
based on the determination of repeat numbers in 7 VN-
TR loci were compared with the core genome multi-
locus sequence typing (cgMLST) data conducted by
S. Appelt et al. [13]. The comparison showed that the
composition and mutual arrangement of the clusters
had many common features. Thus, according to cgM-
LST data, strains from China were grouped into two
main clusters, corresponding to clusters D and L in the
MLVA dendrogram we constructed. These clusters in-
cluded strains for which the geographical region of ori-
gin in GenBank is listed as the USA: cluster L included
strains B. mallei 2002721274, JHU and FMH, while
cluster D included B. mallei 2002721277. Our cluster-
ing was consistent with the cgMLST results and indi-

cated a likely Chinese origin of these strains. Within
cluster D, a close relationship was confirmed between
strains 2000031063 (Hungary) and China5 (China),
whose MLVA profiles differed only at the S2862k lo-
cus. In addition to the cgMLST data, the genetic prox-
imity of the strains within MLVA clusters D and L was
also confirmed by the results of our DFR typing. Thus,
with the exception of B. mallei Kweiyang#4, which
lacked an amplification product at the BmVAT®6 locus,
a common DFR profile was determined for all strains
within each cluster.

The strains from Turkey investigated in this study
were classified in 3 different clusters. The MLVA-6
scheme, supplemented with locus BPSS1974", allowed
for the distribution of strains from these clusters ac-
cording to their position on a minimum spanning tree
constructed based on cgMLST data [13]. Thus, based
on typing results using only the MLVA-6 scheme, strain
B. mallei PRL-20 was included in the same cluster as
strains from Turkey. Determining the number of repeats
at the BPSS1974 locus allowed B. mallei PRL-20 to
be placed on the dendrogram in a separate branch with
the B. mallei India86-567-2 strain from India, while the
strains from Turkey formed a separate, most numerous
cluster J. Two other strains from Turkey, B. mallei 11
and NCTC 10247, were included in sub-cluster G2 and
cluster F, respectively.

The inclusion of locus BPSS1974 in the MLVA-6
scheme, along with strain B. mallei India86-567-2, al-
lowed us to clarify the position of another Indian strain,
B. mallei 3708, which formed a separate branch within
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cluster C. The clustering of Indian strains established
using the developed MLVA-7 scheme was consistent
with the data obtained in the study by H. Singha et al.
[24]. In the presented study, based on MLVA typing at
23 loci, the strains B. mallei India86 567-2, Mukteswar,
SAVP1, BMQ and NCTC 3708 were found to belong to
different clusters, which was consistent with the results
obtained in this study.

The MLVA and DFR profiles of the Brazilian
strains we established confirmed the previously pro-
posed hypothesis of two episodes of introduction of
the glanders into Brazil [25]. Therefore, the close ge-
netic relationship we identified within sub-cluster G3
between strains of European origin and BM_campo 2.1
suggested a possible introduction of glanders into Bra-
zil from Europe, likely during colonization or trade.

The inclusion of the BPSS1974" locus in the
MLVA-6 scheme allowed to localize of B. mallei strain
11 in the neighboring G2 sub-cluster, which was con-
sistent with the data from M.V.D. Falcdo et al. [25]. The
authors performed typing of strains based on 15 phy-
logenetically informative single nucleotide polymor-
phisms using PCR followed by high-resolution melting
analysis, which identified the L3B3sB3 branch, includ-
ing strains from MLVA clusters G2 and G3 formed in
this study. Analysis of single nucleotide polymorphisms
[25] also showed that strain B. mallei UFAL2 belongs
to the L3B2 branch, which includes strains isolated in
Brazil. Due to the lack of nucleotide sequences from
other Brazilian strains in Genbank, we were unable to
determine the MLVA and DFR profiles of the L3B2 li-
neage strains. At the same time, the unique VNTR pro-
file of strain B. mallei UFAL2 allowed it to be placed
in a separate MLVA cluster H, which corresponds to the
division of Brazilian strains into different phylogenetic
lineages.

Based on the results of MLVA and DFR analysis,
a close genetic relationship was established between
B. mallei strains V-120 and 16050, isolated 18 years
apart from diseased animals in Eastern Siberia, and
B. mallei strain mongolia 1, isolated from a diseased
horse in Mongolia in 2022. Belonging to the same DFR

type (DFRO06) and sharing a unique VNTR profile at
loci L20k and L1217k, along with the geographical
proximity of the territories of these countries where
glanders outbreaks were reported, suggests a common
source of origin of these strains. At the same time,
B. mallei strains C-4 and C-5, isolated in Mongolia in
1967, formed a separate MLVA cluster. The DFR type
(DFRO06) was also identified in the Brazilian strain
B. mallei UFAL2. Common DFR profiles of strains
from different MLVA clusters have been identified in
several other cases, which may indicate a decrease in
the specificity of the selected DFR loci as the number
of B. mallei genome sequences in genetic databases in-
creases.

The observed changes in the VNTR profiles of du-
plicate B. mallei strains from different collections may
be related to storage conditions, particularly the meth-
ods used for maintaining bacterial cultures. In a study
by J.M. U'Ren et al. [26], when studying the stability of
32 VNTR loci proposed for typing melioidosis strains
using the serial passage method on plates, changes
were found in 12 loci. Mutations were identified in the
L933k, L3145k and S2862k loci, which were included
in our developed typing scheme for glanders causative
agent. The variability of loci L933k and S2862k in the
genomes of duplicate strains of B. mallei, as established
in this study, indicated a similar pattern of variation in
these VNTR loci among pathogenic Burkholderia. The
stability of the molecular structure of locus BPSS1974%
has been determined in strains from different collec-
tions, which is important for epidemiological investiga-
tions and evolutionary analysis.

Thus, the VNTR locus BPSS1974* can be consid-
ered a marker, the inclusion of which in the MLVA-6
scheme will improve the accuracy of genotyping and
the determination of the regions of origin of newly iso-
lated B. mallei strains. Alongside the improvement of
schemes for differentiating B. mallei strains for more
effective intraspecies typing, there is a necessity to in-
crease the number of available nucleotide sequences
of B. mallei genomes, combined with the addition of
metadata about their exact geographical origin.
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