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Abstract

In China, brucellosis is an endemic disease and the main sources of brucellosis in animals and humans are infected
sheep, cattle and swine. Brucella melitensis (biovars 1 and 3) is the predominant species, associated with sporadic
cases and outbreak in humans. Isolates of B. abortus, primarily biovars 1 and 3, and B. suis biovars 1 and 3 are also
associated with sporadic human brucellosis. In this study, the genetic profiles of B. melitensis and B. abortus isolates
from humans and animals were analyzed and compared by multi-locus variable-number tandem-repeat analysis
(MLVA). Among the B. melitensis isolates, the majority (74/82) belonged to MLVAS8 genotype 42, clustering in the
‘East Mediterranean’ group. Two B. melitensis biovar 1 genotype 47 isolates, belonging to the ‘Americas’ group, were
recovered; both were from the Himalayan blue sheep (Pseudois nayaur, a wild animal). The majority of B. abortus
isolates (51/70) were biovar 3, genotype 36. Ten B. suis biovar 1 field isolates, including seven outbreak isolates
recovered from a cattle farm in Inner Mongolia, were genetically indistinguishable from the vaccine strain S2, based
on MLVA cluster analysis. MLVA analysis provided important information for epidemiological trace-back. To the best
of our knowledge, this is the first report to associate Brucella cross-infection with the vaccine strain S2 based on
molecular comparison of recovered isolates to the vaccine strain. MLVA typing could be an essential assay to
improve brucellosis surveillance and control programs.
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humans, may occur [4]. Brucellosis is prevalent in China,
especially in northern China, where people are economically
dependent on ruminant livestock. B. melitensis has been the
predominant species associated with human outbreaks and
sporadic cases in China; B. abortus and B. suis are also
associated with sporadic epidemics [5]. Based on analysis of

Introduction

Brucellosis, recognized as a zoonotic disease of global
importance, is caused by bacteria of the genus Brucella, which
currently encompasses ten recognized species [1-3]. B.
melitensis predominantly infects sheep and goats, B. abortus

infects cattle, and B. suis infects swine and a range of wild
animals. Cross-infection of other mammalian species, including
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epidemiological data in the 1990s, the incidence of animal
brucellosis is stable and relatively low, whereas the incidence
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of human brucellosis during this time increased. The reason
was probably due to the improved surveillance or public
awareness [5]. Since 2008, 21 sentinel surveillance sites for
animal and human brucellosis were established in 19 provinces
nationwide. During this 5 years period, a number of animal and
human isolates have been collected. To compare the
epidemiological relationships of Brucella isolates recovered
from different sources, a multi-locus variable-number tandem-
repeat analysis (MLVA) assay was used [6]. In China,
brucellosis is an endemic disease where B. melitensis biovars
1 and 3 and B. abortus biovars 1 and 3 are the prevailing
species. B. suis isolates are scarce [5]. MLVA genotyping of
Chinese human B. melitensis isolates and B. suis biovar 3
isolates have been reported previously by our team [7].
However, none of these studies included animal isolates. Thus,
the primary aim of this study was to achieve globally Brucella
isolates baseline genotyping data and assess the diversity
among strains for epidemiological purposes in human and
animal brucellosis in China.

In animals, Brucella vaccination is widely used for the
prevention and control of brucellosis. Unique live, attenuated
Brucella vaccines have been used depending on the preferred
host, such as B. abortus S19 for cattle and B. melitensis Rev. 1
for sheep and goats [8,9]. The two vaccines, when
administered correctly, can protect live-stock from brucellosis
but can still cause abortions when administered at the wrong
time [10-13]. Furthermore, while the vaccines are considered
sufficiently attenuated for animal use, they may still be
pathogenic to humans. There are documented cases showing
the pathogenic nature of strains Rev. 1 and S19 in humans
[14]. Thus, for the effective monitoring of both brucellosis
control programs and human disease it is important to have
reliable tests to differentiate vaccine and field strains. Many
molecular approaches have been developed to detect vaccine
strains [15-18]. The live attenuated strain Brucella suis S2 was
isolated from swine fetus by the China Institute of Veterinary
Drug Control (IVDC) in 1952. It has been passaged in vitro for
more than 100 generations during the last 2 decades, and is
the most widely used animal vaccine against brucellosis in
China. The vaccine is administered through drinking water; a
dose of 10 billion bacterial gives 2-3 years of protection [5]. To
date, no specific molecular markers have yet been identified for
this vaccine strain.

