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Abstract Brucellosis is a worldwide zoonosis. Vaccina-
tion is the most efficient means to prevent and control
brucellosis. The current licensed attenuated vaccines for
animal use were developed by sequential passage in non-
natural hosts that decreased virulence in its original hosts.
The attenuation mechanism of these strains remains largely
unknown. In the present study, we sequenced the genome
of Brucella melitensis vaccine strain M5-10. Sequence
analysis showed that a large number of genetic changes
occurred in the vaccine strains. A total of 2854 genetic
polymorphic sites, including 2548 SNP, 241 INDEL and
65 MNV were identified. Of the 2074 SNPs in coding
regions, 1310 (63.2%) were non-synonymous SNPs. Gene
number, percent and N/S ratios were disproportionally
distributed among the cog categories. Genetic polymorphic
sites were identified in genes of the virB operon, flagella
synthesis, and virulence regulating systems. These data
indicate that changes in some cog categories and virulence
genes might result in the attenuation. These attenuation
mechanisms also have implications for screening and
development of new vaccine strains. The genetic changes
in the genome represent candidate sites for differential
diagnosis between these vaccine strains and other
virulence ones. Transcription analysis of virulence genes
showed that expression of dnaK, vibR were reduced in M5-
10 strain when compared with that in 16M. A duplex PCR
targeting virB6 and dnaK was successfully used to
differentiate between M5-10 and the virulent 16M strain.
The genome re-sequencing technique represents a strong
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strategy not only for evaluation of vaccines, but also for
development of new vaccines.

Keywords Brucella, live attenuated vaccine, attenuation,
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1 Introduction

Brucellosis is one of the most common zoonoses world-
wide. About half a million new cases of human brucellosis
are reported each year. This remains only part of the total
cases, because human brucellosis is highly under-diag-
nosed or under-reported [1]. As a zoonosis, brucellosis is
an important cause of veterinary morbidity and mortality
that cause great economic losses. Human brucellosis is
mainly derived from animal brucellosis, and human-to-
human transmission of brucellosis is rarely reported [2].
Therefore, control of brucellosis is considered to be
dependent on control and eradication of animal brucellosis.

Brucellosis is preventable by vaccination. Vaccination
with live attenuated vaccine has proven to be the most
efficient means for prevention and control of animal
brucellosis and has significantly decreased the incidence
rate of animal brucellosis in many countries. With the
employment of eradication programs for tens of years,
incidence rates were reduced to such a very low level that
some countries declared eradication of brucellosis. For
these countries, human brucellosis cases are mainly
imported from other countries through international travel
or animal transactions [3]. As a consequence of brucellosis
occurring in wildlife and being transferred from wildlife to
economic animals, a surveillance, inspection and slaughter
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program is important for keeping the Brucella-free status
[4]. Actually, the complete elimination of animal Brucel-
losis is nearly impossible.

Although live attenuated vaccine is essential in
decreasing incidence and eradication programs, the
characteristics of the vaccine strains have restricted their
extensive application [5]. There are several limitations for
the present live attenuated vaccine. Vaccine strains still
have some virulence that might cause disease after
immunization. Another limitation is that the immune
response induced by the vaccine strains is difficult to
differentiate from that of natural infection, which makes it
nearly impossible to differentiate immunization and
infection through standard serological methods. Over-
coming these limitations will improve and extend the
applications of these vaccine strains.

Several vaccine strains have been licensed worldwide
for prevention and control of animal brucellosis. The
licensed vaccine strains include Rev. 1, RB51 and S19
have been applied in many countries [6]. In addition to
these strains, some other vaccine strains, including
Brucella melitensis M5 and B. suis S2, were licensed and
used for prevention of animal brucellosis in China [7].
Vaccine strain B. melitensis M5 was derived a virulent
strain M28 isolated in China. These vaccine strains were
screened through sequential passage in non-natural hosts.
Passage in non-natural hosts usually results in attenuation
of the strain in its original hosts. Attenuation raises two
problems. On the one hand, the virulence is reduced, but
the attenuation mechanism remains unclear. On the other
hand, these strains have similar antigenicity to their parent
virulent strains, and it is difficult to develop a serological
method to differentiate immunization and infection.

