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Abstract: Brucellosis is named after Dr. David Bruce who first isolated the bacterium that caused Malta fever from four 
fatal cases amongst the British forces on the island. The genus Brucella was subsequently proposed after similar bacteria 
were isolated from cattle and swine and the zoonotic connection recognized. The close similarities between these isolates 
were acknowledged but nomen species were subsequently designated on the basis of their specific host preference, phage 
susceptibility and oxidative metabolism pattern with specific carbohydrate and amino acid substrates. The later isolation 
of B. suis strains of divergent host preference and of strains of low human pathogenicity, such as B. neotomae and B. ovis, 
has inspired a debate regarding Brucella taxonomy. On the one hand, the DNA homologies are strikingly similar, 
justifying inclusion of all members of the genus in a single species with sub-divisions. On the other hand, whole genome 
analyses such as MLVA, MLST, microarray studies, and SNP have confirmed subtle differences between the species. As 
a result, a return to a multi-nomen species taxonomy has recently been proposed and accepted by the Sub-committee on 
Taxonomy of Brucella. Phylogenetic studies have shown four clades in the genus that have possibly evolved from a 
Brucella – Ochrobactrum-like common soil ancestor. These are: B. melitensis-B. abortus; B. suis-B. canis; B. neotomae; 
and B. ceti-B. pinnipedialis (B. microti not yet established), with B. ovis standing as a basal lineage of the tree. B. 

inopinata is a recently identified isolate that slightly diverges from classical Brucella according to the 16S-rRNA 
sequence and other molecular studies. This review elaborates on the classification of the genus Brucella according to 
insights that have emerged since it was first described. 
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INTRODUCTION 

 The history of the genus Brucella began with the 
recognition by Evans (1918) [1] of the similarity of the agent 
of Malta fever reported by Bruce (1887) [2] and later 
described as ‘Micrococcus melitensis’, to Bacterium abortus 
the agent of contagious abortion of cattle described by Bang 
(1897) [3] and the abortus-like bacteria isolated from swine 
abortions by Traum (1914) [4]. On this basis Meyer and 
Shaw (1920) [5] were able to define the genus Brucella, 
comprising the species Brucella melitensis and Brucella 
abortus. Later the organisms from swine were differentiated 
as a third species, Brucella suis [6]. Subsequently, numerous 
isolates which did not correspond exactly to the descriptions 
of the original species were identified and designated by a 
variety of colloquial and semi-official names e.g. ‘British 
melitensis’,’Rhodesian abortus’,’dye-sensitive abortus’, 
‘Brucella intermedia,’ ‘American suis’, inter alia. This 
chaotic situation was resolved by the application of oxidative 
metabolism and phage lysis tests which allowed the atypical 
strains to be aligned with one or other of the three original 
species in patterns that broadly corresponded to the preferred 
natural host. Within each species the different variants were 
assigned as biotypes or biovars. 
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 The International Committee on Bacteriological 
Nomenclature (superseded by the International Committee 
on Systematic Bacteriology) formed a Sub-committee on 
Taxonomy of the genus Brucella which developed the 
framework of the current classification [7]. Although strains 
not conforming to the ‘classical’ species continued to be 
isolated and were sometimes designated as new species, e.g. 
B. rangiferi tarandi from reindeer [8], on application of the 
approved methods, these were assigned to the existing 
species, sometimes as new biovars. The first entirely new 
species to be added was B. ovis described in 1956 [9], 
followed by B. neotomae [10] and B. canis [11]. Other 
species were also proposed, eg. ‘B. murium’ from rodents 
[12] but not accepted by the Subcommittee on Taxonomy of 
the genus Brucella. 

 It should be noted that the criteria used for classification 
of the genus were based on phenotypic characteristics, with 
weighting given to the preferred natural host. This was 
inevitable given the lack of workable genotyping methods at 
that time. Perhaps surprisingly, this system has proved 
broadly consistent with contemporary molecular genetic 
analysis although some inconsistencies remain. The latter 
raise issues that need to be resolved. In particular, there is a 
need to update the specifications for minimal standards for 
genus, species and biovar definition. These were first 
established 35 years ago using the information available at 
that time [13,14]. They were based on the framework 
proposed by Stableforth and Jones (1963) [7], supplemented 
by the genetic and biochemical data that had emerged in the 
interim. Some updating has been noted in the later reports of 
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the Sub-committee on Taxonomy [15-22] and in other 
publications, including the definitive Bergey’s Manual of 
Systematic Bacteriology [23,24]. 

 The current taxonomic structure of the genus Brucella 
includes the originally proposed Brucella species and 
recently added species as illustrated in Tables 1-3. Emphasis 
is still placed on phenotypic characteristics and Brucella 
species are still assigned according to their preferred natural 
host affiliation with the implication that heterologous hosts 
are rarely involved. E.g. B. melitensis is mainly associated 
with small ruminants, B. abortus with cattle and other 
bovidae, and B. suis with swine. It is also assumed that the 
members of the genus have zoonotic potential although it is 
acknowledged that pathogenicity for humans is quite 
variable. 

 The host specificity has long been recognized as relative 
rather than absolute [7] although the extent to which some 
species can be transmitted outside the usually preferred host 
has now become more widely recognized. Examples include 

cross transmission of B. abortus to small ruminants, and of 
B. melitensis to cattle in shared common pastures. Apparent 
inconsistency with host preference is most evident in B. suis. 
Thus, although B. suis biovars 1, 2 and 3 have been shown to 
be infective to swine, B. suis biovar 2 also infects hares, B. 
suis biovar 4 is confined in nature to caribou and reindeer 
and B. suis biovar 5 apparently is found naturally only in 
rodents. There has been some dispute about the position of 
the latter biovar and it seems to be the most divergent of the 
B. suis group. 

