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The genus Brucella includes a number of species that are major animal pathogens worldwide and significant
causes of zoonotic infections of humans. Traditional methods of identifying Brucella to the species level can be
time-consuming, can be subjective, and can pose a hazard to laboratory personnel in the absence of suitable
biocontainment facilities. Using a robust phylogenetic framework, a number of single-nucleotide polymorphisms (SNPs) that define particular species within the genus were identified. These SNPs were used to develop
a multiplex SNP detection assay, based on primer extension technology, that can rapidly and unambiguously
identify an isolate as a member of one of the six classical Brucella species or as a member of the recently
identified marine mammal group.
hares (biovar 2), rangifers (biovar 4), and rodents (biovar 5).
More recently, novel Brucella isolates were detected in a variety of marine mammal species (7, 10, 12, 17, 23). These isolates
clearly form new Brucella groups, although they have yet to
receive formal taxonomic recognition (13a, 20).
Classically, Brucella isolates are divided into species (and biovars in the case of B. abortus, B. melitensis, and B. suis) by a
biotyping procedure that assesses a range of cultural, phenotypic,
and antigenic properties (1). While biotyping has long been the
mainstay of Brucella epidemiology, there are a number of acknowledged drawbacks. As the discriminating changes between
some groups can be very subtle, particularly at the biovar level,
the method is rather subjective and requires substantial expertise
and experience. In addition, as the method is culture dependent,
in terms of both initial isolation and ongoing discriminatory tests,
it is a lengthy procedure. The need for specialized and standardized reagents and containment facilities that should ideally be
used for handling Brucella means that only a few laboratories in
the world undertake this procedure.
Given these issues, there is a clear need for molecular tests
that can rapidly and categorically identify Brucella isolates to
the species level and beyond. One developing area in microbial
typing and forensics is the use of single-nucleotide polymorphisms (SNPs) (5). The use of SNPs in microbial characterization has many advantages, including their unambiguous nature
and the multitude of platforms that have been developed to
assay such markers (24). As an example, a minimal set of six
SNPs useful for dividing Mycobacterium tuberculosis into six
deeply branching phylogenetic groups for use in strain differentiation was recently described (11). Other applications of
SNP-based typing in diagnostic microbiology described recently include the differentiation of Burkholderia spp. (25);
genotyping of Staphylococcus aureus (16, 19), Listeria monocytogenes (8), and Escherichia coli (15); identification and typing
of Bacillus anthracis (9, 18, 26); differentiation of vaccine and
wild-type strains of varicella-zoster virus (6); determination of
Mycobacterium tuberculosis drug resistance (29, 33); and identification of members of Campylobacter jejuni clonal complexes
(2).

Brucellosis is a major cause of disease in livestock worldwide, with substantial implications for animal welfare and economic output. Furthermore, as the most common zoonotic
disease, it remains a significant public health concern (22).
Although a few parts of the developed world have eradicated
the disease by a combination of strict veterinary hygiene measures, monitoring programs, and improved food safety measures, it remains endemic in large areas. Human disease usually reflects occupational exposure or the consumption of
unpasteurized dairy products and can lead to a chronic debilitating infection.
The causative organisms of brucellosis are members of the
genus Brucella. Traditionally, the group is divided into six species with distinct host specificities (1), although at the genetic
level, members of the genus are highly conserved (14, 32).
Reflecting this, DNA hybridization experiments led to the traditional view of Brucella taxonomy being challenged and the
group being described as monospecific (28). Practical considerations meant that this classification system never found widespread support, and recently, moves were made to return to
the classical species designations (20). Of the currently recognized species, B. abortus is predominantly associated with bovine brucellosis, B. melitensis is predominantly associated with
small ruminant brucellosis, B. canis is predominantly associated with canine brucellosis, B. ovis is predominantly associated with ram epididymitis, and B. neotomae has been reported
only in the desert wood rat. The remaining species, B. suis, has
a broader host range, being predominantly associated with
porcine brucellosis (biovars 1, 2, and 3) but also being found in
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TABLE 1. Primers used in the SNP assay to identify Brucella
isolates at the species level
Primer