Live attenuated vaccine strain M5 has been extensively
applied in China. Analysis of the attenuation mechanism
will contribute to further evaluation, but also development
of new vaccine. In the present study, we sequenced the
genome of M5-10, a derivative strain of M5 stored under
laboratory condition. Genome characteristics and genetic
changes were analyzed to uncover the attenuation
mechanism. This will provide information about Brucella
attenuation, and for future development of live attenuated
vaccines. Based on the genetic differences, expression of
virulence genes and differential diagnosis methods were
analyzed.

2 Materials and methods
2.1 Bacterial culture and genomic DNA isolation

B. melitensis M5-10 was obtained from China Institute of
Veterinary Drug Control and stored in our laboratory. The
strain was cultured in tryptic soy broth (TSB) at 37°C.
Genomic DNA was extracted using genomic DNA
isolation kit (Promega).

2.2 Genome sequencing and contig assembly

Extracted DNA was subjected to genome sequencing by
High-Seq 2000 at Shanghai Genomics Center (Shanghai).
The generated raw sequences were trimmed by removing
reads with low quality and then the clear data were used for
assembly and polymorphism analysis. Contigs were
assembled from the clear data with de novo assembly
module CLCbio of Genomics Workbench (version 5.5).
Open reading frames in contigs were predicted and
annotated by using online RAST (http://rast.nmpdr.org).

2.3 Sequence polymorphism analysis

The clear reads data were mapped to genome sequences of
B. melitensis 16M. Polymorphism sites, including SNP
(single nucleotide polymorphism), INDEL (insertion and
deletion), and MNV (multiple nucleotide variation), were
identified based on the mapping results. The polymorph-
ism data were further filtered to remove sites with low
quality. Synonymous and non-synonymous SNPs were
analyzed for each of the SNPs located in coding regions.

2.4 Genetic changes among cog categories

Distribution of genetic polymorphism sites in different cog
categories were analyzed as follows. SNPs (both synon-
ymous and non-synonymous) were calculated for each
gene. All the genes were grouped according to their cog
annotation. For each of the cog categories, the total number
of SNP sites and genes, and SNP sites per gene were
calculated. N/S ratio was calculated for each of the COG
categories.

2.5 Genetic changes in virulence genes

Genes with genetic changes were investigated to evaluate
their roles in Brucella virulence. Virulence genes are those
directly involved in Brucella virulence. Virulence related
genes are those regulating Brucella adaptation to environ-
ments.

2.6 Expression analysis of virulence genes

Total RNA was extracted from liquid cultures of B.
melitensis using Trizol reagent (Invitrogen) as recom-
mended by the manufacturer. RNA samples were then
treated with DNAse I (Promega) to remove any contam-
inating genomic DNA. RNA quantity and quality were
assessed using ND-1000 Spectrophotometer Nanodrop
(Technologies) and agarose gel electrophoresis. Samples
were run in triplicate and amplified in a 25 pL. volume
containing 12.5uL of 2 x SYBR Green I Master Mix
(Takara Biochemicals), 100 nmol-L™" each primer, and
1 pL of cDNA sample. Thermocycling conditions were as
follows: 10 min at 95°C for pre-incubation, and then 45
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cycles of amplification (95°C for 30 s, 60°C for 30 s, and
72°C for 30 s). The primers used for qRT-PCR are listed in
Appendix A (Table S1). All primer sets showed standard
curves with R* > 0.98, 90% to 110% reaction efficiencies,
and only one peak in dissociation curves. Relative
transcriptional level was determined by the methods of
2744CT a5 described previously. The level of 16S rRNA was
used as a reference gene to normalize the expression data
for target genes. The average expression levels and
standard deviations were calculated using data from three
technical replicates of three independent experiments.

Different cDNA samples were amplified with primers
for 16S rRNA, and the cDNA samples were normalized by
differential dilutions according to the quantity of 16S
rRNA products. Then, selected genes were amplified from
normalized cDNA samples with specific primers (Appen-
dix A , Table S1). The PCR products were analyzed on
1.2% agarose gels and visualized by ethidium bromide
staining.