 Verger et al. (1985) [25] challenged the taxonomical 
division of the genus into nomen species following DNA 
hybridization studies that showed Brucella DNA to be highly 
homogeneous. However, the identification, for the first time, 
of Brucella like organisms adapted to the marine 
environment has again fired a debate on the true taxonomy 
of the genus. Brucella strains were isolated from carcasses of 
seals, dolphins, porpoises and whales [26-29], shown to be 
associated with abortions and meningoencephalitis in several 

Table 1. An Updated List of Brucella Type Strains, Biovars and Reference Strains 

 

Species Biovar
a
 Type/reference Strain ATCC

b
 No. NCTC

c
 No. BCCN

d
 

1 Type 16M 23456 10094  

2 Reference 63/9 23457 10508  

B. melitensis 

3 Reference Ether 23458 10509  

1 Type 544 23448 10093  

2 Reference 86/8/59 23449 10501  

3 Reference Tulya 23450 10502  

4 Reference 292 23451 10503  

5 Reference B3196 23452 10504  

6 Reference 870 23453 10505  

B. abortus 

9 Reference C68 23455 10507  

1 Type 1330 23444 10316  

2 Reference Thomsen 23445 10510  

3 Reference 686 23446 10511  

4 Reference 40 23447 11364  

B. suis 

5 Reference 513 - -  

B. neotomae  Type 5K33 23459 10084  

B. ovis  Type 63/290 25840 10512  

B. canis  Type RM6/66 23365 10854  

B. cetie  Type   12891T 94-74T 

B. pinnipedialise  Type   12890T 94-73T 

B. microtif  Type CCM4915T   07-01T 

B. inopinatag  Type BO1T   09-01T 
a Biovars have been characterized according to agglutination in monospecific anti- A, anti – M and anti – R sera, CO2 requirement on first isolation, production of H2S and Urease 
and growth in presence of Fuchsin and Thionin, as shown in Tables 2 and 3, respectively. 
b ATCC stands for American Type Culture Collection 
c NCTC stands for National Collection of Type Cultures – Great Britain 
d BCCN stands for Brucella Culture Collection, Nouzilly 
e Foster et al., 2007; Bricker et al., 2000 
f Scholz et al., 2008 [39] 
g Scholz et al., 2010 [42] (The strain was also submitted as CPAM 6436T (Collection of Animal Pathogenic Microorganisms, Veterinary Research Institute, Hudcova 70, 621 32 
Brno, Czech Republic)). 
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sea mammal species [30] and with pathological impacts in 
striped dolphins (Stenella coeruleoalba) [31], respectively. It 
was not long before these new species were also implicated 
in a limited number of human cases [32-34]. As with 
previous Brucella species, cross infection of hosts was also 
notified [35]. 

 Because of limited information, all marine isolates were 
initially proposed to be included temporarily in a single new 
species, B. maris. Later studies have, however, shown 
categorically that the strains as a group belonged to the 
genus Brucella according to the 16S-rRNA homology 
although they possessed a distinctive IS711 marker that 
grouped them separately from the classical terrestrial strains 
[26]. Within the group, the strains diverged in CO2 
requirement on primary isolation and metabolic activity on 
galactose, as well as in IS711 fingerprints correlating with 
their predominant isolation from seals or cetaceans, 
respectively. Similarly, their omp2 polymorphism justified 
the establishment of two distinct species, named in time B. 
cetaceae and B. pinnipediae [36], based on their host origin 
from porpoises, dolphins and Minke whales, or seals, 
respectively [26,29]. On grammatical grounds, the names 

were later modified to B. ceti and B. pinnipedialis. MLVA 
results have characterized marine mammal Brucella isolates 
as a distinct group but their sequence types (ST) diverged 
significantly according to their host origin, justifying the 
establishment of three rather than just two species (Fig. 1) 
[37]. 

 Soon after, an organism designated Brucella microti was 
isolated from a common field vole, Microtus sp. [38], from 
soil [39] and from red foxes [40]. B. microti, however, has 
not yet been associated with human cases. 

 Finally, very recently, a distinctive species, B. inopinata, 
was recovered from a breast implant in a seventy one year 
old woman presenting with clinical signs of brucellosis [41]. 
So far only a single isolation has been reported and an 
animal host has yet to be identified. This isolate was shown 
to have a divergent omp2 sequence, and a unique 16S-rRNA 
sequence in 5 nucleotides in comparison to the 16S-rRNA 
gene consensus sequence of Brucella spp. In addition, the 
strain was grouped separately by MLST analysis in 
comparison to other Brucella spp. The MLST profile of the 
strain was nevertheless closer to the other Brucella spp. than 

Table 2. Differential Characteristics of Species of the Genus Brucella 

 

Lysis by Phages
a
 

 

Tb Wb Iz1 R/C 

 

Species 
Colony  

Morphology
b
 

Serum  

Requirement 
RTD

c
 104RTD RTD RTD RTD Oxidase 

Urease  

Activity 
Preferred Host 

B. abortus S –d + + + + – +e +f Cattle and other Bovidae 

Biovar 1: swine 

Biovar 2: swine, hare 

Biovar 3: swine 

Biovar 4: reindeer 

B. suis S – – + +g +g – + +h 

Biovar 5: wild rodents 

B. melitensis S – – – –i + – + +j Sheep and goats 

B. neotomae S – –k + + + – – +h Desert wood ratl 

B. ovis R + – – – – + – – Rams 

B. canis R – – – – – + + +h Dogs 

B. ceti S  +m  +n +o – + + Cetaceans 

B. pinnipedialis S  +m  +n +o – + + Pinnipeds 

B. microti S – – + +   + + Vole (Microtus arvalis) 

B. inopinata S – P     + + (fast) ? 
aPhages: Tbilisi (Tb), Weybridge (Wb), Izatnagar1(Iz1) and R/C. 
bNormally occurring phase: S: smooth, R: rough. 
cRTD: routine test dilution. 
dBrucella abortus biovar 2 generally requires serum for growth on primary isolation. 
eSome African isolates of B. abortus biovar 3 are negative. 
fIntermediate rate, except strain 544 and some field strains that are negative. 
gSome isolates of B. suis biovar 2 are not or partially lysed by phage Wb or Iz1. 
hRapid rate. 
iSome isolates are lysed by phage Wb. 
jSlow rate, except some strains that are rapid. 
kMinute plaques. 
lNeotoma lepida. 
mSome isolates are lysed by Tb. 
nMost isolates are lysed by Wb. 
oMost isolates are lysed by Iz. 
PIncomplete lysis with phages Tb, F1 and F25 at 104xRTD (Scholz et al., 2010) or not susceptible to Tb (De et al., 2008). 
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to Ochrobactrum spp. at eight distinct housekeeping genes, 
justifying its inclusion in genus Brucella. It was therefore 
named Brucella inopinata to indicate its unexpected 
isolation [42]. 

 This expansion of the genus has drawn attention to the 
need to review and update the minimal standards for the 
genus Brucella. 

PRESENT CLASSIFICATION OF BRUCELLA SPP. IN 
VIEW OF PAST AND CONTEMPORARY NEW 

STRAINS 

 In Bergey's Manual of Systematic Bacteriology [24] 
Brucella spp. have been included in Class I. 
Alphaproteobacteria class. nov., order VI Rhizobiales ord. 
nov., based on phylogenetic analysis of their 16S-rRNA 
sequences. The taxonomic structure and rules are presented 
in the manual, as follows: 

 

Family III. Brucellaceae Breed, Murray and smith 1957, 394AL 

George M. Garrity, Julia A. Bell and Timothy Lilburn 

Bru.cel.la.ce.ae. M.L. fem. N. Brucella type genus of the family; -aceae 
ending to denote family; M.L. fem. Pl. n. Brucellaceae the Brucella 

family*. 