Species identification and subtyping of Brucella isolates are
very important for epidemiologic surveillance and investigation
of outbreaks in brucellosis endemic regions [19,20]. Previous
studies have confirmed that MLVA is a useful tool for
identifying and genotyping Brucella isolates and the resultant
data can be used for epidemiological trace-back investigations
[21-24]. Recently, a MLVA assay was used to assess the
genetic stability of the B. melitensis Rev. 1 vaccine strain [25].
The lack of specific molecular markers has hampered attempts
to distinguish the S2 vaccine strain from field isolates. In this
report, we also present the results of an investigation
employing the Brucella MLVA assay to specifically address the
identification of the S2 vaccine strain in animals in China.
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Results

MLVA 16 typing and clustering of B. melitensis and B.
abortus population

Using the complete MLVA-16 assay including panel 1, 2A
and 2B loci, 82 B. melitensis isolates clustered into 48
genotypes with a genetic similarity coefficient ranging from
58.14 to 100% (Figure 1). Two clearly distinct clusters could be
defined, M1 and M2 at 58.14% similarity. By panel 1, the B.
melitensis population clustered into five MLVA8 genotypes;
three previously described and two novel. Two of the three
known genotypes(genotype 42, 74 isolates and genotype 63, 2
isolates) are part of the ‘East Mediterranean’ group. The third
previously recognized genotype (genotype 47, 2 isolates) is a
member of the ‘Americas’ group. The two novel genotypes had
a panel 1 MLVA profle of 1-5-3-13-2-1-3-2 and
1-4-3-13-2-2-3-2, and have been assigned numbers 114 and
115 in MLVAbank (http:/mlva.u-psud.fr/)... Both represent
single-locus variants (SLV) of MLVA8 genotype 42
(1-5-3-13-2-2-3-2). The most discriminatory panel 2B markers
were bruce04, bruce16 and bruce30, with a diversity index of >
0.7 harboring 6, 9 and 7 alleles respectively. Considering all
three MLVA panels, the number of strains sharing the identical
MLVA16 genotype ranged from two to seven. Outbreak
isolates recovered from Longyou country are marked with an
asterisk (Figure 1). The main characteristics of the 16 loci in
the B. melitensis strains are shown in Table 1.

The 70 B. abortus isolates clustered into 40 different
genotypes with a genetic similarity coefficient ranging from
66.57 to 100% (Figure 2). The isolates were divided into two
clusters, A1 and A2 respectively at 66.57% similarity. The vast
majority (65/70) of cluster A1 isolates belonged to biovar 3
while cluster A2 consisted of all isolates from biovar 1. The
panel 1 marker bruce11 differentiated B. abortus biovar 1 and
biovar 3 isolates (four and three repeats, respectively).
However, only four known panel 1 (MLVA8) genotypes (28, 30,
36 and 37) were detected. The most discriminatory marker was
panel 2B marker bruce09, with a diversity index of >0.8,
consisting of 10 alleles. Three new panel 1 genotypes were
detected. These were recorded as 4-5-3-12-2-2-3-3,
4-5-2-12-2-2-3-1 and 4-5-3-12-2-2-3-2, which are recently
numbered 112, 116 and 117 in MLVAbank. Each genotype was
a SLV to MLVAS8 genotype 36 (4-5-3-12-2-2-3-1). The number
of strains sharing the same MLVA16 genotype ranged from two
to six. Outbreak isolates are marked with an asterisk (Figure 2).
The main characteristics of the 16 loci in the B. abortus strains
are shown in Table 1.

Epidemiological relationship between human and
animal B. melitensis isolates from Longyou, Zhejiang,
2011

Among 15 homogenous clusters, one cluster consisted of six
outbreak related isolates (bru0773-bru0778). The MLVA-16
profile is 1-5-3-13-2-2-3-2-4-20-8-6-4-3-4-4. The genotype was
a DLV to the two Xinjiang isolates bru0764 and bru0765
(1-5-3-13-2-2-3-2-4-20-8-5-4-3-3-4). These isolates were
recovered from Longyou county, Zhejiang province, in 2011. All
of the isolates were collected within one week from late July to
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Genetic similarity scale (%) . . "
2 8 8 8 2 ¢ s .8 & Key Strain No. Panel 1 Biovar Host Region Year

bru0725 JL85-02 1 115 8. melitensis biovar 1 deer Jilin 1985
’_’—: bru0726 NX79-104 2 115 B. melitensis biovar 1 sheep Ningxia 1979
bru0742 NMg8-0907 3 42 8. melitensis biovar 1 sheep Inner Mongolia 1988
L o NM92-0613 4 42 B. melitensis biovar 1 sheep Inner Mongolia 1992
bru0711 NM0G-8 5 63 B. melitensis biovar 3 sheep Inner Mongolia 2006

bru0740 NM96-1004 6 63 8. melitensis biovar 1 sheep Inner Mongolia 1996

bru0713 SHDO1-2 7 114 B. melitensis biovar 3 sheep Shandong 2001

bru0714 SHDO1-3 7 114 B. melitensis biovar 3 sheep Shandong 2001

bru0712 XJ07-2 8 42 B. melitensis biovar 3 sheep Xinjiang 2007

p bru0734 XJ78-037 9 42 B. melitensis biovar 2 sheep Xinjiang 1978
bru0748 NM91-0511 10 42 B. melitensis biovar 1 sheep Inner Mongolia 1991

