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Abstract
Background

The prevalence of human brucellosis in Qinghai Province has been increasing rapidly, with confirmed
cases distributed across 31 counties. However, the epidemiology of brucellosis transmission has not
been fully elucidated. To characterize the two isolated strains, multiple locus variable-number tandem
repeats analysis (MLVA) and whole-genome single-nucleotide polymorphism (SNP)-based approaches
were employed.

Methods

Blood samples were isolated from two males that were confirmed B. melitensis positive following MLVA.
Genomic DNA was extracted from these samples, and whole-genome sequencing (WGS) was performed.
Next, SNP-based phylogenetic analysis was performed to compare the two strains to 94 B. melitensis
strains (complete genome and draft genome) retrieved from online databases.

Results

The two Brucella isolates were identified as B. melitensis biovar 3 (QH2019001 and QH2019005)
following conventional biotyping and were found to have differences in their variable number tandem
repeats (VNTRs) using MLVA-16. Phylogenetic examination assigned the 96 strains to five genotype
groups, with QH2019001 and QH2019005 assigned to the same group, but different subgroups.
Moreover, the QH2019005 strain was assigned to a new subgenotype, llj, within genotype Il. These
findings were then combined to determine the geographic origin of the two Brucella strains.

Conclusions

Utilizing a whole-genome SNP-based approach enabled differences between the two B. melitensis strains
to be more clearly resolved, and facilitated the elucidation of their different evolutionary histories. This
approach also revealed that QH2019005 is a member of a new subgenotype (llj) with an ancient origin in
the eastern Mediterranean Sea.

Background

Brucellosis, which is caused by bacteria in the Brucella genus, is one of the most important zoonoses
worldwide and is considered a “forgotten, neglected zoonosis” by the WHO (World Health Organization
2014) [1]. This disease is endemic in regions within Africa, Asia, Latin America and other countries along
the Mediterranean Sea [2, 3]. Human infections can occur due to the consumption of contaminated non-
pasteurized milk or cheese, or by occupational exposure to infected animals or their carcasses, uterine
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secretions, or aborted fetuses [4]. While the mortality rate of brucellosis is low, the morbidity rate is much
higher. Worldwide, incidence of human brucellosis varies widely, from < 0.01 to >200 per 100,000 people
in endemic disease areas [5]. In mainland China, the total incidence rate of human brucellosis increased
from 0.92 per 100,000 people in 2004 to 4.2 per 100,000 people in 2014 [6]. Recently, in Qinghai Province,
the incidence rate has increased from 0.04 per 100,000 people in 2011 to 1.96 per 100,000 people in
2018, with confirmed cases distributed across 31 counties within the entire province. Thus, brucellosis is
becoming a major public health problem that impacts human physical and mental health.

Brucella is a gram-negative, facultative, intracellular pathogen that induces cell toxicity by altering the
plasma membrane and inducing cell apoptosis [7]. Currently, the Brucella genus contains 12 accepted
species, with six of those, namely, B. melitensis, B. abortus, B. suis, B. canis, B. ovis and B. neotomae,
considered “classical” species [8]. While various species differ in host preference, virulence and/or
zoonotic potential, all Brucella species maintain a 97-99% genomic sequence identity [9].

In humans, B. melitensis, which contains three biovars (1, 2 and 3), is the most virulent species and has
been the predominant strain associated with human brucellosis in China from 1953 to 2013 [10]. While
all three biovars cause disease in small ruminants, their geographic distributions vary [11]. To ensure
accurate epidemiological surveillance and to distinguish infected and vaccinated individuals, species
identification and subtyping is essential [12]. Currently, Brucella identification and subtyping is performed
using multiple loci variable-number tandem repeat analysis (MLVA), a genotyping tool for species
identification and strains relatedness [13]. In a study examining Brucella in the Qinghai-Tibet Plateau
region, none of the genotypes matched any of the sequences in the Brucella MLVA database (2012),
possibly due to these strains having unique geographical characteristics or due to B. melitensis being the
predominant species in that area [14]. Moreover, Brucella studies have also utilized whole-genome
sequencing (WGS), which provides excellent genetic resolution, to resolve differences in closely related
species [15]. In this study, the obtained Brucella samples were evaluated using MLVA and whole-genome
single nucleotide polymorphism (SNP)-based approaches to elucidate strain characteristics and
homologies for epidemiological purposes. It is hoped that these findings will provide further insight into
Brucella epidemiology and enable improved control and prevention of brucellosis in Qinghai Province.