Genus I**. Brucella Mayer and Shaw 1920, 173AL*** 

Michael Corbel and Menachem Banai 

Bru.cel'la. L. dim. Ending –ella; M.L. fem. n. Brucella named after Sir 
David Bruce, who first recognized the organism causing undulant 

(Malta) fever. 

*Brucella is a type genus of the family 

**Based on phylogenetic analysis of 16S-rRNA gene sequences, two 
other genera are included in this family: Mycoplana, and Ochrobactrum, 
respectively (The reader is advised that additional genera have been 
included in the family in the List of Prokaryotic names with Standing in 
Nomenclature (LNSPN), i.e., Pseudochrobactrum, Daeguia and 
Crabtreella. Most recently, genus Paenochrobactrum has also been 
validly published (Kämpfer P, Martin E, Lodders N, Jäckel U, Huber 
BE, Schumann P, Langer S, Busse H-J, Scholz H. Paenochrobactrum 

gallinarii gen. nov., sp. nov., isolated from the air of a duck barn and 
reclassification and emendation of Pseudochrobactrum glaciei as 

Table 3. Classification of Brucella Species and Biovars 

 

Growth on Dyes
a
 Agglutination with Monospecific Sera 

Species Biovar CO2 Requirement H2S Production 

Thionin Basic Fuchsin A M R 

1 – – +d + – + – 

2 – – + + + – – B. melitensis 

3 – – + + + + – 

1 +b + – + + – – 

2 +b + – – + – – 

3 +b + + + + – – 

4 +b + – +c – + – 

5 – – + + – + – 

6 – – + + + – – 

B. abortus 

9 + or – + + + – + – 

1 – + + –e + – – 

2 – – + – + – – 

3 – – + + + – – 

4 – – + –f + + – 

B. suis 

5 – –  – – + – 

B. neotomae – – + –g – + – – 

B. ovis – + – + –f – – + 

B. canis – – – + –f – – + 

B. ceti – – – +d + + –f – 

B. pinnipedialis – + – + + + –f – 

B. microti – – – + + – + – 

B. inopinata - - + + + - + - 
aDye concentration in serum dextrose medium: 20 g/ml. 
bUsually positive on primary isolation. 
cSome basic fuchsin-sensitive strains have been isolated. 
dSome strains are inhibited by dyes. 
eSome basic fuchsin-resistant strains have been isolated. 
fNegative for most strains. 
gGrowth at a concentration of 10 g/ml thionin. 



Taxonomy of Brucella The Open Veterinary Science Journal, 2010, Volume 4    89 

Paenochrobactrum glaciei comb. nov. Int J Syst Evol Microbiol 2010; 
60 (Pt 7): 1493-1498). 

***Page number in the original publication is shown and inclusion of 
the strain in the Approved Lists, first amended in 1980, is indicated. 

The nomenclature used refers to the original description of the isolate, 
date of publication, and the use of the name by different authors for 
different organisms, as well as page number(s) in the main text of the 
scientific work in which the name was proposed (AL stands for 
Approved Lists of Bacterial Names (Skerman VBD, McGowan V, Sneth 
PHA (Eds). Approved Lists of Bacterial Names (Amended Edition): 
Washington, DC: American Society for Microbiology; 1989.). 

 

 By adhering to the taxonomic rules that incidentally also 
favored the multi-species concept, Corbel and Banai (2005) 
[24] have in fact envisioned the inevitable, that the Brucella 
taxonomy is based on Brucella species affiliation to their 

preferred natural hosts. This represents a return to the pre – 
1986 taxonomic opinion on genus Brucella as later decided 
unanimously by the Subcommittee on Brucella Taxonomy in 
view of the zoonotic importance of the multi-species concept 
and the epidemiological risks associated with the different 
Brucella species, although it should be noted that the Sub-
Committee had never abandoned the nomen species concept 
for everyday use. Based on this decision, the six Brucella 
nomen species that were validly published [43] in the 
Approved Lists of Bacterial Names of 1980 [22] have been 
officially re-endorsed. This has facilitated the inclusion of 
the new marine species in genus Brucella [36] following 
submission of reference strains to two collection centers and 
their valid publication [44-46]. B. microti [39] and B. 
inopinata [42] were later validly published, as well. The 

 

Fig. (1). Unrooted phylogenetic reconstruction of the relationships between STs. This tree was constructed with the concatenated 
sequence data of the nine loci (4,396 bp) using the neighbour joining approach. The Jukes-Cantor model, which is based on the assumption 
that all nucleotide substitutions are equally likely, was used to determine genetic distances The percentage bootstrap confidence levels of 
internal branches were calculated from 1,000 resamplings of the original data. BMC Microbiol. 2007; 7: 34. Published online 2007 April 20. 
doi: 10.1186/1471-2180-7-34. Copyright © 2007 Whatmore et al; licensee BioMed Central Ltd. 
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current nomenclature and classification of Brucella species 
is therefore represented in Tables 1-3. 

TAXONOMICAL VIEWS ON GENUS BRUCELLA 

Bacteriological Properties 

 Brucella spp. are the etiological agents of animal and 
human brucellosis. Brucellae are Gram-negative bacteria, 
stained red using the modified Ziehl Neelsen technique [47] 
and appearing as coccoid or short rod shaped cells from 0.5-
0.7x 0.6-1.5 microns in size. 

 Brucella spp. live as, non-motile facultative intracellular 
pathogens of the reticuloendothelial cells of terrestrial and 
marine mammal hosts. The mechanisms of their virulence 
and survival inside professional phagocytes partially remains 
an enigma as Brucella has not been shown to produce the 
virulence factors, such as cytolysins, capsules, exotoxins, 
secreted proteases, pili and /or fimbriae, flagella, phage 
encoded toxins and virulence plasmids, implicated in such 
processes in other bacteria [48,49]. Nevertheless, Brucella 
has a conserved virB encoded type IV secretion system that 
may be involved in its substantiated virulence. In addition, 
Brucella has a flagellar type III secretion system that is 
based on a cluster of 44 genes distributed in three loci on 
ChrII, and motB and flgJ located at different regions on ChrI 
amongst the three classical species. The fact that Brucella is 
non-motile is explained, however, by inactivation of some of 
the flagellar genes and absence of the chemotactic systems. 
Despite lack of motility the presence of flagellar genes in the 
chromosomes has been shown to be important in Brucella 
persistence in a murine model but not in cell culture 
infection [50]. It has been proposed that the differences in 
the potential expression of the flagellum may explain 
Brucella adaptation to different hosts. 