Sequence

Target amplification
glk up..............................................5⬘-TATGGAAMAGATCGGCGG-3⬘
glk down.........................................5⬘-GGGCCTTGTCCTCGAAGG-3⬘
omp25 up .......................................5⬘-ATGCGCACTCTTAAGTCTC-3⬘
omp25 down ..................................5⬘-GCCSAGGATGTTGTCCGT-3⬘
trpE up...........................................5⬘-GCGCGCMTGGTATGGCG-3⬘
trpE down ......................................5⬘-CKCSCCGCCATAGGCTTC-3⬘
Extension
glk196R (glk-1344)a ......................5⬘-CGCTAAGAATTTGYTCGCCGG-3⬘
glk427R (glk-1557)........................5⬘-TTTTTTTTTTGAAAGGATGCGCAC
CGGGATGC-3⬘
glk255R (glk-1403)........................5⬘-TTTTTTTTTTTTTTTTTTTTAGGGTG
GGCGTGATCTTGTCGGC-3⬘
omp151F (omp25-3627) ...............5⬘-TGGCTATACCGGTCTTTACCTTGG
CTA-3⬘
omp239F (omp25-3715) ...............5⬘-TTTTTTTTTTTTTTTTTCTTTGCTGG
CTGGAACTTCCAG-3⬘
trp290R (trpE-2858) .....................5⬘-TTTTTTTTTTTTTTTTTTTTTTTTTTT
TGAAACCTTGGCGCCCGTCTGG-3⬘
a
Primer name with designation of equivalent site in original multilocus sequencing description (32) in parentheses.

We have recently described the population structure of the
Brucella group using a multilocus sequence analysis (MLSA)
approach based on nine distinct genomic fragments (32). From
this work, it is clear that sequencing of these nine loci offers an
excellent way of placing Brucella isolates within one of the
currently recognized species. However, sequencing of nine
fragments is somewhat tedious, is not always practical, and is
clearly not a rapid diagnostic procedure. Nevertheless, use of
the phylogenetic framework described here allowed the identification of SNPs that define distinct Brucella species. Here,
we outline the development of a multiplex assay based on these
“species-defining” SNPs that offers a rapid, practical, and unambiguous alternative to current approaches to identifying
Brucella isolates at the species level.
MATERIALS AND METHODS
Identification of SNPs. The identification of SNPs and validation of their
distribution in the Brucella population have been described previously (32). SNPs
used in development of the speciation assay described here are located in glk,
omp25, and trpE.
PCR of target genes. PCR products representing glk, omp25, and trpE were
amplified from genomic DNA or crude methanol lysates using the primers pairs
listed in Table 1, as described previously (32). PCR products were purified by

FIG. 1. Identification of SNPs that discriminate among Brucella species in glk, trpE, and omp25. The figure shows all sites within these fragments
found to be polymorphic within 27 STs identified previously (32). The six sites chosen for interrogation in the multiplex SNP assay are highlighted,
with the species-specific changes shown in boldface type. Residue numbering above the sequence relates to that reported previously (32), while
the equivalent site designations used in this study, and as primer designations, are shown as a subscript.
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TABLE 2. Specific SNP profiles differentiating members of the six Brucella species and the marine mammal Brucella isolates
Profile for primera:
Organism

glk196R
(glk-1344)

omp151F
(omp25-3627)

glk427R
(glk-1557)

omp239F
(omp25-3715)

glk255R
(glk-1403)

trp290R
(trpE-2858)

B. abortus (genotype A)
B. abortus (genotype B)
B. melitensis
B. suis
B. ovis
B. canis
B. neotomae
Marine mammal Brucella

T
C
T
T
T
T
C
T

T
T
C
C
C
C
C
C

C
C
C
C
T
C
C
C

C
C
C
C
C
A
C
C

G
G
C
G
G
G
G
G

C
C
C
C
C
C
C
T

a

Primer name with designation of equivalent site in original multilocus sequencing description (32) in parentheses.