bru0756 NM92-0617 10 42 8. melitensis biovar 1 sheep Inner Mongolia 1992

bru0706 NM0G-2 " 42 B. melitensis biovar 3 sheep Inner Mongolia 2006

bru0707 NM06-3 1 42 B. melitensis biovar 3 sheep Inner Mongolia 2006

bru0743 NM89-0906 12 42 8. melitensis biovar 1 sheep Inner Mongolia 1989

bru0704 SHANXI79-04 13 42 B. melitensis biovar 3 sheep Shanxi 1979

bru0705 NMOB-1 13 42 B. melitensis biovar 3 sheep Inner Mongolia 2006

bru0715 SHDO1-8 13 42 B. melitensis biovar 3 sheep Shandong 2001

bru0716 SC63-13 13 42 B. melitensis biovar 3 sheep Sichuan 1963

bru0717 NM65-38 13 42 B. melitensis biovar 3 sheep Inner Mongolia 1965

bru0722 SHDO1-1 13 42 B. melitensis biovar 3 sheep Shandong 2001

bru0724 XJ05-29 13 42 B. melitensis biovar 1 sheep Xinjiang 2005

bru0759 XJ130 14 42 B. melitensis biovar 3 sheep Xinjiang 2011

bru0708 NMO6-4 15 42 B. melitensis biovar 3 sheep Inner Mongolia 2006

bru0741 NM96-1005 16 42 B. melitensis biovar 1 sheep Inner Mongolia 1996

bru0719 QHB0-347 17 42 B. melitensis biovar 3 sheep Qinghai 1980

bru0763 XJ153 18 42 8. melitensis biovar 1 sheep Xinjiang 2011

bru0754 NM92-0615 19 42 8. melitensis biovar 1 catlle Inner Mongolia 1992

bru0779 LY007 19 42 B. melitensis biovar 3 human Zhejiang 2011

bru0731 NM66-148 20 42 8. melitensis biovar 2 camel Inner Mongolia 1966

bru0757 NM93-0907 20 42 B. melitensis biovar 1 sheep Inner Mongolia 1993

bru0762 XJ152 21 42 B. melitensis biovar 1 sheep Xinjiang 2011

bru0745 NM91-0508 22 42 8. melitensis biovar 1 catlle Inner Mongolia 1991

bru0749 NM91-0512 22 42 8. melitensis biovar 1 sheep Inner Mongolia 1991

bru0750 NM92-0611 22 42 8. melitensis biovar 1 sheep Inner Mongolia 1992

bru0751 NM92-0612 22 42 8. melitensis biovar 1 sheep Inner Mongolia 1992

bru0744 NM89-0907 23 42 B. melitensis biovar 1 sheep Inner Mongolia 1989

M1 bru0702 QHB7-41 24 42 B. melitensis biovar 3 Psewdois nayaur  Qinghai 1987
bru0720 SHX84-1 25 42 B. melitensis biovar 3 sheep Shanxi 1984

bru0768 XJ159 26 42 B. melitensis biovar 3 sheep Xinjiang 2011

bru0771 XJ162 2 42 B. melitensis biovar 3 catlle Xinjiang 2011

bru0760 XJ150 27 42 B. melitensis biovar 3 sheep Xinjiang 2011

bru0761 XJ151 27 42 B. melitensis biovar 3 goat Xinjiang 2011

bru0769 XJ160 27 42 B. melitensis biovar 3 sheep Xinjiang 2011

L bro7e7 XJ158 28 42 B. melitensis biovar 3 sheep Xinjiang 2011

bru0721 SHD91-1 29 42 B. melitensis biovar 3 sheep Shandong 1991

bru0729 NM63-006 29 42 B. melitensis biovar 2 sheep Inner Mongolia 1963

bru0730 SH4-027 29 42 B. melitensis biovar 2 catlle Shanghai 1964

bru0733 NM73-026 29 42 B. melitensis biovar 2 sheep Inner Mongolia 1973

bru0703 QHB6-39 30 42 B. melitensis biovar 3 Pseudois nayaur  Qinghai 1986

bru0770 XJ161 30 42 B. melitensis biovar 3 sheep Xinjiang 2011

— bru0737 NM95-1232 31 42 B. melitensis biovar 1 sheep Inner Mongolia 1995
L bro1s SHX79-3 32 42 B. melitensis biovar 3 sheep Shanxi 1979
bru0758 XJ113 33 42 B. melitensis biovar 3 sheep Xinjiang 2011

—: bru0766 XJ157 34 42 B. melitensis biovar 1 sheep Xinjiang 2011
bru0773 LY001* 35 42 B. melitensis biovar 3 human Zhejiang 2011

bru0774 LY002" 35 42 B. melitensis biovar 3 human Zhejiang 2011

] bru0775 LY003* 35 42 B. melitensis biovar 3 human Zhejiang 2011
bru0776 LY004* 35 42 B. melitensis biovar 3 human Zhejiang 2011