 Genome sequencing of three classical Brucella species 
has provided information on their respiration and metabolic 
functions. The chromosomal information has shown that 
Brucella may have adapted to the intracellular habitat by 
selecting for a high-affinity respiratory mechanism and 
simultaneously losing functional nucleotide synthesis, sugar 
modification, polysaccharide synthesis as well as the 
synthesis of biotin and choline and the energy and carbon 
storage compounds glycogen and polyhydroxybutyrate 
[48,51-54]. 

 Brucella respiration is carried out using oxygen as 
terminal electron acceptor with hydrogenases as donors. B. 
abortus cytochromes b, c, and o have been associated with 
mid-log growth whereas cytochromes a+ a3 were identified 
as additional factors during late-log growth. A possible role 
for nitrate respiration under lowered redox potential has been 
proposed. Interestingly, D-erythritol 1-phosphate, an 
intermediate of the erythritol pathway, has been found to act 
as an electron donor to the respiratory chain [55]. Given that 
erythritol is a major product of trophoblasts that line the 
placenta in the late stages of pregnancy, the attraction of 
Brucella to the gravid uterus and replication in the 
trophoblasts has been rationalized on this basis [56]. 
Plommet (1991) [57] used minimal synthetic medium for 
possible typing of B. suis vaccine strain S2 [58] and its 
corresponding B. suis strain 1330 biovar 1 reference wild 
strain by comparing their nutritional growth requirements. 

Ammonium sulphate and thiosulphate sufficed to provide 
nitrogen and sulphur and glucose sufficed to provide carbon 
and energy production. An intriguing finding was the fact 
that B. melitensis strains could use glutamic acid as a sole 
source of nitrogen and energy requirements provided that 
they were stimulated by CO2, or alternatively, that glucose 
was utilized for additional energy. From this result the author 
hypothesized that CO2 was required for activating the flow 
of carbon to the tricarboxylic cycle. Interestingly, the latter 
may link to observations regarding some Brucella strains 
that require an atmosphere containing between 5 to 10% CO2 

for initial culture whereas on further sub-culture they may 
become CO2 independent. It is not clear, however, if this 
results from enzyme induction or sub-population selection. 

Brucella Lipopolysaccharide (LPS) 

 Lipid-As from members of the -2 Proteobacteria, but 
not the  or  subdivisions, have been shown to include n-2-
hydroxylated long chain fatty acids, such as (27-OH) C28:0 
and (29-OH) C30:0 [59]. The core structure of the lipid-A 
contains mono-or bisphosphorylated diaminoglucose 
disaccharides allowing only amide linkages to the 3-OH acyl 
groups. In contrast, classical lipid-A of most common Gram-
negative pathogenic bacteria are formed by a 
bisphosphorylated disaccharide with two amide and two 
ester-linked 3-OH-hydroxymyristate; (3-OH) C14:0. In B. 
abortus, the major hydroxyl fatty acids in the lipid-A moiety 
have been shown to lack -OH myristic acid on the one hand 
but with seven major fatty acids that account for 85% of the 
fatty acids having equivalent chain length of 16 or greater 
carbon atoms, on the other [60,61]. The longer chain fatty 
acids were found as (27-OH) C28:0, (3-OH) C18:0 and (3-OH) 
C14:0, respectively [62]. The nature of the long chain fatty 
acids (C28) has recently been inferred as conferring stealth 
pathogenesis on Brucella spp. by minimizing the host TLR4 
mediated innate immune response compared with 
enterobacterial LPS [63,64]. 

 Degraded oligosaccharide and native hapten extracted by 
phenol-water from smooth B. abortus LPS share structures 
present in smooth Brucella LPS core region including 
mannose, glucose, 2-amino-2,6-dideoxy-D-glucose (quino-
vosamine), 2-amino-2-deoxy-D-glucose (glucosamine), 3-
deoxy-D-manno-2-octulosonic acid (KDO) and unidentified 
sugars. Poly B (polysaccharide hapten extracted with 
trichloracetic acid from B. melitensis rough strain B115), on 
the other hand, includes traces of quinovosamine and KDO 
but lacks mannose, glucose and glucosamine [65]. 

 The hydrophilic part of the LPS contains the O- chain 
antigen (present only in smooth Brucella). In Brucella cells 
bearing the A epitope (such as B. abortus biovar 1) it is an 
unbranched homopolymer of 1,2-linked 4,6-dideoxy-4-
formamido- -D-mannopyranose (perosamine) of a length 
normally ranging between 96 to 100 glycosyl subunits. In 
Brucella cells bearing the M epitope (such as B. melitensis 
biovar 1) the O-antigen includes a linear pentasaccharide 
repeating unit composed of four 1,2 and one 1,3-linked 
perosamine residues [66]. The distinctive LPS structure, 
including the perosamine homopolymer O-chain in smooth 
strains, is a defining feature of Brucella. 

 The gmd, per and wbkC gene products are predicted to be 
involved in 4-formamido-4,6,dideoxymannose synthesis. 
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The wbkA gene product is similar to several 
mannosyltransferases and is probably involved in the 
polymerisation of the B. melitensis O-side-chain [67]. It is 
important to note that Yersinia enterocolitica 0:9 cross reacts 
with B. abortus A antigen in serological tests because of 
almost identical O-chain structure [68-71]. This cross 
reaction complicates serological diagnosis and can hamper 
eradication campaigns [72-75]. Less extensive cross 
reactions occur between smooth Brucella LPS and those of 
Escherichia coli O:157, Francisella tularensis, Salmonella 
O:30, Stenotrophomonas maltophilia and Vibrio cholerae 
[72]. These are also due to the presence of perosamine-
containing structures in the LPS. This is fortuitous and the 
lipid A and core polysaccharide structures in these bacteria 
are quite different from those of Brucella. 

 Rough Brucella spp. lack O-chain antigen. B. canis was 
identified by Carmichael and Bruner (1968) [11] as a cause 
of canine abortion. It was found to grow as mucoid colonies 
but closely resembled B. suis according to its biochemical 
characteristics. Despite lacking O- smooth polysaccharide 
antigen, B. canis is fully virulent in dogs as well as causing 
zoonotic infections in humans, albeit to a lesser degree than 
smooth Brucella species. B. ovis is also a naturally rough 
organism causing epididymitis in rams and associated with 
abortions in ewes [9]. B. ovis lacks part of the chromosome 
[76,77] including a 15.1 kb fragment associated with a 
genomic island 2 that has been attributed to LPS synthesis 
[78] (Table 4). This specific fragment was found to include 
wboA and two other genes involved in biosynthesis of LPS 
thereby justifying the rough morphology of B. ovis [79]. 