Methods

Ethics statement

This research was conducted according to the principles of the Declaration of Helsinki, and the study
protocols were approved by the Ethics Committees of the National Institute for Communicable Disease
Control and Prevention (Beijing, China). Informed consent was obtained from the two patients who
received a brucellosis diagnosis at the Qinghai Institute for Endemic Disease Prevention (Qinghai, China),
with diagnoses based on the Diagnosis for Brucellosis Standards (WS 269-2019) used in China.

Bacterial strains
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Blood cultures were examined for brucellosis at the Qinghai Institute for Endemic Disease Prevention and
Control in Qinghai Province, China, and deemed Brucella-positive. The samples were identified as B.
melitensis strains based on morphology and conventional identification methods according to standard
biotyping procedures, including CO, requirement, inhibition of growth by basic fuchsin and thionin,
agglutination with monospecific antisera (A,M) and phage typing (Bk,,Tb). Total genomic DNA was
extracted from the two B. melitensis strains, QH2019001 and QH2019005, using a sodium dodecylsulfate
(SDS)-based method [16]. The obtained DNA was then assessed via agarose gel electrophoresis and
quantified using a Qubit 2.0 Fluorometer (Thermo Scientific, USA).

Brucella MLVA-16 genotyping scheme

MLVA-16 was performed and the loci analyzed as previously described [17]. Briefly, 16 gene loci were
examined and divided into three groups as follows: panel 1 with eight loci (bruce06, bruce08, bruce11,
bruce12, bruce42, bruce43, bruce45 and bruce55), panel 2A with three loci (bruce18, bruce19 and
bruce21) and panel 2B with five loci (bruce04, bruce07, bruce09, bruce16 and bruce30). For panel 1, the
loci amplicons were analyzed via gel electrophoresis. The panel 2 loci PCR amplicons were denatured
and resolved via capillary electrophoresis on an ABI Prism 3130 automated fluorescent capillary DNA
sequencer (Applied Biosystems), with the sequenced amplicons then compared to strains from Qinghai
Province. All data were analyzed using BioNumerics (version 5.1; Applied Maths, Sint-Martens-Latem,
Belgium). Clustering analysis was based on the categorical coefficient and the unweighted pair group
method using the arithmetic averages (UPGMA) method.

Whole-genome sequencing and single-nucleotide polymorphism (SNP) analyses

Sequencing libraries were generated using a NEBNext® Ultra™ DNA Library Prep Kit for lllumina (NEB,
USA) following the manufacturer's recommendations. Briefly, DNA samples were fragmented by
sonication to a size of 350 bp. The DNA fragments were then end-repaired, adenylated and ligated prior to
PCR amplification and lllumina sequencing. Finally, PCR products were purified using an AMPure XP
system (Beckman Coulter, USA), and library size distributions were analyzed using an Agilent 2100
Bioanalyzer and quantified using real-time PCR. WGS for the QH2019001 and QH2019005 strains was
performed by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China) using an Illlumina NovaSeq
6000 (PE 150 bp).

The obtained genomic sequences were then deposited in the Microbial Pathogens Database
(http://data.mypathogen.org.; accession numbers: ICDC-20200117-135823-300 and ICDC-20200117-
140311-357).

Genomic alignments between a sample genome and reference genome (or among more than two sample
genomes) were performed using the MUMmer [18] and LASTZ[19, 20] tools. Additionally, 94 B. melitensis
genomes lSupplementary table Tlwere retrieved from GenBank and used for comparison and preliminary
phylogenetic analyses. A phylogenetic tree was constructed using TreeBeST and PHYML (maximum-
likelihood based, with 1000 bootstrap replicates utilized).
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Results

Identification of Brucella strains

The Brucella strains QH2019001 and QH2019001 were identified as B. melitensis biovar 3 using a
conventional biotyping method (Table 1).

MLVA-16 genotyping results

The MLVA-16 assay was used to determine the genotypes for B. melitensis strains QH2019001 (1-4- 3 -
13-2-2-3-2-4-40-8-6-4-3-18-5)and QH2019005(1-5-3-13-3-2-3-2-4-38-8-5-4-7-
16 - 5), with the two strains showing a 99.1% genotype similarity. For the two B. melitensis strains,
variable number tandem repeat (VNTR) differences were present in bruce08 and bruce42 (panel 1) and
bruce19, bruce21, bruce04, bruce09 and bruce16 (panels 2A and 2B). Furthermore, the two B. melitensis
strains were also similar to the other strains associated with Qinghai Province. When combining these
findings with epidemical data, B. melitensis strain QH2019001 appears to have been imported from
Anhui Province, while the QH2019005 strain appears to be native to Qinghai Province (Fig. 1).