bru0777 LY005* 35 42 B. melitensis biovar 3 goat Zhejiang 2011

bru0778 LYo06* 35 42 B. melitensis biovar 3 goat Zhejiang 2011

bru0764 XJ155 36 42 B. melitensis biovar 3 sheep Xinjiang 2011

bru0765 XJ156 36 42 B. melitensis biovar 3 sheep Xinjiang 2011

bru0736 NM95-1212 37 42 B. melitensis biovar 1 sheep Inner Mongolia 1995

bru0738 NM95-1250 37 42 B. melitensis biovar 1 sheep Inner Mongolia 1995

bru0739 NMg5-1453 a7 42 B. melitensis biovar 1 sheep Inner Mongolia 1995

bru0700 HBO7-1 38 42 B. melitensis biovar 3 sheep Hebei 2007

o bru0701 HBO7-2 38 42 B. melitensis biovar 3 sheep Hebei 2007
bru0709 NM06-6 38 42 B. melitensis biovar 3 sheep Inner Mongolia 2006

bru0746 NM91-0509 38 42 B. melitensis biovar 1 sheep Inner Mongolia 1991

bru0753 NM92-0614 38 42 B. melitensis biovar 1 sheep Inner Mongolia 1992

bru0755 NM92-0616 38 42 B. melitensis biovar 1 sheep Inner Mongolia 1992

bru0780 LY009 39 42 B. melitensis biovar 3 human Zhejiang 2011

bru0723 HNO3-1 40 42 B. melitensis biovar 3 sheep Henan 2003

bru0504 M5 4 42 B. melitensis biovar 1 sheep Heilongjiang 1962

bru0735 NM93-0907 42 42 B. melitensis biovar 1 sheep Inner Mongolia 1993

bru0747 NM91-0510 43 42 B. melitensis biovar 1 sheep Inner Mongolia 1991

bru0732 HN72-003 44 42 B. melitensis biovar 2 sheep Henan 1972

bru0710 NMO6-7 45 42 B. melitensis biovar 3 sheep Inner Mongolia 2006

— bru0772 XJ164 46 42 B. melitensis biovar 3 catle Xinjiang 2011
M2 ———— buoz27 QHB7-029 47 47 B. melitensis biovar 1 Pseudois nayaur  Qinghai 1986
L bno72s QHB6-030 48 47 B. melitensis biovar 1 Pseudois nayaur  Qinghai 1986

Figure 1. Dendrogram based on the MLVA-16 genotyping assay showing relationships of the 82 B. melitensis strains in
this study. In the columns, the following data for isolates are indicated: Key: serial number for the isolate in the Brucella2012MLVA
database (Key), strain name in the laboratory (strain), genotype numbering (No.), Panel1 genotypes corresponding to each isolate
in the Brucella2012, geographic region (Region), year of isolation(Year). Outbreak isolates recovered from Longyou country are
marked with an asterisk.

doi: 10.1371/journal.pone.0076332.g001
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Table 1. Allelic types and Hunter and Gaston Diversity index (HGDI) of B. melitensis and B. abortus isolates for 16 loci in this
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study.
Locus B. melitensis B. abortus
AT’ TRs® HGDI° cr’ AT’ TRs’ HGDI° c
Panel 1 Bruce 06 2 13 0.048 0.000-0.113 1 4 0 0
Bruce 08 % 45 0.094 0.008-0.180 1 5 0 0
Bruce11 2 2-3 0.048 0.000-0.113 3 2-4 0.185 0.067-0.303
Bruce 12 1 13 0 0 1 12 0 0
Bruce 42 2 2,4 0.048 0.000-0.113 1 2 0 0
Bruce 43 3 1-3 0.014 0.004-0.224 1 2 0 0
Bruce 45 1 3 0 0 1 3 0 0
Bruce 55 % 23 0.048 0.000-0.113 3 13 0.395 0.271-0.519
Panel 2A Bruce 18 2 46 0.007 0.000-0.148 3 6-8 0.136 0.028-0.245
Bruce 19 4 20-23 0.223 0.106-0.348 2 17,21 0.029 0.027-0.084
Bruce 21 1 8 0 0 2 8-9 0.029 0.027-0.084
Panel 2B Bruce 04 6 3-8 0.732 0.690-0.779 3 46 0.528 0.423-0.633
Bruce 07 4 4-8 0.118 0.022-0.215 4 4.7 0.562 0.448-0.676
Bruce 09 6 1,3-4,6-8 0.186 0.007-0.301 10 3-12 0.842 0.809-0.875
Bruce 16 9 2-10 0.826 0.786-0.866 2 3-4 0.183 0.068-0.297
Bruce 30 7 3-8,10 0.749 0.678-0.820 2 35 0.205 0.008-0.323
a. Allelic types

b. The total number of repeat units at each locus was determined by the correlation with the amplicon size according to previously published reports (Materials and Methods)

c. Hunter and Gaston index
d. Precision of the diversity index, expressed as 95% upper and lower boundaries
doi: 10.1371/journal.pone.0076332.t001

early August. Four patients (bru0773-bru0776) had identified
occupational exposure risks history and experienced fever,
debility and joint pains. Two isolates, bru0774 and bru0776,
were obtained from a married couple who had contact with
sheep fetuses and placenta from a farm. Isolates bru0777 and
bru0778 were recovered from goats in the outbreak region. The
six strains from the recent outbreak shared the same
genotypes, clearly showing the epidemiological relation
between isolates from animal and human origin.