Brucella Outer Membrane Proteins (OMPS) 

 Certain features of the OMPs are distinctive and play an 
important role in determining the properties of Brucella. 
Brucella OMPs are grouped according to their sizes, proteins 
with molecular mass of 36-38 kDa are classified as group 2 

porin proteins and the 31-34 kDa and 25-27 kDa OMPs as 
group 3 proteins. The 25-, 31-, and 36 kDa proteins are 
major OMPs whereas the 10-, 16-, 19-, and 89 kDa 
molecules are minor components. OMP 36 kDa is a porin 
[80] and Omp25 kDa is inferred to be important for the 
maintenance of B. melitensis infection [81]. It is worthy of 
note that the two component system BvrR/BvrS has been 
shown essential in controlling Brucella invasion of cells and 
intracellular survival in the host [82]. Specifically, the 
BvrR/BvrS system regulates the expression of two of the 
Brucella group 3 outer membrane proteins. Null BvrR/BvrS 
mutants lacking Omp25 showed changes in cell envelope 
hydrophobicity, permeability and sensitivity to surface 
targeted bactericidal peptides thereby leading to the 
attenuation of the mutants (Guzman-Verri et al., 2002)[83]. 

 OMP 16 kDa shows significant similarity to the 
peptidoglycan-associated lipoproteins Pal of Gram-negative 
bacteria and like OMP 10-, 16-, and 19-, are surface exposed 
lipoproteins covalently bound to fatty acids. These proteins 
have been found in the six original Brucella species and 
biovars within species [84,85]. Omp10 and Omp19 share 
antigenic determinants with bacteria of the family 
Rhizobiaceae [86]. Gene deletions of omp10 and omp19 
have led to mutant attenuation ; omp10 mutants showing 
decreased survival in mice and defective growth in minimal 
medium whereas an omp19 mutant exhibited increased 
sensitivity to polymyxin B and to sodium deoxycholate as 
well as yielding significantly fewer bacterial colonies in 
spleens of mice 4 and 8 weeks post infection [87]. A critical 
review has been published on these proteins [88]. 

 Several of the Brucella omp genes have been cloned and 
sequenced [89-91]. omp3a encodes the formerly recognized 
Omp 25kDa and omp3b is referable to B. melitensis Omp31. 
Knowing the omp31 gene sequence, Vizcaíno et al., (1997) 
[92] have PCR amplified the DNA fragment showing DNA 
polymorphism at the omp31 locus of Brucella spp. They then 

Table 4. Genomic Islands Identified in Genus Brucella as Compared to the B. melitensis Chromosomes, Sizes and Important ORFs 

(Rajashekara et al., 2004) 

 

Genomic Island Relevant to Brucella spp. Size and Location Number of ORFs Important Genes 

GI 1 B. ovis ~8.1 kb (ChrI) 9 Phage related genes 

GI 2 B. ovis ~15 kb (ChrI) 20 
Transposases and phage family integrase and LPS 

synthesis 

GI 3a 
B. canis 

B. suis 
~21 kb (ChrI) 30  

GI 4 B. abortus ~3.8 kb (ChrI) 5 Butanoate metabolism 

GI 5 B. ovis ~44 kb (ChrII) 42 
Peptide ABC transporters, transcriptional regulators and 

two ORFs similar to cephalosporin acylases 

GI 6b B. neotomae ~7.5 kb (ChrII) 10 
Transposases with significant similarity to ORFs on 

plasmid pNGR234a from Rhizobium species 

GI 7 B. ovis ~4.4 kb (ChrII) 5  

GI 8 B. abortus ~25.1 (ChrII) 25 
Proteins involved in sugar metabolism and LPS 

biosynthesis 

GI 9 B. ovis ~4.9 kb (ChrII) 4  
a B. canis shares 30 ORFs with similar deletions with B. suis, indicating common phylogenetic origin of the two species. This is consistent with other publications [155,156]. Three 
additional ORFs deletions are unique to B. canis including a polysaccharide deacetylase that is similar to chitooligosaccharide deacetylase NodB of Rhizobium species. This factor is 
involved in establishing a symbiotic interaction between bacteria and host [157]. 
b Besides GI-6 deletion in B. neotomae genomic DNA the strain is closely homologous to B. melitensis, suggesting a similar phylogenetic origin of the two species [156]. 
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used this polymorphism to distinguish between Brucella 
species by PCR-RFLP and DNA-DNA hybridization. Using 
this approach, the gene was absent from B. abortus due to a 
10 kb deletion whereas B. neotomae could not be 
differentiated from B. suis biovars 1, 3, 4 and 5. 

 Analysis of the 36 kDa porin protein has revealed two 
genes, omp2a and omp2b, that appear in the chromosome as 
inverted repeats of a gene copy with identity of about 85% 
[91].This polymorphism may be related to differential dye 
sensitivity, used as one of the traditional biotyping tests 
(Table 3). RFLP markers within these genes have been 
characterized allowing differentiation between Brucella 
species and additional classification of most biovars within 
species [93,94]. A further useful RFLP classification of 
Brucella spp based on Brucella omp25 and omp36 genes has 
been proposed by Cloeckaert et al. (1995) [95]. 

Brucella Genome 

 The properties of the genome are of primary importance 
in defining the genus. Thus the association of Brucella with 
the -2 Proteobacteria group is supported by its possession 
of two chromosomes [96] like other members of the group. 

 The genome of B. melitensis biovar 1 type strain 16M 
was first characterised by DelVecchio et al. (2002) [48] as a 
prototype candidate of Brucella spp. This was followed by 
the genome of B. suis reference strain 1330 [53] and soon 
after, by the genome of B. abortus field strain 9-941 [52], 
and more recently the B ovis type strain ATCC25840 [54]. 
Additional genomes have subsequently been sequenced, 
including the B. abortus strain 2308 that is widely used as a 
challenge strain in experimental brucellosis [51] and the B. 
abortus vaccine strain S19 [97], culminating to date in 13 
known Brucella genomes (not all published) [98,99]. This 
enormous progress in rapidly determining whole genome 
sequences of representatively widespread Brucella species 
and biovars has deepened our insight into Brucella 
taxonomy, delineating their possible phylogenetic 
relationships possibly down to their ancestors [98]. 

 The DNA composition of Brucella reviewed by Corbel 
(1985) [76] showed that members of genus Brucella all share 
a homogenous base content of 55-58 % mol Guanine + 
Cytosine inferring a close relatedness among the six species 
although B. ovis was reported to lack a small portion of the 
polynucleotide sequence present in the DNA of the other 
species. It has been noted that Brucella do not have 
extrachromosmal replicating entities such as plasmids or 
phages as evidenced by lack of exotoxins, and transferrable 
resistance to antibiotics and the failure of attempts to purify 
plasmid DNA [76]. In contrast, lytic phages have been 
characterized as shown in Table 2. Molecular engineering 
has led to development of four derivatives of the broad-host-
range cloning vector pBBR1MCS [100] that replicate in 
Brucella spp. and are compatible with IncP, IncQ, and IncW 
group plasmids, as well as with ColE1- and P15a-based 
replicons [101]. 