Genomic characteristic and phylogenetic analysis based on whole-genome SNPs

The two strains comprised 24 contigs, with N50 contig size of 297 and 202 bp (QH2019001) and 332 and
914 bp (QH2019005). The total contig sequence lengths were 3,291,786 bp for QH2019001 and
3,289,996 bp for QH2019005, with both having a GC content of 57.24%.

To gain insight into the geographical distributions of the 96 examined B. melitensis strains, a
phylogenetic analysis was performed using the whole-genome SNPs. The strains were divided into five
major genotypes as follows: genotype |, Bruc048 and its related strains; genotype Il, UK3/06 and its
related strains; genotype lll, strains of African origin; genotype IV, B115 and its related strains; and
genotype V, 16 M and its related strains (Fig. 2). The QH2019001 and QH2019005 strains were both
associated with the genotype Il group. Furthermore, several clades and subclades were isolated within the
lineages and were associated with geographic attributes. The QH2019001 strain was assigned to
subgenotype lIh, while the QH2019005 strain was assigned to subgenotype llj (a new subgroup).

Discussion

Due to the high mutation rate in tandem DNA repeats loci, the MLVA-16 scheme provides the ability to
distinguish field strains [21] and associate isolates with their geographic origins [22]. In China, MLVA
genotyping provides valuable insight when examining an epidemiological linkage or trace-back
investigation during a brucellosis outbreak [10, 23, 24]. Furthermore, previous studies have shown that
MLVA can be used as an epidemiological tool to distinguish relapses from reinfections in brucellosis
patients [25]. In this study, the QH2019001 and QH2019005 strains did exhibit VNTR difference, but most
of the genetic loci for these strains were similar. However, due to the high genomic homology of the B.
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melitensis genus, the MLVA approach can be limited based on the nature of VNTRs and the technique
itself [26]; thus the exact origins of the two strains could not be determined.

In one study that utilized only an MLVA approach, of the 63 patients that were examined, only 52
genotypes could be distinguished. However, when a whole-genome SNP-based approach was utilized, all
of the patients could be distinguished from each other, thus demonstrating a higher discriminatory power
[27]. Furthermore, WGS-based analysis has been shown to distinguish very closely related B. melitensis
strains (up to a six gene or seven SNP difference), while MLVA profiling may struggle to provide enough
resolution to accurately predict phylogenetic relationships [28]. Thus, utilizing SNP data can enable the
development of a novel high-resolution molecular typing technique that can discriminate inter- and
intraspecies relationships in pathogenic microorganisms.

Following phylogenetic clustering, all the B. melitensis strains (n = 96) were divided into five genotypes
[23], with genotype | forming the earliest diverging clade. Most of the Asian isolates of B. melitensis
clustered into genotype I, while genotype Ill was associated with Africa, and genotypes IV and V were
associated with Europe and the Americas, respectively, which is consistent with previous findings [29].

The genotype Il strains had the widest geographical distribution after diverging from genotype I. The
diversification of this genotype may have taken place in the second half of the third millennium BC,
approximately 5,270 years ago [30]. The most important land routes connecting Eastern Europe with
India on the western part of the Silk Road went through Central Asia or the Caucasus and Iranian
highlands; thus the Arabs played a key role in Europe’s trade with Southeast Asia and China. Moreover,
genotype Il includes nine previously described subgenotypes (lla-1li) [29, 30].

Following WGS, the two strains, QH2019001 and QH2019005, were both assigned to genotype Il, but to
different subgroups. Furthermore, B. melitensis strain QH2019005 was assigned to genotype llj (@ new
subtype), which is closely associated with subgenotype lla that contained only a single strain, UK3/06.
The QH2019001 strain was assigned to subgenotype lIh. The differences between the QH2019001 and
QH2019005 strains suggest that the nucleotide variation may be attributed to changes in geographic
distribution. It is also possible that subgenotype Ilh diversification may have occurred during the second
half of the XIV century A.D., and it may have been driven by the relatively isolated and more unique
environment of the Qinghai-Tibet Plateau, with its extremely high altitudes. Due to the environment, it is
difficult for lowland livestock breeds or wild animals to survive; hence, livestock exchange between
Qinghai Province and other regions would be limited [11]. The QH2019005 strain was the most similar to
the UK3/06 strain that was isolated from the Near East, thus suggesting that this strain and its new
subgenotype have ancient origins. The QH2019001 strain was the most similar to the I-349 strain that
was isolated from Central Asia (Russia: Republic of Tuva) [31], thus suggesting that this strain shares a
common origin. Furthermore, active trade between Russia and China could have promoted the
transmission of B. melitensis strain QH2019001 to other regions (Anhui Province) in China (Fig. 3).