Genetic characteristics of B. abortus isolates from
human and animal

The majority of B. abortus isolates were recovered from
cattle from Inner Mongolia, an area in China of known
endemicity. The most often recovered genotype 36 was
distributed in animals and humans. The human analysis was
limited to four isolates. The two Sichuan isolates (bru1310 and
bru1311) were collected from asymptomatic infections in
geographically separate areas and they differed only by the
loss of one repeat unit at locus bruce07. Two additional
isolates were recovered from patients who worked on a
livestock farm that had reported bovine brucellosis. Among 15
homogenous clusters, 6 clusters consisted of epidemiologically
related isolates exclusively from the same province and the
same time, represented an outbreak respectively. Among four
human isolates, two isolates (bru1311 and bru1312) had the
identical MLVA pattern with no apparent epidemiological link.

PLOS ONE | www.plosone.org

Epidemiological trace-back of the vaccine-related B.
suis biovar 1 strains infection in cattle

A genetic passage experiment was performed to assess the
stability of the S2 vaccine strain genetic markers over time. No
changes in the MLVA-16 genotype
(2-3-6-10-4-1-5-2-4-19-9-5-5-8-6-3) were observed in the
vaccine strain S2 even after 40 passages in vitro. MLVA
profiles obtained from 16 B. suis biovar 1 field isolates were
compared using the web-based Brucella2012 MLVA database
(http://mlva.u-psud.fr/). According to the database, a strain
“BCCN87-67a"with an identical MLVA16 genotype has already
been described. Interestingly, this strain is indicated as
originating from China. MLVA-8 and MLVA-11 did not reveal
any diversity (MLVA-8 profile: 2-3-6-10-4-1-5-2; MLVA-11
profile: 4-19-9). However, the most discriminatory VNTR
marker was panel 2B bruce09 with a diversity index of 61.44%
and consisting of five alleles. MLVA-16 analysis separate the
18 B. suis biovar 1 isolates, including seven isolates recovered
from an outbreak at a cattle farm in Inner Mongolia and isolates
from five Chinese Provinces [Shandong (in 1974 and 1975),
Guangdong (1965), Ningxia (1979), Jilin (1985), and Tibet
(1980)], into two clusters at 75% similarity (Figure 3). Cluster |
consisted of four isolates, while cluster Il had 14 isolates that
grouped into 3 unique branches, Groups |, Il, and Ill. The only
difference observed between isolates was at the bruce09
locus. The largest branch was composed of 11 isolates; all had
an indistinguishable MLVA genotype with that of the B. suis
biovar 1 vaccine strain S2 according to the MLVA cluster
analysis.
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Genetic similatiry scale (%)

8 2 © 8 8 8 @ 8 Key Strain No. Panel 1 Biovar Host Region Year
bru1366 NM1210* 1 112 B.abortus biovar 3 cattle Inner Mongolia 1993
bru1367 NM1211* 1 112 B.abortus biovar 3 cattle Inner Mongolia 1993
bru1328 NM1071 2 112 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1347 NM1149 2 112 B.abortus biovar 3 cattle Inner Mongolia 1988

| bru1329 NM1072 3 112 B.abortus biovar 3 cattle Inner Mongolia 1985
| brut33o NM1074 3 112 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1322 NM1061 4 112 B.abortus biovar 3 cattle Inner Mongolia 1984
bru1336 NM1102 5 112 B.abortus biovar 3 cattle Inner Mongolia 1985
4‘ bru1352 NM1161 5 112 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1323 NM1065 6 117 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1345 NM1147 7 117 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1331 NM1075 8 117 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1309 2011163' 9 36 B.abortus biovar 3 cattle Xinjiang 2011
_|: bru1370 NM1219 10 36 B.abortus biovar 3 cattle Inner Mongolia 1995
bru1354 NM1170* 11 36 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1355 NM1171* 11 36 B.abortus biovar 3 cattle Inner Mongolia 1989
— | bru1356 NM1172* 1 36 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1357 NM1173* 1 36 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1343 NM1140 12 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1344 NM1146 12 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1346 NM1148 12 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1359 NM1176 12 36 B.abortus biovar 3 cattle Inner Mongolia 1990