passage through QIAquick PCR purification columns (QIAGEN) and eluted in
50 l of elution buffer.
SNP primer extension assay. The SNP determination assay was developed
using the CEQ SNP primer extension kit (part no. 390280; Beckman Coulter)
and a Beckman Coulter CEQ8800 genetic analyzer. A SNP-primer extension
premix was prepared by mixing 210 l each of 10⫻ buffer, ddUTP, ddGTP,
ddCTP, and ddATP and 105 l of polymerase. The optimized multiplex assay
was carried out as follows. The protocol uses 0.4 l of each of the three PCR
products diluted 1:2 or 1:5 in water (glk, omp25, and trpE) and 1 l of SNP
interrogation primer at 0.5 to 2.0 M, giving a final concentration of 0.5 to 2
pmol per reaction. The SNP interrogation primers selected for the final assay are
shown in Table 1. Primer concentrations used varied depending on the efficiency
of each primer and were selected following preliminary work. A master mix
consisting of 2 l SNP-primer extension premix, 1 l of primer mix (0.5 M
trp290R, 0.9 M omp151F, 1.2 M glk196R, 1.0 M glk427R, 1.0 M omp239F,
2.0 M glk255R) was prepared and made up to 8.8 l with deionized water. This
was added to the 1.2 l of diluted PCR products (0.4 l ⫻ 3) to give a final
volume of 10 l. The extension reaction was carried out using the following
thermal cycling conditions: an initial denaturation step at 96°C for 1 min was
followed by 28 cycles of 96°C for 20 s, 64°C for 10 s, and 72°C for 30 s. Following
thermal cycling, the extended product was treated with shrimp alkaline phosphatase (SAP) to remove unincorporated dideoxynucleoside triphosphates. In a
separate tube, 1.5 U SAP (in 1.5 l) and 2 l deionized water were mixed with
1.5 l of the primer extension reaction mix. This mix was then incubated at 37°C
for 60 min, followed by 80°C for 15 min in a thermocycler.
SNP detection on the CEQ8800 genetic analyzer. In order to detect extended
products on the CEQ8800 genetic analyzer, an aliquot of the cleaned reaction
mixture was diluted 1:10 in deionized water. A 0.5-l aliquot of this dilution was
added to 39 l of Beckman SLS (formamide) and 0.1 l of CEQ DNA Size
Standard Kit 80 in Beckman 96-well plates. The mixes were covered with a drop
of mineral oil and immediately processed using the Beckman standard run
method SNP-1 (denaturation at 90°C; injection time, 30 s; injection voltage, 2
kV; run temperature, 50°C; run current, 6.0 kV; run time, 16 min). SNP locus
tags were defined on the basis of the midpoint of migration variability seen
during optimization (see Table 3), and SNPs were called automatically using
default SNP analysis parameters in the Beckman software (slope threshold, 10;
relative peak height threshold, 10; dye mobility calibration, SNP version 1).

RESULTS AND DISCUSSION
Identification of SNPs included in the assay. The rationale
behind the assay described here was the selection of a series of
species-specific SNPs that could be included in a multiplex
assay facilitating the identification of an unknown Brucella
isolate as a member of one of the six classically recognized
Brucella species or the as-yet-unnamed marine mammal Brucella group. Species-specific SNPs were selected on the basis of
sequencing of 4,396 bp corresponding to nine distinct genomic
fragments from 160 strains representing all species and biovars
(32). Although a number of SNPs could have been selected
(see Table 4 in reference 32 for a full list), those that were
found to perform best in initial optimization and included in
the final assay were located in glk, trpE, and omp25. The SNPs
selected are highlighted in Fig. 1 with reference to MLSA data
described previously (32). The distribution and specificity of
these SNPs in the Brucella population has since been further
validated by sequencing of the equivalent fragments from a
further 170 strains in addition to the 160 strains described
previously (32) (data not shown).
The multiplex assay developed involves the interrogation of
the base present at six SNP sites. Five of these have changes
that, to date, are specific for a particular species or group.
These markers are SNPs at position 151 of omp [omp151] for B.
abortus (corresponding to omp25-3627 in reference 32), glk427
for B. ovis (glk-1557), omp239 for B. canis (omp25-3715), glk255
for B. melitensis (glk-1403), and trp290 for marine mammal
Brucella (trpE-2858). The final marker, glk196 (corresponding
to glk-1344 in reference 32), was originally thought to represent

TABLE 3. Properties of interrogation primers included in the final multiplex SNP assay
Extension
primer

Site interrogateda

Species identified

Baseb
(unique/common)

Primer size
(bp)

Tmc (°C)