2.7 Multiplex PCR for differential detection of M5-10

A pair of primers targeting the genetic changes of virB6
were designed and synthesized: forward primer VirB6-dif-
F (5-GCATGAATGCCAGACCGTCA-3") and reverse
primer VirB6-dif-R (5'-TTGATGACGCGCTTGACGCG-
3"), which generates a 360 bp product. The base at the 3’
end of the primer is located at the genetic polymorphism
sites. Other pairs of primers, DnaK-dif-F (5'-CAT-
GATCCTTCAGAAGATG-3") and DnaK-dif-R (5'-
CAGGCTTTCAAACTTGG-3"), were synthesized that

generate a 550bp product. A duplex PCR assay was
developed by using the two pairs of primers. When the
template is M5-10, only a 550 bp product will be generated
while other virulent strain will generate both the 550 and
360 bp products.

3 Results
3.1 Genome sequencing of B. melitensis M5-10

DNA samples were prepared from M5-10 and subjected to
sequencing with HiSeq 2000. A total of 1.5 Gb raw data
were generated, consisting of 15.6 Mb reads, of which
99.5% were successfully mapped to the B. melitensis 16M
genome. The average length of the reads was 64.8
(Appendix A, Table S1). The reads were assembled into
contigs with de novo assembly method and a total of 47
contigs were generated, ranging in length from 0.282 to
296 kb. Average coverage for these contigs ranged from
261 to 3058 (Fig. 1). A total of 3214 ORFs were predicted
from the contigs.

3.2 Identification of polymorphism sites

Trimmed sequence reads were mapped to the genome
sequence of B. melitensis 16M, and polymorphism sites
were then identified by the probability method in CLCbio
Genomic Workbench software. After removal of low
quality mappings, SNP, INDEL and MNV, were defined. A
total of 2854 polymorphism sites, including 2548 SNPs

Contig length distribution

—
&

350
300
250
200
150
100

50

0
NN ESNTE N
ARSI IS S S M 2
FFET T EE S

Length/kb

& &S

O P

P0G [T (R N PR P | [y (oo O NI Dy [y S Y PO P D

A A S I AR BN RN

FFFFEFESE S FTE S S

FFEF TR

Average coverage of contigs

~
=5
=

3500
3000
2500
2000
1500
1000
500
0

Coverage

S P I

SR TN
NTONTNTN

N AR ARSI SIS ARSI S IS I N S S S S S S S NS R Z NS Z S TS )
QQC& C,°Q\\ Cf’é0 (P&\ 000\\ & > Cf’{& QQ&N 00&\ CPI\.\OCF’Q’0 QQ&\ C,°Q\\ (P&\ 60&\60 4 C,°<\0 Q&& C/°§ Q°°\\C,°&\ CP&\ QQ&N C,°°\\

Fig. 1
coverage of the contigs.

O P H A

DU I I AR BN I\ T

Length and coverage distribution of the assembled contigs. (a) Length distribution of the assembled contigs; (b) average reads



334

sites, 241 INDELs and 65 MNYV, were identified. 2074 of
the SNPs were located in CDS and 474 located in
intergenic regions. SNP frequency intensity per gene was
calculated as SNP number per kilobase. SNP intensity
varied from 0.02 to 14 per kilobase in length, representing
a variation of 200 fold. Of the MNVs, 50 were located in
the coding regions, and 15 in the intergenic regions. For the
INDELSs, 151 were located in the coding regions, and 90 in
the intergenic regions (Table 1). For all the variant types,
the site numbers in the coding regions were higher than
those in the intergenic regions (Table 1).