d 1 bru1368 NM1215 12 36 B.abortus biovar 3 cattle Inner Mongolia 1994
bru1369 NM1218 12 36 B.abortus biovar 3 cattle Inner Mongolia 1995
bru1339 NM1134* 13 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1340 NM1135* 13 36 B.abortus biovar 3 cattle Inner Mongolia 1988
| bru1341 NM1136* 13 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1342 NM1137* 13 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1325 NM1067 14 36 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1338 NM1133 14 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1360 NM1177 14 36 B.abortus biovar 3 cattle Inner Mongolia 1990
bru1324 NM1066 15 36 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1363 NM1181 16 36 B.abortus biovar 3 cattle Inner Mongolia 1990
bru1365 NM1200 17 36 B.abortus biovar 3 cattle Inner Mongolia 1992
bru1353 NM1169 18 36 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1349 NM1158 19 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1358 NM1175 19 36 B.abortus biovar 3 cattle Inner Mongolia 1990
bru1364 NM1185 20 36 B.abortus biovar 3 cattle Inner Mongolia 1990
bru1318 NM1051 21 36 B.abortus biovar 3 cattle Inner Mongolia 1984
bru1348 NM1156 22 36 B.abortus biovar 3 sheep Inner Mongolia 1988
bru1326 NM1068 23 36 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1337 NM1132 24 36 B.abortus biovar 3 cattle Inner Mongolia 1988
bru1314 2010083 25 36 B.abortus biovar 3 cattle Helongjiang 2010
bru1315 2010084* 25 36 B.abortus biovar 3 cattle Helongjiang 2010
bru1316 2010085* 25 36 B.abortus biovar 3 cattle Helongjiang 2010
bru1317 2010086 25 36 B.abortus biovar 3 cattle Helongjiang 2010
bru1310 2011165' 26 36 B.abortus biovar 3 human Chongging 2011
bru1350 NM1020 27 36 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1351 NM1159 27 36 B.abortus biovar 3 cattle Inner Mongolia 1989
bru1361 NM1178 27 36 B.abortus biovar 3 cattle Inner Mongolia 1990
bru1362 NM1179 27 36 B.abortus biovar 3 cattle Inner Mongolia 1990
bru1335 NM1091 28 36 B.abortus biovar 3 cattle Inner Mongolia 1985
bru1327 NM1070 29 36 B.abortus biovar 3 sheep Inner Mongolia 1985
bru1305 2011053* 30 36 B.abortus biovar 3 cattle Hebei 2011
bru1306 2011054* 30 36 B.abortus biovar 3 cattle Hebei 2011
bru1302 2011048 31 36 B.abortus biovar 3 cattle Xinjiang 2011
bru1304 2011052 32 36 B.abortus biovar 3 cattle Hebei 2011
bru1311 2011166' 33 36 B.abortus biovar 3 human Chongging 2011
bru1312 yLQ 33 36 B.abortus biovar 3 human Zhejiang 2006
bru1307 2011055* 34 36 B.abortus biovar 3 cattle Hebei 2011
bru1308 2011056* 34 36 B.abortus biovar 3 cattle Hebei 2011
bru1301 2011047 35 36 B.abortus biovar 3 cattle Xinjiang 2011
bru1303 2011051 36 36 B.abortus biovar 3 cattle Hebei 2011
bru1319 NM1055 37 116 B.abortus biovar 3 cattle Inner Mongolia 1984
bru1313 8416 38 30 B.abortus biovar 3 human Inner Mongolia 2012
bru1321 NM1058 39 28 B.abortus biovar 1 cattle Inner Mongolia 1984
bru1332 NM1076 39 28 B.abortus biovar 1 sheep Inner Mongolia 1985
bru1333 NM1078 39 28 B.abortus biovar 1 sheep Inner Mongolia 1985
A2 bru1334 NM1079 39 28 B.abortus biovar 1 sheep Inner Mongolia 1985
bru1320 NM1057 40 37 B.abortus biovar 1 cattle Inner Mongolia 1984

Figure 2. Dendrogram based on the MLVA-16 genotyping assay showing relationships of the 70 B. abortus strains in this
study. In the columns, the following data for isolates are indicated: Key: serial number for the isolate in the Brucella2012MLVA
database (Key), strain name in the laboratory (strain), genotype numbering (No.), Panel1 genotypes corresponding to each isolate
in the Brucella2012, geographic region (Region), year of isolation (Year). Clusters of outbreak isolates are marked with an asterisk.
doi: 10.1371/journal.pone.0076332.g002
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© 8 0 3 8 § Key Strain  No. Panel 1 Host Region Year Comments
goqu |, bru009 33 1 15 human Guangdong 1965 field strain
—{ bru010 34 1 15 swine Guangdong 1965 field strain
bru001 N2 2 15 cattle Inner Mongolia 2009 field strain
bru002 N6 2 15 cattle Inner Mongolia 2009 field strain
bru003 N7 2 15 cattle Inner Mongolia 2009 field strain
bru004 N8 2 15 cattle Inner Mongolia 2009 field strain
proup | bru005 N9 2 15 cattle Inner Mongolia 2009 field strain
bru006 N11 2 15 cattle Inner Mongolia 2009 field strain
bru007 S2 2 15 cattle Inner Mongolia 2009 commercial vaccine strain
Cluster Il bru008 9 2 15 sheep Inner Mongolia 2006 field strain
bru014 215 2 15 human Inner Mongolia 1978 field strain
bru015 210 2 15 spotted deer  JiLin 1985 field strain
bru017 218 2 15 sheep Tibet 1980 field strain
growp M prio16 217 3 15 human NingXia 1979 field strain
bru011 71 4 15 sheep Shandong 1974 field strain
bru012 72 4 15 sheep Shandong 1975 field strain
Sl bru018 1330 4 15 swine United States Reference strain
L—— bru013 208 5 15 human Inner Mongolia 1957 field strain