SNP locus
tag (bp)

glk196R
omp151F
glk427R
omp239F
glk255R
trp290R

glk-1344
omp25-3627
glk-1557
omp25-3715
glk-1403
trpE-2858

B. neotomae
B. abortus
B. ovis
B. canis
B. melitensis
Marine mammal

C/Td
T/C
T/C
A/C
C/G
T/C

21
27
32
39
43
49

71.4
70.1
77.1
69.0
77.5
75.5

18.9
26.0
30.85
38.0
45.1
50.25

a

Designation of site interrogated in original multilocus sequencing description (32).
Takes into account whether the primer is in the forward or reverse orientation such that the actual base observed in fragment analysis is listed.
Tm of primer excluding the polynucleotide tail.
d
C shared with B. abortus ST6 isolates.
b
c
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a change specific for B. neotomae, but this change was later
found to be shared with members of B. abortus sequence type
6 (ST6). SNP markers specific for the B. suis group, as currently defined, were not identified by MLSA (32). As a result,
members of this species are identified on the basis that they
lack any of the species-specific markers and thus possess an
overall multiplex profile that is distinct from any other currently described Brucella species. There are therefore eight
predicted assay outcomes as shown in Table 2. Each species or
group, with the exception of B. abortus, has a single predicted
unique SNP profile. For B. abortus, there are two possible
distinct profiles, labeled genotypes A and B, reflecting the
sharing of an SNP between B. neotomae and B. abortus ST6
isolates. Genotype A corresponds to 107 of 110 B. abortus
isolates examined to date by MLSA (our unpublished data).
Genotype B is apparently much rarer in global terms, being
characteristic of the B. abortus biovar 3 reference strain Tulya
and a subset of African isolates belonging to ST6.
Principle of the assay. The assay described here was developed using the Beckman 8800 genetic analysis system but
should be easily transferable to other fragment analysis platforms. The basis of the assay is a series of primer extension
reactions. Following amplification of PCR products for the
three genetic fragments of interest (omp25, glk, and trpE),
there are three major steps to the assay. The first stage involves
template clean-up by passage through a PCR clean-up column
to remove deoxynucleoside triphosphates and primers. The
second step involves single-base extension in which SNP interrogation primers anneal one base short of the target SNP and
DNA polymerase inserts a dye terminator complementary to
the SNP site. Finally, the extended product is treated with SAP
to remove unincorporated dideoxynucleoside triphosphates
before electrophoresis to identify and size the reaction products.
Assay optimization. The final assay conditions presented in
this study and described in Materials and Methods were established after the systematic variation of a large number of parameters including thermal cycling conditions (annealing temperature and length and number of cycles), the amounts of
premix included in reaction mixtures, primer orientation,
primer concentration, and dilution factor prior to electrophoresis. SNP interrogation primers were tested initially in
individual reactions to assess performance, following which
polynucleotide tails were added to selected primers to give
suitable separation upon electrophoresis. Tailed interrogation
primers were again tested individually to assess performance
and validate migration size before the six primers were tested
in multiplex reactions. The performance of the assay when
carrying out the six SNP reactions individually and pooling
products gave results comparable to those obtained true multiplexing, where all six primer extension reactions were carried
out in a single tube, indicating that multiplexing was not compromising assay performance (data not shown).
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The SNP interrogation primers included in the speciation
assay range in size from 21 bp to 49 bp, although migration
does not exactly correspond to primer size (Table 3). SNP
interrogation primers were all separated by a migration gap of
at least 4 bp to ensure ease of identification. As recommended
by Beckman, the annealing temperature used for the generation of the primer extension product at 64°C was selected to be
at least 5°C below the lowest primer midpoint temperature
(Tm). It was necessary to include a degeneracy in interrogation
primer gki196R, as during assay validation, the initial primer
selected failed to generate an extension product, with members
of ST23 found to have a polymorphism within the selected
primer binding site (glk1352). The template DNA concentration
recommended by Beckman (150 fmol per reaction) was used
throughout initial optimization and validation. However, in
order to avoid time-consuming quantification of PCR products
prior to the primer extension assay, later work was carried out
omitting this step. In the final routine assay procedure, 0.4 l
of purified PCR product diluted at 1:2 and 1:5 in water was
used as a template. In our hands, both these dilutions consistently give good clean results, with peaks of suitable magnitude.
Assay performance and validation. Figure 2 shows typical
reaction profiles obtained with the multiplex assay demonstrating each of the eight specific profiles that the assay generates.
To fully validate the assay, we examined the profiles of over
500 isolates including all species and biovar reference strains
and a large number of field isolates. In all, 213 B. abortus
(including 4 B. abortus isolates with the atypical genotype B
profile), 111 B. melitensis, 42 B. suis, 8 B. canis, 39 B. ovis, 3 B.
neotomae, and 94 marine mammal Brucella isolates were examined and found to give the predicted SNP profile. These
isolates were part of a reference collection held at our laboratory that includes both historical isolates obtained from across
the world over some 50 years as well as contemporary isolates
coming through the laboratory as part of reference and surveillance activities. They therefore provide a robust test of
assay scope. A small number of additional isolates (⬃10) gave
profiles that did not match the original species designation
recorded in the strain archive or which appeared to represent
a mixed-species signal. In all cases, examination of these isolates by full MLSA (32) and variable-number tandem-repeat
typing (31) confirmed that either the original species designation was incorrect or the culture represented a mixed population.
Specificity. The currently accepted closest relatives of the
Brucella group are members of the genus Ochrobactrum
(27). In order to assess the specificity of the assay for Brucella, it was applied to type strains of five Ochrobactrum
species (O. tritici LMG18957T, O. intermedium LMG3301T, O.
gallinifaecis DSM15295T, O. anthropi LMG3331T, and O. grignonense
LMG18954T). All three of the PCR products required for the
SNP assay to identify isolates at the species level could be