Conclusion
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In the present study, the molecular characteristics of two human Brucella strains isolated from Qinghai
Province were examined to gain a further understanding of the epidemiology of brucellosis. The two
strains were found to have different origins and evolutionary histories, with the native strain, QH2019005,
assigned to a new subgenotype with an ancient origin in the eastern Mediterranean region. Additionally,
this study further highlighted that utilizing a whole-genome SNP-based approach can enable intraspecies
relationships between B. melitensis to be more fully examined.

Abbreviations

whole-genome sequencing WGS

multiple loci variable-number tandem repeat analysis MLVA
single nucleotide polymorphism SNP

serum agglutination tests SAT

variable number tandem repeat VNTR
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Strain IDs Co,
Requirement

Sensitivity to Dyes

Fuchin 1:25
000

Thionin1:50

000

Serum

agglutination

A

M

RTD

BK2

Tb

QH2019001 - + + + + + +
QH2019005 - + + + + + +
Figures
B EEEEEREBEEREEFERER L
3 2 e g % 2 ® £ E & & B & & EEE S5 E B & & & Year Strain D Location Species-biovar Host panel-1  MLVA-11
1 85 313 2 2 3 2 4 41 8 4 4 3 5 5 1978 QHII007 Qhqum alal B.melensis-blovar:  human 42 16
1 § 313 2 2 3 2 a 8 4 4 3 5 § 1979 QHZ013008 ahgonghe B.medflensis- biovard hauman 42 116
1 § 3 13 2 2 3 2 4 41 8 4 4 3 § 5§ 195 OH2012009 Qhgonghe B.medflensis-biovar?  human 42 116
1 & 3 143 2 2 3 ? 4 41 8 4 4 3 8§ 8 197% QH20130M0 Qhgonghe B.meMensis-bivvard  human 42 116
E—— 1 § 313 2 2 3 2 a4 a 8 4 4 3 168 5§ 2019 QHZ019004 QHbanma B.medflensis- biovard human 42 116
— 1 & 3 13 2 2 3 2 4 41 B 4 4 3 § § 19T OH0I2MI Qhgonghe B.meMflensis-bicvard  human 42 116
P—— 1 & 313 2 2 3 2 4 41 8 4 4 3 14 5§ 2019 QH2019003 QHnuangzhong  Bmelensis-blovard  human 42 e
15 313 2 2 3 2 441 8 T 4 315 5 013 GH2O15007 OHdar B.melfensis-bicvard  human 42 116
1 8% 313 2 2 3 2 441 8 7 4 315 5 2013 0OH2019008 o gq B.meltensis-blovard  human 42 116
1 § 313 2 2 3 2 4 41 8 4 4 3 15 5 2019 QH2019002 QHmMenyUan B.melensis-bicvard  human 42 11Ee
1 5 3 13 2 2 3 2 4 41 8 4 4 3 98 & 201 OHOI9006 OHmenyuan B.melflensis-biovard  human 42 116
1 8% 313 2 2 3 2 3 41 8 4 4 3 11 8 1965 OH2013006 Qhxinghal B.medlensis-bicvar?  human 42 163
1 5 3 13 2 2 3 2 3 41 8 4 4 3 6 5 195 OH2012012 Qhtianjun B.melensis-biovard  human 42 162
1 8 3143 2 2 3 2 4 41 B8 4 4 3 3 7 %6 OH2OI30N Ghxinghal B.melflensis-blovar2  human 42 116
1 5§ 3 13 2 2 3 2 3 #4 8 5 4 3 9§ § 1979 QH2013004 Qhxinghai B.medfensis-bievard human 42 163
1 8 313 2 2 3 2 241 8 & 4 3 9 & 196 OHIN0E  Chdnghal B.melensis-biovar2  human 42 162
1 5 343 2 2 3 2 3 41 8 5 4 3 T & 1979 QOHZOI3003 Qhgeermu B.meMensis-biovard  human 42 163