Figure 3. Dendrogram based on the MLVA-16 genotyping assay showing relationships of the 18 B. suis biovar 1 strains in
this study. In the columns, the following data for isolates are indicated: Key: serial number for the isolate in the Brucella2012MLVA
database (Key), strain name in the laboratory (strain), genotype numbering (No.), Panel1 genotypes corresponding to each isolate
in the Brucella2012, geographic region (Region), year of isolation (Year).

doi: 10.1371/journal.pone.0076332.g003

Discussion

Since the establishment of sentinel surveillance points, a
collection of animal and human isolates have been collected
and analyzed. Analysis of the molecular characteristics of
isolates recovered from the nationwide surveillance can reflect
the epidemic features of brucellosis. B. melitensis has been
shown to be the leading cause of brucellosis in the different
epidemic regions of China [5,7]. The Inner Mongolia
Autonomous Region is the most severely affected province in
China, suffering from B. melitensis as the dominant species, as
well as B. abortus and B. suis as the next most prevalent
species [26].

The B. melitensis isolates displayed a greater diversity than
B. abortus when the MLVA11 markers are considered. It is
likely that the diversity of B. melitensis isolates in China is
related with the high frequency of infected sheep and their
subsequent movement throughout China. MLVA8 genotypes
42, 43, 58 and 63 were detected in humans, MLVAS8 genotypes
42 and 63 were detected in domestic animals. The two B.
melitensis MLVA8 genotype 47 isolates recovered from
Pseudois nayaur (a wild animal) in Qinghai, were exceptions to
this finding. However, this is the first report of the ‘Americas’
group in China. Whole genome sequencing of isolates from this
lineage might provide information about host adaptation and
microevolution. MLVA8 genotype 42, ‘East Mediterranean’
group (humans and animals isolates), as we have shown, is
widely distributed throughout China, and has previously been
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reported to be predominant in Turkey, Portugal and Spain
[19,24,27,28]. In Zhejiang province, an area with low
prevalence of brucellosis, applying MLVA added valuable
information to the epidemiological investigation and could be
used as a tool to follow the spread and control of the disease.
Additionally, the cluster analysis of B. melitensis forms a
heterogeneous group including all three biovars (biovars 1, 2
and 3). Neither MLVA nor multilocus sequence typing
distinguished the B. melitensis biovars [19,29,30]. This
indicates that variable number tandem-repeat loci and the
single-nucleotide polymorphisms which provide congruent data
evolve independently of the putative genetic determinants for
these biovars [21].

Based upon the year of B. abortus isolation, it is evident that
isolates designated as genotype 36 (by MLVA panel 1) appear
to have persisted in China since the 1980s and maybe
associated with spread of isolates from northern to southern
China; more genotyping data will need to be collected to re-
enforce these observations. Although the number of human B.
abortus isolates included in the study were modest,
comparison of the genotypes of humans and animal isolates
are very important to prevent the expansion and achieve the
eradication of the disease particularly in areas with low
prevalence of brucellosis.

In this study, the phenomenon of host shift is uncommon
between B. suis (swine) and the accessory hosts (eg, sheep,
cattle, and spotted deer). Considering MLVA results on S2
strain, we conclude that S2 is genetically very stable when the
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strain was passaged 40 times in vitro. We therefore believe
that MLVA typing could be an essential assay to guarantee the
quality and stability of the live attenuated vaccine. Detection of
field isolates with the same MLVA pattern as the B. suis
vaccine strain S2 raises the concern of the origin of the field
isolates. The fact that strains 9, 210 and 218 were grouped
together strongly suggests that the B. suis vaccine strain S2
has resulted in cross infection between these three animal
species. This is not unexpected since the vaccine strain S2
was widely used in China. Results obtained by Garcia-Yoldi et
al. also support that the B. melitensis vaccine strain Rev. 1
group as assayed by MLVA is genetically very homogeneous
[25]. These findings suggest that the MLVA assay is useful for
trace-back investigations during an  epidemiological
investigation.

The results presented in this study have highlighted some of
the potential hazards associated with using the S2 vaccine in
national control programs. Implementation of whole-flock
vaccination procedures, including vaccination of pregnant
animals, has led to outbreaks of abortions in several intensively
managed flocks and isolation of the strain from the milk of the
aborting animals [31]. Detailed analysis of relevant data must
be reviewed by policy makers in order to revise current national
vaccine standard guidelines/regulations. To date, human
infection with the vaccine strain S2 in China has not been
reported. However, in previous reports, isolates were only
biotyped using conventional methods and no direct molecular
linkage was shown between isolates and the commercially
used S2 vaccine strain.