FIG. 2. Examples of the eight distinct genotypes identified by the SNP assay to identify isolates to the species level. The first and last peaks
represent size standards of 13 and 88 bp, respectively. The six peaks in each assay relate to glk196, omp151, glk427, omp239, glk255, and trp290, moving
from the smallest to the largest fragment. The colors of the peaks reflect different bases, where T is blue, C is black, G is green, and A is red. nt,
nucleotide.
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amplified from only two of these five strains (O. grignonense
and O. intermedium) under the conditions examined in this
study. Furthermore, when tested in the multiplex SNP interrogation assay, neither of these strains gave a complete profile.
Sequencing of the PCR products allowed an examination of
the regions corresponding to the interrogation primers used in
the assay to identify isolates to the species level. This confirmed that there are an average of four mismatches between
SNP interrogation primer sequences and the corresponding
sequence in these two Ochrobactrum strains and likely explains
the inability to generate a profile from these isolates. Thus, the
assay appears to be specific for the Brucella group as currently
defined, giving no result with the closest phylogenetic neighbors.
Conclusions. The assay described here represents a novel
approach to identifying Brucella isolates to species level. SNPs
are particularly attractive assay targets, as Brucella isolates
represent such a genetically conserved group (13, 14, 28, 32).
Reflecting this, SNPs are likely to have occurred only once in
evolution and are unlikely to mutate to new states or back to
their ancestral state. The assay has a number of potential
advantages. It overcomes the subjectivity associated with biotyping with an approach that is technically straightforward and
has substantial advantages in terms of speed. It is easily possible to complete the entire assay in a day, as opposed to the
several days currently required for biotyping following isolation of a pure culture. In addition, techniques that reduce
potential exposure to live organisms are desirable given that
brucellosis is easily acquired by laboratory personnel in the
absence of stringent biocontainment facilities. We have also
shown that the technique is applicable to crude extracts of
material, overcoming the need for DNA preparation as required by molecular typing methods such as amplified fragment length polymorphism analysis (30) or insertion sequencebased fingerprinting (21). Indeed, as a PCR-based method, the
technique should theoretically be directly applicable to field
material, obviating the need for any culture prior to typing.
The principle of the assay could also be readily transferred to
any of the many alternative techniques applicable to SNP determination (24). In contrast to some existing and wellestablished molecular methods such as AMOS PCR (3, 4)
that fail to detect all species and biovars, SNP speciation is
all-encompassing, identifying all biovars of all known Brucella species.
The technique also lends itself to further expansion. There is
clear potential for the current scheme to identify isolates to the
species level to be extended in the future to identify vaccine
strains and to subtype further to the level of biovar. Furthermore, should new species of Brucella be identified, it should be
possible to determine suitable species-specific SNPs based on
the existing MLSA scheme and incorporate additional SNP
markers into the assay, allowing the identification of these
groups.
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