Insertion and deletion analysis identified 241 INDEL
sites, of which 145 were small deletions, and 96 were
insertions. For the small deletions, 126 were 1 bp deletion,
12 were 2 bp deletion. The 3 bp deletion occurred in 5
sites, and 4 bp deletion in only 2 sites. Base insertions
ranged from 1 to 3 bp, with 91, 4 and 1 sites for 1, 2 and 3
bp deletion, respectively (Table 2). Both deletion and
insertions occurred at higher frequency in chromosome 11
than in chromosome I. These small insertions and deletions
were mainly located in coding regions. Multi nucleic acid
variants (MNV) are sites where sequential bases are
mutated. A total of 65 MNYV sites were identified, 50 of
them were located in coding regions. Two sites were
changed from 1 base to 2 bases. MNV of 2 bases occurred
in 55 sites, and 3 bases occurred in 8 sites (data not shown).

3.3 Nucleic acid replacement frequency of SNPs

The single nucleotide polymorphism (SNP) is one of the
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commonest and most important polymorphism types in
bacterial genomes. We analyzed the base replacement
frequency among the SNPs. As shown in Table 2, of the
2074 SNPs, the original A (513, 24.73%), T (497,
23.96%), G (506, 24.39%) and C (558, 26.90%) were
similarly distributed (P > 0.05). The base changes were
divided into transition (A < G or C < T change) and
transversion (A, G <> C, T). The base A was changed to T,
C and G with frequency of 7.80%, 17.9% and 74.3% and
base C was changed to G, A and T with frequency of
17.7%, 17.7% and 64.5%, respectively (Table 3). These
results showed that transition occurred at a significantly
higher frequency than transversion.

3.4 Differential distribution of the SNPs among COG
categories

To analyze further whether the genetic changes caused
functionally significant alterations, functional categories of
the genes with polymorphism sites were defined and we
analyzed the distribution of CDS with SNPs to attempt to
identify any functional effects of the mutations. A total of
2074 SNPs were located in CDS, 1310 (63.2%) were non-
synonymous, and 764 (36.8%) were synonymous. These
SNPs were distributed in 1480 genes, and each of the genes
had 1.40 SNP sites, on average. Then, each of the CDS was
categorized according to their cog division. As shown in
Fig. 2, SNPs occurred in genes of all the 21 functional
categories, but genes with mutation were distributed
differentially among these categories. The most repre-

Table 1 SNP, MNV and INDEL sites identified in the genome sequence
Variant type Number Coding region Non-coding region Non-synonymous Synonymous
SNP 2548 2074 474 1310 764
MNV 65 50 15 - -
INDEL 241 151 90 - -
Table 2 Base change frequency of SNPs
Reference Base no. VariantBase Variant no. Syn no. Non-syn no. Frequency/% Transition/% Transversion/%
C 92 24 68 17.9 - 17.9
A 513 G 381 152 229 74.3 — 74.3
T 40 10 30 7.80 7.80 -
A 99 28 71 17.7 17.7
C 558 G 99 20 79 17.7 17.7 -
T 360 153 207 64.5 - 64.5
A 341 141 200 67.4 - 67.4
G 506 C 81 26 55 16.0 16.0 -
T 84 18 66 16.6 - 16.6
A 36 7 29 7.24 7.24 -
T 497 C 373 161 212 75.1 - 75.1
G 88 24 64 17.7 - 17.7

Note: no., number; Syn, synonymous; Non-syn, non-synonymous.
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Table 3 Distribution of small deletions and insertions

Indel type Number CDS Intergenic
Deletion 1 126 79 47
Deletion 2 12 4 8
Deletion 3 5 1 4
Deletion 4 2 1 1
Insertion 1 91 3 88
Insertion 2 4 2 2
Insertion 3 1 0 1

sented categories were no cluster of homologous groups
(with unknown function), followed by that of predicted
function. The percent of changed genes in each of the COG
divisions was calculated. Change was highest for the
functional category of secondary metabolite biosynthesis,
followed by cell envelope biogenesis and amino acid
transport and metabolism. In contrast, change was low in
categories of transcription, cell motility and secretion,
signal transduction mechanism, and unknown function.