Over the last 20 years, the geographic distribution of
brucellosis in China has been

changing from pastoral areas to periurban and urban areas,
according to information extracted from the Chinese National
Notifiable Disease Surveillance System. It is worth noting that
brucellosis has become endemic in southern provinces in
China; these provinces tend to have higher gross domestic
revenue and are more developed than other areas in China.
On the other hand, alterations in socioeconomic and political
systems, increasing animal trade and a decreasing awareness
by practitioners and public health authorities led to the re-
emergence of new endemic foci. Our results indicate that
MLVA typing could be an essential assay to determine strain
relatedness and trace-back investigation in endemic or non-
endemic regions of brucellosis.

Conclusions

From the collection of isolates analyzed in this study we
conclude that MLVA confirmed the epidemiological linkage in
outbreak and trace-back investigations. MLVA appears to be
an important molecular genotyping tool that will enable
improved surveillance for brucellosis and assist investigators in
assessing what approaches will inhibit or reduce transmission
of the diseases among animals as well as humans [32,33].
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Material and Methods

Ethics Statement

This study is a retrospective investigation of our institute
strain collection with modern typing methods. The study does
not involve the collection or reporting of patient data, and no
patient intervention occurred with the obtained results.

Bacterial isolates and DNA preparation

82 B. melitensis isolates from 1960s to 2010s (78 recovered
from animals, 4 isolated from an outbreak in humans), 70 B.
abortus isolates from 1980s to 2010s (66 recovered from
animals and 4 isolated humans) and 16 B. suis biovar 1
isolates from 1960s to 2010s (12 recovered from animals and 4
from humans) were examined. The B. suis biovar 1 vaccine
strain S2 and the reference strain 1330 (ATCC 23444) were
included. All field isolates were stored in department of
brucellosis, China CDC. Bacterial isolates were cultured on
trypticase soy agar containing 5% sheep’s blood (BD
Diagnostic Systems, China Ltd., Beijing, China) at 37°C for 48
h. All isolates were identified as Brucella species on the basis
of classical identification procedures: CO, requirement, H,S
production, inhibition of growth by basic fuchsin and thionin,
agglutination with monospecific antisera, and phage typing
[34]. Total genomic DNA was extracted using the DNeasy
Blood & Tissue Kit (Qiagen China Ltd., Beijing, China) following
the manufacturer’s protocol for extraction of genomic DNA from
Gram-negative bacteria. Species-level identification was
undertaken by the AMOS-PCR assay [35].

MLVA-16 genotyping scheme

MLVA was performed as described previously with the
following modifications [6]. The 16 primer pairs were divided
into three groups: panel 1 (8 loci including bruce06, bruce08,
bruce11, bruce12, bruce42, bruce43, bruce45, and bruceb5),
panel 2A (3 loci including bruce18, bruce19, bruce21), and
panel 2B (5 loci including bruce04, bruce07, bruce09, bruce16,
and bruce30). Forward primers of panel 2 loci were labeled
with one of four 5'-fluorescent labels (6-FAM, ROX, HEX, or
TAMRA). These primers were obtained from Shenggong
Biosciences, Inc., (Shanghai, China). PCR conditions were as
follows: initial denaturation at 94°C for 3 min followed by 30
cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 50 s. The
panel 1 loci amplicons were analyzed by gel electrophoresis as
described previously [6,19]. Agarose gels were then
normalized and band sizes were estimated using BioNumerics
version 5.1 software (Applied Maths, Belgium). PCR products
of panel 2 loci were denatured and resolved by capillary
electrophoresis on an ABI Prism 3130 automated fluorescent
capillary DNA sequencer (Applied Biosystems). Fragments
were sized by comparison to a ROX (carboxy-X-rhodamine)-
labeled molecular ladder (MapMaker 1000; BioVentures Inc.,
Murfreesboro, TN, USA) with GeneMapper, version 4.0
software (Applied Biosystems). Both the band size estimates
and the fragments size were then converted to repeat units by
following the published allele numbering system (Le Fléche et
al. 2006 version 3.3: http://mlva.u-psud.fr Brucella support web
site for MLVA typing).
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Stability of the MLVA loci

MLVA loci stability was investigated after in vitro passage
experiments. The Brucella vaccine strain S2 was inoculated on
trypticase soy agar containing 5% sheep’s blood (BD
Diagnostic Systems) at 37°C for 48 h. A single bacterial colony
was plated to fresh medium 40 times at approximately 2-days
intervals and subjected to MLVA genotyping at each interval.
Isolate MLVA profiles were compared with that obtained from
the original seed stock to determine the stability of tandem
repeat patterns at each of the 16 loci.

Analysis of MLVA data

All data were analyzed using BioNumerics version 5.1
software (Applied Maths, Belgium). Cluster analysis was based
on the categorical coefficient and unweighted pair group
method using arithmetic averages (UPGMA) method.
Polymorphisms at each loci were quantified using the Hunter &
Gaston diversity index (HGDI) [36] via the online tool V-DICE
available at  the HPA  website (http://lwww.hpa-
bioinformatics.org.uk/cgi-bin/DICI/DICI.pl).

Resultant genotypes were compared using the web-based
Brucella2012 MLVA database (http://mlva.u-psud.fr/). The
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