i1 5 343 2 2 3 2 4 41 B 5 4 3 7 § 1979 QH2013001 Chgangeha B.melensis-blovard  human 42 116
1 85 313 2 2 3 2 441 8 & 4 4 4 5 201 CH9010 QHmenyuan EB.melfensis-bicvar  human 42 186
1 5 3 13 2 2 3 2 4 41 B 5 4 4 4 5 2WIE OH2015009 QHmenyuan B.meMensis-biovard  human 4z 116
1 4 313 2 2 3 2 4 M0 2 & 4 3 18 5 1018 QHZ019001 anhuisheng B.melitensis-biovard  human 4“4 QH-19-1
I 1 5 3 13 2 2 3 2 4 3% 8 S5 4 3 T 7 19T OH2012023 QHgeermu B.melflensis-blovar?  human 42 oH-13-3
i 5 3 13 2 2 3 2 4 38 8 5 4 3 T 7 1978 QHZ013024 QHgesrmu B.medflensis- biovard human 42 OH-13-3
108 313 2 2 3 2 4 36 8 & 4 3 14 7 1979  OH2013017  QHgeermu B.meifensis-biovard  human 42 OH-18-3
1 5 313 ? 2 3 ? 4 3 8 5 4 3 14 7 19T OoHz012M1@ QHgeermu B.meMensis-biovard  human 42 OH-19-3
4‘ 1085 313 2 2 31 2 4 3 8 & 4 3 14 7 1973 QHzO13013 CHgeemu B.melensis-blovard  human 42 QH-15-3
1 & 3 13 2 2 3 2 4 36 8 5 4 3 14 7 1979 0OH2012020 QHgearmu B.meflensis-biovary  human 42 OH-19-3
1 5 3 13 2 2 3 T 4 3F B 5 4 3 13 7 197T% OH2013014 QHgeermu B.meMlensis-biovard  human 42 oH-19-3
4' 1 8 313 2 2 3 2 4 3 B & 4 3 13 7 1979  QH2013015 CHgeermu B.melfensis-biovard  human 42 OH-15-3
1 5 313 2 2 3 2 4 36 B8 5 4 3 13 7 19 QHXO016 QHgesrmu B.melfensis-biovard  human 42 OH-19-3
p— 1 &5 3 13 2 2 3 2 4 3 8 5 4 3 10 7 197% QH2013021 QHgeermu B.melflensis-blovard human 42 OH-18-3
e 1 0% 313 2 2 3 2 4 3% @ & 4 3 18 7 197% QHzOM3022 aH B.mefensis-biovard  human 42 QiH=19-3
1 5 313 2 2 3 ? 4 3 A 5 4 3 14 & 197% OH2013025 QOHgesrmu B.meMensis-bicvard  human 427 OH-19-3
1 & 3 13 2 2 3 2 4 3 8 5 4 3 g g 1979 0QH2013026 aH B.melensis-bicvard  human 42 OH-13-3
l 1 5 3113 2 2 3 2 4 3 8 6 4 3 12 7 19Ty OHZOIZOT QHgesrmu human 42 O 193
1 5 3143 2 2 3 * 4 41 8 5 4 3 & & 197% OH2013002 QhGanghe B.medlensis-biovard  human 42 116
1 4 3 13 3 2 3 * 4 3% & 4 4 7 16 & 2019 QHZHM90D5 QHdatong B.melitensisbiovard  human 43 QH-19-2
1 5 313 3 2 3 2 4 41 5 8 4 4 6 4 197 OHZOI302A QHixinin B.mellensis-biovard  human &3 128
—‘:| 1 5§ 3 13 3 2 3 2 4 41 5 8 4 4 6 4 1965 QH2013029 QHeinin B.medflensis- bievar? human 43 125
1 85 313 3 2 3 2 441 5 4 4 7 5 4 197T% QH2N2030 QHqumalai B.mefensis-biovard  human 43 128

Figure 1

Dendrogram based on MLVA-16 genotyping.
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Figure 2

Phylogenetic tree showing the evolutionary relationships between 96 B. melitensis strains. Terminal
branch colors correspond to the region where a given strain was isolated
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Figure 3

Possible transmission routes of B. melitensis strains QH2019001 and QH2019005. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This

map has been provided by the authors.
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