 An early study using restriction fragment pulsed field 
electrophoresis has identified the presence of two 
independent chromosomes in B. melitensis type strain 16M, 
estimated to be of 2.12 and 1.15 megabase size respectively 
[96]. 

 Genome sequencing has confirmed existence of two 
chromosomes, chromosome I being larger than chromosome 
II with median length amongst nine established genomes of 
2.1 and 1.2 Mb, respectively. B. suis biovar 3 was unique in 
having a single chromosome of size 3.1 Mb [102]. Both 
chromosomes have been found to have similar G+C content 
averaging 57.1% for chromosome I and 57.3% for 
chromosome II, respectively [103]. It was noted that 
Brucella chromosome I encodes the majority of the core 
metabolic machinery for processes such as transcription, 
translation, and protein synthesis, as well as phage-related 
proteins. In contrast, chromosome II encodes genes involved 
in processes such as membrane transport, regulation and 
energy metabolism. Although no plasmid replication origin 
was found [48] B. suis strain 1330 ChrII poses a cluster of 
plasmid-like replication genes including a replication 
initiation protein RepC (BRA001) and partitioning proteins 
RepA and repB (BRA1202 and BRA1203) similar to 
plasmid replication genes from Agrobacterium Ti plasmids, 
and plasmids from other organisms including Rhizobium spp. 
[53]. 

Genomic Differences Amongst Brucella spp. 

 Comparative microarray DNA-DNA genomic 
hybridization was conducted using B. melitensis genome as a 
substrate against the five other nomen species. In general, all 
six Brucella species showed a close identity of their 
genomes supporting their inclusion in a single species, as 
previously suggested by Verger et al. (1985) [25]. There 
were nine regions, however, containing at least three 
contiguous ORFs that were absent from the five Brucella 
species in comparison with B. melitensis strain 16M genome. 
As shown in Table 4, these regions, designated genomic 
islands (GIs) were numbered 1 through 9 based on the gene 
order in 16M. Because Brucella live as intracellular 
pathogens they are not easily available to lateral DNA 
exchanges that could facilitate Brucella divergence by 
building different DNA composites. Contrary to this 
assumption, the genomic microarray analysis by Rajashekara 
et al. (2004) [78] has revealed a possible lateral DNA 
acquisition. 

 A different approach of comparative genomics has led to 
identification of a laterally acquired 18.3 kb cluster DNA in 
B. suis that is located on ChrII. The DNA fragment was 
shown to include 18 genes (BRA0362-BRA0379) with 
hypothetical proteins, a putative transcriptional regulator and 
a type IV conjugal transfer cluster of genes. It was assumed 
that phage integrase, found to be located in the flanking end 
of a 15 bp direct repeat, was involved [51]. This research 
also identified a gene cluster commonly found in B. 
melitensis and B. abortus on ChrI that B. suis lacks [48]. In 
addition, two large deletions have been found in B. abortus, 
in sizes of 25.1 and 2.8 kb, respectively [51]. The former 
deletion includes in B. melitensis 22 hypothetical genes as 
well as omp31 that B. abortus lacks. The synthesis of a 
polysaccharide not yet identified in Brucella spp. but present 
in some bacteria belonging to the alpha-2-Proteobacteria 
group has also been inferred [104]. Smaller gene deletions in 
size of 1.2 and 0.9 kb, respectively, were correlated with a 
prokaryotic signaling, diguanylate cyclase/phosphodiesterase 
domain (GGDEF) protein and a ThiJ/PfpI family protease 
[78]. In B. melitensis, 16 complete genes, four 5' or 3' gene 
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segments and a tRNA-Glu are missing as the result of seven 
deletions, five in ChrI and two in ChrII. In addition, a 2.7-kb 
B. suis-specific region located on ChrI is missing from both 
B. abortus and B. melitensis [51]. Conversely, a 9-kb gene 
encoding Cgs, the cyclic ß1-2-glucan synthetase 
(BAB1_0108) known to be involved in virulence [105,106] 
is strictly conserved in the three species. Cgs is also 
conserved in the symbiont Rhizobium and is required for 
effective nodule colonization and symbiosis. Interestingly, 
Brucella Cgs successfully complemented Rhizobium meliloti 
ndvB and Agrobacterium tumefaciens chvB mutants [106]. 

 In line with the close relationship between Brucella and 
plant pathogens, an intact -ketoadipate pathway responsible 
for utilization of plant derived compounds as energy source 
was identified on ChrII of B. suis strain 1330, in two 
separate operons on opposite strands [53]. B. suis strain 1330 
has been shown to be unique amongst the classical Brucella 
species in maintaining the intact pathway whereas in all 
other Brucella species at least 1 of 12 genes involved in this 
pathway has become a pseudogene and in B. suis strain 
ATCC 23445 (biovar 2) all 12 genes are missing [98]. 

IS711 

 The presence of a repetitive element was first established 
in B. ovis [107] and further identified as an insertion 
sequence, IS711. It is an 842 bp element having 20 bp 
imperfect inverted repeats at its ends. The element has been 
shown to be associated with possible hot-spot sites in the 
target molecules which are repeated elements Bru-RS1 and 
Bru-RS2 [108] and it may function via duplication of the 
AT-dinucleotide of the consensus target, YTAR [109]. 
IS711, also identified as IS6501, is not found in other 
bacterial genera but is closely related to IS427 from 
Agrobacterium tumefaciens, strongly arguing in favor of the 
phylogenetic relatedness between the two bacteria [110]. The 
element has been sequenced and identified in six Brucella 
species ranging in different copy numbers between 5 to 10 in 
B. melitensis, B. abortus and B. suis but elevated in B. ovis to 
around 30 copies [109,110] suggesting an active mechanism 
of IS711 insertions into the genome [109]. 

 Recently, this element was identified in marine isolates at 
an even higher number of gene copies [26]. In a recent 
article, active transposition of the element in Brucella 
species that harbor high copy numbers of this element in 
their chromosomes, e.g., B. ovis and B. pinnipedialis, has 
been demonstrated [111]. In contrast, each species has a 
unique locus of one IS711 copy in the chromosome, in B. 
suis on ChrI compared to B. melitensis and B. abortus both 
of which have this copy on ChrII. Based on polymorphism 
of IS711 sequence interruptions in the Brucella chromosome 
AMOS PCR has been established, identifying B. abortus 
(biovar 1, 2 and 4), B. melitensis (all three biovars), B. ovis 
and B. suis biovar 1 [112-115]. 