We then asked whether these changes resulted in
functional alterations. Synonymous and non-synonymous
SNPs were analyzed and compared between different
functional groups. SNP numbers were divided by gene
number for each group to calculate SNP site per gene. The
SNPs per gene ranged from 2.17 (function unknown) to
3.46 (secondary metabolite biosynthesis) for different
COGs. The ratio of non-synonymous to synonymous
SNPs (N/S) was also calculated for each category. N/S
ratio for cell motility and secretion categories was 5.00,
being the highest. The ratios for intracellular traffic,
inorganic ion transport and metabolism, secondary meta-
bolite biosynthesis, lipid metabolism and transcription
were more than 2-fold. Only the ratio for the signal
transduction mechanism category was lower than 1 (0.81).
That is, signal transduction mechanism showed more
synonymous mutation than non-synonymous ones. The
N/S ratio was also calculated for each of the genes. Genes
related to defense, metabolism and energy productions
showed higher N/S ratio changes.

3.5 Genetic changes in virulence related genes

Previously, a number of genes involved in virulence of
Brucella had been identified and confirmed experimen-
tally. We analyzed the distribution of SNPs among these
virulence or virulence-related genes and identified SNPs in
known virulence and virulence-related genes. The virB
operon encodes the type IV secretion system that plays an
essential role in Brucella intracellular survival. Several
virB genes, including virB2, virB4, virB6 and virB9, had
SNPs. The effecter protein, VceC also had 2 non-
synonymous SNPs. SNPs were identified in 13 flagella-

related genes. Ten of these genes had non-synonymous
SNPs. Outer membrane protein Omp25 is involved in
Brucella virulence. A total of 4 omp25 genes exists in the
Brucella genome, 2 of them, BMEI1830 and BMEI1249,
had SNPs. Some virulence regulating genes, such as gntR
and lysR, had SNP sites. The SNP intensity for the
virulence genes ranged from 0.01 to 6.00 per kilobase with
virB6 and virB9 having 1.92 and 2.69 non-synonymous
SNP per kilobase, respectively.

3.6 Reduced expression of virulence genes in M5-10

The genetic changes and reduced virulence of M5-10
implied that expression of virulence genes might be
reduced. To test this, M5-10 and virulent strain 16M
were culture in TSB and then RNA was isolated and
transcription of several important virulence genes was
analyzed by real time-PCR. As shown in Fig. 3, compared
with that in 16M, expression of dnakK, vibR and omp25 was
greatly reduced in M5-10. The reduction in expression of
these virulence genes indicated that this might be the
reason for the reduced virulence of M5-10.

3.7 Signature sequences for M5-10

Genetic changes occur at random, and the reversion of a
mutation is very rare. It is possible that the genetic
changes, including SNP, INDEL and MNYV, might be
specific for M5-10, and if so, could be candidate signature
sequences for the changes in this strain. To test whether a
sequence could be used as signature sequence, the
candidate sequences could be compared with sequences
from other strains. Any unique distribution of the genetic
changes found could be used as a signature for the
identification of a strain. Small deletions and insertions of
M5-10 are good candidates for differentiating this vaccine
strain from other Brucella strains. To develop a differential
diagnosis method for M5-10, a duplex PCR, which
targeted the virB6 and dnakK, was developed. The 3" end
of the primers for virB6 was located at the SNP, and only
wild type sequences will generate product. At the same
time, another conserved gene, dnakK, was used to identify
Brucella. As shown in Fig. 3, the product of virB6 could be
amplified from 16M but not from M5-10. DnaK could be
amplified from each of the strains. Therefore, duplex PCR
could be used to differentiate M5-10 from other virulent
strains.

4 Discussion

Brucellosis is a common zoonosis that is difficult to
diagnose and treat. Human brucellosis is derived from
animal brucellosis. Therefore, control and/or eradication is
dependent on control of animal brucellosis. The use of live
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Fig. 2 Distribution of SNPs in genes of different functional categories. (a) Gene number of different COG categories; (b) percent of
genes with genetic changes in each of the cog categories; (c) N/S ratio for each of the cog categories. N/S: the ratio of non-synonymous to
synonymous SNPs; Syn: synonymous; Non-syn: non-synonymous.