 

MLVA 

 Multiple-Locus Variable Number Tandem Repeats 
(VNTR) analysis (MLVA) is an emerging molecular tool 
that analyzes DNA fingerprints. The method exploits the 
presence of a small elementary DNA repeat unit of several 
nucleotides in the chromosome as perfect and imperfect 

tandem repetitive copies. This enables identification of 
MLVA fingerprints of a strain by comparative DNA analysis 
of minisatellites (a minisatellite is defined as a repeat unit 
varying between 9 to 80 bp in an allele size of hundreds of 
bp) and microsatellites (a microsatellite is defined as a repeat 
unit varying between 1 to 10 bp in an allele size of tens of 
bp) relative to other organisms. The genome sequencing 
projects that span the classical Brucella species have defined 
an eight base pair tandem repeat sequence that was 
hypervariable in eight genomic loci amongst the three 
Brucella species. PCR was then used to characterize the 
number of repeat units by determining the amplicon (allele) 
size at each locus. The method apparently successfully 
identified Brucella type strains and biovars and it was named 
Brucella HOOF-Prints standing for Hypervariable Octameric 
Oligonucleotide Finger-Prints [116]. Using a similar 
approach, and based on the HOOF Prints it was noted that 
the selected loci in the early study were not sufficiently 
stable to assign isolates to the classical Brucella species. As 
a result, additional discriminatory markers have been studied 
establishing altogether a 21-locus MLVA scheme. This 
analysis successfully differentiated 105 out of 121 strains of 
the classical Brucella species and biovars, as well as 
enabling the confirmation of epidemiological linkages 
amongst strains originating in the same geographical 
location or source of infection [117]. An additional study 
was aimed at analyzing 21 strains of the Brucella genus, 
including 18 representative reference and type strains from 
the classical species and 3 marine strains. This was aimed at 
identifying most of the tandem repeats identified in the then 
three available sequenced Brucella genomes that showed 
presence of a repeat unit of 5bp with a minimum set of two 
alleles. From 71 confirmed loci, 15 markers were selected to 
be used as effective fingerprints in a Brucella MLVA assay. 
Two complementary panels were selected, panel A that 
included 8 markers with moderately variable minisatellite 
structures and panel B with 7 markers, representing highly 
discriminatory microsatellite structures, respectively [118]. 
This method was then applied in evaluating MLVA as a 
diagnostic method linked to epidemiological studies of 
human cases. Panel 1 was reliable in typing Brucella species 
by depicting some alleles that are fixed in species and 
biovars. Amongst B. melitensis human isolates, however, 
Panel 1 identified 20 different genotypes that were 
delineated further to 110 different genotypes by Panel B. 
These studies demonstrate that despite DNA conservation 
and homology amongst Brucella species unique DNA units 
may have varied throughout evolution, possibly reflecting, 
amongst other factors, specific host selective pressures. One 
can conclude, therefore, that genomic changes reflected by 
MLVA analysis correlate with Brucella evolution [119]. A 
recent web-site has been established presenting 
contemporary MLVA analyses of Brucella strains that were 
identified in different geographic sites around the world: 
http://mlva.u-psud.fr/, Brucella2007 MLVA database. 

 MLVA has recently been used in a clinical study, 
targeting human isolates, and extending Panel 2 by the 
addition of one more tandem repeat locus, on one hand, and 
dividing panel 2 to two sub-sets of 3 loci (Panel 2A, showing 
average diversity index lower than 0.75 and 5 loci (Panel 2B, 
showing average diversity index higher than 0.8), on the 
other. In all, three of the five octamers in Panel 2B have been 
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already included by Bricker et al. (2003) [116]. In this study, 
the MLVA–16 assay was highly discriminatory amongst 
unrelated human Brucella isolates from different geographic 
locations but the authors have noted that additional isolates 
from different sources and places need to be included in 
order to fine-tune the method. Interestingly, the study has 
revealed some B. melitensis strains that were identified 
exclusively in goats compared to others that have been 
associated with human cases. This specific observation is 
possibly suggestive of the fact that pathogenic markers are 
important in the zoonotic aspect of the disease [119,120]. 

 It can be concluded that the three MLVA methods are 
high throughput state of art technologies that correctly 
identify Brucella species in addition to being highly 
discriminatory between strains from different geographical 
and epidemiological linkages. Nonetheless, the fact that 
nuances occurred between the marker composition of each 
method and that the typing results markedly depended on the 
markers (Panel A markers were species specific whereas 
panel B markers showing a higher diverse index) indicates 
that a standard method has not yet been achieved. Moreover, 
the validity of the MLVA typing was assessed using known 
classification of the test strains regarding their species, 
biovars and variants of the classical Brucella strains. Taken 
that genus Brucella is currently being widened by the 
inclusion of controversial isolates such as B. inopinata, it is 
yet to be proven that MLVA would be a reliable method in 
correctly classifying new isolates without prior identification 
of the strain according to its biochemical and bacteriological 
traits. 

 A major difficulty in constructing correct lineage 
diversifications amongst Brucella strains emerges from the 
fact that the genus Brucella includes monomorphic species 
according to the DNA composition. This is similar to other 
important human pathogens such as Yersinia pestis, 
Salmonella enterica serovar typhi, Bacillus anthracis and 
pathogenic Mycobacteria (M. leprae, M. ulcerans and M. 
tuberculosis complex - MTBC), respectively. Working with 
MTBC, Comas et al. (2009) [121] have found that VNTR 
loci exhibited different discriminatory power in different 
bacterial strain lineages. Their conclusion, therefore, has 
addressed the limited power of the method urging that a 
large and globally representative strain collection be 
analyzed in order to choose the most appropriate VNTR 
markers that offer the highest discriminatory power within a 
particular strain lineage. Herewith we amend this 
requirement suggesting that the application of VNTR as a 
standard routine in diagnostic laboratories or in establishing 
phylogenic relationships between Brucella species and their 
ancestors must await further validation until a larger strain 
collection from different sources and clinical cases have 
been studied. 

MLST 

 Multi-locus sequence typing (MLST) is a contemporary 
supporting method in tracking epidemiological events based 
on specific gene sequencing and identification of single 
nucleotide polymorphism (SNP) in conserved genes, mostly 
associated with house keeping genes [122]. This method has 
been recently applied to Brucella by selecting 9 distinct 
genomic fragments from which seven were housekeeping 

genes. Because the selected genes were scattered in the 
Brucella genome no genetic linkages were expected. The 
analysis has justified separation of B. abortus, B. melitensis, 
B. neotomae and B. ovis into distinct clusters supporting the 
classical taxonomical view of genus Brucella. B. suis biovars 
1 to 4 also separated into a distinct cluster but diversification 
of the cluster was prominent with B. suis biovar 5 protruding 
from the cluster. Despite establishing a distinct cluster, B. 
canis was closely related to B. suis biovars 3 and 4. A robust 
multiplex assay aimed at rapid identification of Brucella 
species based on single nucleotide polymorphism has thus 
been developed [123]. 