attenuated vaccine is one of the most important strategies  and license of the first vaccine, vaccination has been
for prevention of animal brucellosis. Since development applied in many countries for decades and great successes
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Fig. 3 Reduced expressions of virulence genes and differential diagnosis by PCR. (a) Relative expression of selected virulence genes in
M5-10 compared with 16M; (b) duplex amplification of M5-10 and 16M. Lane 1, 3: amplification of virB6; lanes 2, 4: amplification of
dnaK; lanes 5, 6: duplex amplification of virB6 and dnaK. Lanes 1, 2 and 5: M5-10; lane 3,4 and 6: 16M.

have been achieved in these programs. For the present, all
the licensed vaccines are made with live attenuated strains,
which have been developed by conventional strategies of
sequential passages in non-natural hosts. Genome
sequences and their genetic characteristics will provide
information about their attenuation mechanism(s), which
will also contribute to understanding the virulence
mechanism of Brucella. Till now, genome sequences for
some of these vaccine strains had been decoded and
possible attenuation mechanisms have been predicted
[8,9].

Brucella vaccine strains are usually developed by
sequential passage in non-natural host. During the
selection, bacterial adaptation leads to genetic changes
that make the strain more adaptive to the non-natural host,
but also cause the loss of the capability to survive in its
natural hosts. Many bacterial vaccines were developed by
this mechanism, however, because this is a results driven
process, many of the mechanisms and genetic character-
istics of attenuation remains unknown. With the develop-
ment of genome sequencing technology, many bacterial
strains, including vaccine strains, were sequenced and their
possible pathogenesis mechanisms putatively defined [10].

Two live attenuated vaccines, B. melitensis M5 and B.
suis S2, were licensed in China [7]. The two vaccines have
been extensively applied in China and have been important
in reducing the incidence of brucellosis. In the present
study, we sequenced and analyzed vaccine strain M5-10, a
derivative of M5 that stored in laboratory. First, we
obtained genome sequence of M5-10 with Hiseq2000. A
high sequencing coverage was obtained and this will
generate higher fidelity, which is important for mutation
detection. With the generated reads, contigs were
assembled, and the coverage of these contigs ranged
from 260 to 3000 times, with a coverage of about 300
times for most contigs. This high coverage makes
polymorphism detection more specific and accurate. The
differences in coverage might have resulted from the copy

number of the target regions, or differences in amplifica-
tion efficiency of the genomic DNA during the library
construction.

Genetic polymorphism includes mainly SNP, INDEL
and MNV. In the genome sequence of M5-10, we observed
a total of 2854 sites. Interestingly, a significantly higher
percent of polymorphism sites were observed in coding
regions than in intergenic ones. In addition, the change
ratios, which exclude influence of length, were also higher
in coding regions than intergenic ones. The greater
occurrence of mutations in coding regions implied that
they lead to functional changes. Brucella has 2 chromo-
somes, polymorphic sites occurred at higher frequency in
chromosome II than in chromosome I. Chromosome II has
been considered as a large plasmid or part of the
chromosome I [11]. Significantly, a high proportion of
the genes located on chromosome II are involved in
environmental adaptation. All these data implied that the
attenuation of the vaccine strains could be considered as a
process of adaptation to the new environments encountered
in the non-natural hosts.

Nucleic acid replacements include two types, transition
and transversion [12]. Transversion refers to the substitu-
tion of a purine for a pyrimidine or vice versa. The
consequence of this type of mutation is a more dramatic
change the in the chemical structure, than occurs with
transitions. Transition is a point mutation that changes a
purine nucleotide to another purine (A < G) or a
pyrimidine nucleotide to another pyrimidine (C < T).
Approximately two out of three single nucleotide poly-
morphisms (SNPs) are transitions. The higher frequency of
transition over transversion indicates it is an efficient
strategy used by bacteria for causing functional changes.

Changes in different functional categories also indicated
the adaptation of the vaccine strain. Of the 2074 SNPs,
1310 were non-synonymous and 764 were synonymous.
That is, a significantly higher percentage of the SNPs
resulted in amino acid changes, and accordingly potential
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functional changes. When the functional categories were
analyzed, genes of all the categories had genetic changes.
The most highly represented category is the group with
unknown function. A possible reason for this is that a
significant proportion of the Brucella genes were predicted
with unknown function. To exclude the influence of gene
number for each of the categories, change percent of the
genes for each category was calculated. Interestingly,
changes in the functional category of secondary metabo-
lites biosynthesis, cell envelope biogenesis and amino acid
transport and metabolism, were significantly higher than in
other categories. In contrast, transcription, cell motility and
signal transduction showed a lower level of changes.
Brucella is a facultative intracellular bacterium. Viru-
lence genes of Brucella are usually those involved in
environmental adaptation and intracellular survival. We
found that many of the virulence and virulence related
genes were also mutated (Table 4). Of these virulence
genes, the virB operon represents one of the most
important virulent determinants. Importantly, 4(36.4%)
genes of the virB operon have mutated sites. Non-

Table 4 Selected virulence genes and virulence related genes with SNPs

synonymous sites were also identified in the virB genes.
Although the definite effects of these mutations in virB
genes need to be further defined, it could be predicted that
these modifications result in functional changes. It is
possible that mutation in the virB will affect the function of
the type IV secretion system, and accordingly the
intracellular survival. Flagella have not been observed in
Brucella [13]. However, disruption of flagellar genes
resulted in attenuation of the mutant, implying that
flagellar genes were involved in Brucella virulence [14].
Omp25 is an important outer membrane protein that plays
great roles in integrity of the membrane [15]. Mutations
identified in this gene implied possible membrane changes
in the vaccine strain. Another type of gene, the virulence-
related genes, which affect virulence by regulating
expression of other genes involved in adaptation or
virulence, also showed genetic changes. The gntR genes
represent one of the important regulatory genes contribut-
ing to bacterial adaptation to environments [16]. Genetic
changes in these genes might also result in attenuation.
Expression analysis indicated that, in addition to the

Synonym Gene Product Non-syn Syn Total Length SNPs/kb nSNPs/kb  sSNPs/kb cog single
BMEII0026 virB2 VirB2 — 2 2 318 6.29 0.00 6.29 -
BMEII0033 virB9 Channel protein VirB9 homolog 1 1 2 744 2.69 1.34 1.34 8]
BMEII0030 virB6 Channel protein VirB6 homolog 2 2 1044 1.92 1.92 0.00 8]
BMEI0948 veeC Hypothetical protein 2 2 1086 1.84 1.84 0.00
BMEII0028 virB4 Atpase VirB4 homolog 1 1 2496 0.40 0.40 0.00 U
BMEI1830 omp25 25 kDa outer-membrane immunogenic 1 1 2 693 2.89 1.44 1.44
protein precursor
BMEI1249 omp25 25 kDa outer-membrane immunogenic - 1 1 642 1.56 0.00 1.56 M
protein precursor
BMEI0748 L7/L12 508 ribosomal protein L7/L12 - 1 1 375 2.67 0.00 2.67 J
BMEII1048 GroEL Chaperonin GroEL 1 1 2 1641 1.22 0.61 0.61 O
BMEI2002 dnakK Molecular chaperone dnaK 1 — 1 1926 0.52 0.52 0.00 (0]
BMEI0754 EF-2 Elongation factor EF-2 2 - 2 2085 0.96 0.96 0.00 J
BMEII1086 flgG Flagellar basal-body rod protein flgG 3 - 3 789 3.80 3.80 0.00 N
BMEII0154 - Flagellar motor protein 3 - 3 1101 2.72 2.72 0.00 N
BMEII1085 - Flagellar basal body P-ring biosynthesis 1 - 1 414 2.42 2.42 0.00 N
protemn

BMEII1110 flim Flagellar motor switch protein flim 1 1 2 951 2.10 1.05 1.05 N
BMEII1107 flgF Flagellar basal-body rod protein flgF 1 - 1 522 1.92 1.92 0.00 N
BMEI1692 flg Flagellar protein fig] 3 - 3 1917 1.56 1.56 0.00 N
BMEIIO151 fiF Flagellar m-ring protein fliF - 1 1 729 1.37 0.00 1.37 N
BMEII1080 - Flagellar biosynthesis protein 1 — 1 741 1.35 1.35 0.00 N
BMEII1109 - Flagellar motor protein 1 — 1 972 1.03 1.03 0.00 N
BMEII0152 - Flagellar m-ring protein fliF 1 - 1 1002 1.00 1.00 0.00 N
BMEI0324 - Flagellar motor protein - 1 1 1032 0.97 0.00 0.97 N
BMEII0159 - Flagellar hook protein 1 - 1 1191 0.84 0.84 0.00 N
BMEII0167 - Flagellar biosynthesis protein - 1 1 1770 0.56 0.00 0.56 N
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(Continued)
Synonym Gene Product Non-syn Syn Total Length SNPs/kb nSNPs/kb sSNPs/kb cog single
BMEI0881 gntR5  Transcriptional regulator, gntR family - 2 2 762 2.62 0.00 2.62 K
BMEI1913 lysR13  Transcriptional regulator, lysR family 2 - 2 900 2.22 2.22 0.00 K
BMEI0305 gntR2  Transcriptional regulator, gntR family 1 - 1 633 1.58 1.58 0.00 K
BMEI0320 gntR17  Transcriptional regulator, gntR family - 1 1 693 1.44 0.00 1.44 K
BMEI2036 - Transcriptional regulatory protein chvi - 1 1 720 1.39 0.00 1.39 T
BMEII0390 IysR12  Transcriptional regulator, lysR family 1 - 1 933 1.07 1.07 0.00 K
BMEI1709 - Oxidoreductaseucpa 3 1 4 735 5.44 4.08 1.36 1
BMEI1305 — Porin 2 3 5 1128 443 1.77 2.66 -
BMEI10322 - Cytochrome ¢ oxidase polypeptide iv 1 - 1 240 4.17 4.17 0.00 -
BMEI1980 - DNA protection during starvation condi- 1 - 1 498 2.01 2.01 0.00 P

tions

BMEI1483 - 508 ribosomal protein L9 - 1 1 570 1.75 0.00 1.75 J
BMEI0319 - Bioy protein - 1 1 576 1.74 0.00 1.74 R
BMEII1053 gluP Glucose/galactose transporter 2 - 2 1239 1.61 1.61 0.00 G
BMEI1985 - Phosphate transport system protein phou - 1 1 723 1.38 0.00 1.38 P
BMEI0330 - Opgc 1 - 1 1203 0.83 0.83 0.00 S
BMEI2035 - Sensor protein chvg - 1 1 1806 0.55 0.00 0.55 T

genetic changes, expression of the virulence genes were
also reduced in the vaccine strains, further indicating the
attenuation of M5-10.

Distinguishing between immunization and natural
infection represents a great challenge for live attenuated
vaccine. There are no ideal methods available for
differential diagnosis of immunization and natural infec-
tion. The polymorphic sites in the vaccine strains might
represent signature candidates for such a differential
diagnosis. As shown in Appendix B, polymorphic sites
identified in the vaccine strains could be candidate sites for
molecular methods to differentiate vaccine strains from
other virulent strains. It may be possible to develop a
duplex PCR assay based on sequence polymorphism for
such differential diagnosis.

5 Conclusions

The licensed attenuated vaccine, B. melitensis M5, has
been widespread used in China. However, the attenuation
mechanism is still unknown. In our study, the genome of
MS5-10 strain, a derivative of M5, was sequenced and
mapped to that of the virulent 16M strain. A total of 2854
genetic polymorphic sites, including 2548 SNP, 241
INDEL and 65 MNV were identified. Of the 2074 SNPs
in coding regions, 1310 (63.2%) were non-synonymous
SNPs. The genetic polymorphic sites in virB operon,
flagella synthesis, and virulence regulating systems coding
genes indicate changes in some cog categories and
virulence genes, which might result in the attenuation.

Reduced expression of the dnaK and vjbR genes were
proved in M5-10 strain. The two strains of M5-10 and 16M
have been successfully differentiated by a duplex PCR
targeting virB6 and dnaK. Our findings might provide
clues to vaccine development and differential diagnosis.
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