Molecular Insights on B. melitensis 

 MLST could not identify a clear relationship between 
Brucella biovars and sequence types (ST) [37]. Similarly, 
multiple VNTR typing approaches [117-118] were 
insufficient in correlating between a genotype and a biovar. 
As an example, Al Dahouk et al. (2007) [119], using the 16 
loci MLVA typing for human brucellosis has strikingly 
found the collection of human B. melitensis isolates to be 
very heterogeneous and a biovar specific clustering of the B. 
melitensis strains was not achieved. 

 The distinction between biovars within B. melitensis is 
somewhat subjective as the three biovars present identical 
phenotypes when grown on agar plates with fuchsin and 
thionin. They differ only by their agglutination in anti-A or 
anti-M monospecific sera (Table 3). Further, Banai et al. 
(1990) [124] identified in Israel an atypical B. melitensis 
biovar 1 phenotype that resembled B. melitensis vaccine 
strain Rev. 1 by its susceptibility to these dyes. As Rev. 1 
vaccination is common in Israel and because adverse Rev. 1 
like strains have been frequently isolated [125] a concern 
was raised regarding reversion of the vaccine strain to a 
virulent phenotype. This question was resolved by 
comparative analysis of the omp2 gene polymorphism 
amongst local B. melitensis biovar 1 isolates, atypical strains 
and type strain 16M in comparison to Rev. 1 commercial 
vaccine strain and Rev. 1 like isolates. Results have shown 
that all biovar 1 field isolates in Israel, including the atypical 
ones, and irrespective of their origin whether from sheep, 
cows or humans have shared identical omp2a PstI digestion 
profile that resembled that of biovars 2 and 3, differing from 
that of the B. melitensis type strain 16M. In contrast, all Rev. 
1-like isolates and the commercial strain shared an identical 
pattern with strain 16M. Thus, it has been conclusively 
confirmed that an omp2 distinct B. melitensis biovar 1 
lineage has evolved in Israel and the region and that the 
atypical strains were derivatives of this lineage. Obviously, 
this feature has enabled the distinction of Rev. 1 like isolates 
from local B. melitensis biovar 1 strains [126]. 

 Recently, the mutational stability of MLVA markers was 
analyzed using several Rev. 1 strains from different 
geographical and commercial sources. This study confirmed 
that the Rev. 1 isolates were genetically very homogeneous 
[127] indicating that despite showing correlation of fuchsin 
sensitivity with the VNTR code [119] MLVA may not be 
useful in analyzing biological properties of B. melitensis 
biovars. This, however, may be crucial information 
regarding the protective value of the Rev. 1 vaccine when 
encountering endemic lineages of B. melitensis biovars (and 
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very likely pathovars not yet shown to exist) that are 
biologically remote from the genome content of vaccine 
strain Rev. 1. 

Brucella Phylogeny 

 DNA-DNA hybridization studies have placed Brucella 
strains in the ribosomal ribonucleic acid superfamily IV, 
which contains Agrobacterium, Rhizobium, Mycoplana, 
Phyllobacterium and Centers for Disease Control Group Vd 
[128]. The establishment of class Proteobacteria with the 
inclusion of 4 sub-division groups, alpha to delta, has been 
proposed by Stackebrandt, et al. (1988) [129], in order to 
sustain grouping of various genera that are not related 
according to current taxonomic criteria, such as 
phototrophic, nitrifying, nodulating, and plant and animal 
intracellular pathogens, in the same class. 

 The fact that B. abortus belongs to the alpha-2 
subdivision of the class Proteobacteria has been inferred by 
Dorsche et al. (1989) [130] due to having 16S-rRNA and 
other DNA sequences homologous with other members of 
this class [130,131]. Based on the 16S-rRNA homology 
studies Ochrobactrum has been shown to belong in the alpha 
2-Proteobacteria with Brucella and Phylobacterium being 
the closest genera [132]. This conclusion had been further 
supported by the identification and characterization of  
O. intermedium as an intermediate species between 
Ochrobactrum and Brucella [133]. 

 By alignment of 2,246 protein families within the 
genomes of 10 Brucella strains, representative of B. abortus, 
B. melitensis, B. suis, B. canis and B. ceti (partial genome) 
and using closest relatives in the order Rhizobiales, 
Ochrobactrum (O. anthropi and O. intermedium), Bartonella 
quintana, and Mesorhizobium loti as an out group, Wattam 
et al. (2009) [103] have identified in genus Brucella six 
intra-genus phylogenetic clades, B. abortus, B. melitensis,  
B. suis, B. canis, B. ovis and B. ceti. Ochrobactrum was 
shown to be the closest genus from the out group members. 
Shared anomalous region (SAR) 2-5 identified as incP 
island, seemed to have entered Brucella after breaching from 
Ochrobactrum. This SAR contains the Tra proteins 
associated with Type IV secretion system [134]. Because it 
was found in the same phylogenetic clade of B. suis and B. 
canis, that are closely related to B. neotomae and B. ceti 
(Fig. 1), it was assumed to have been acquired laterally by a 
common ancestor. 

 SNP comparison of 13 Brucella genomes has identified 
B. ovis as a basal species and B. melitensis and B. abortus as 
forming a distant branch. This suggested that Brucella 
antecedents were first infecting sheep from which they were 
later transmitted to pigs, cattle and goats. As the SNP study 
has shown the genus to be exceptionally monomorphic, the 
time period that statistically justifies these minimal changes 
has been estimated to be a few thousand years [98]. This has 
been disputed on considering the evolutionary clock 
according to which the family Suidae has evolved in the past 
50 to 20 million years ago preceding the sub-order 
Ruminantiae which includes sub-families Bovinae and 
Caprinae [51]. Nevertheless, the antiquity of the host does 
not seem relevant unless it can be shown that Brucella 
existed before the ruminants. 

 The taxonomic distance between Brucella and 
Ochrobactrum has been studied by comparing the recA and 
rrs (16S-rRNA) gene sequences of 7 out of 9 Ochrobactrum 
species and three type strains of Pseudochrobactrum species 
as well as 8 Brucella species (B. inopinata was not yet 
described), respectively [135]. By comparing rrs sequences 
from several Ochrobactrum strains as the target sequence 
and using O. anthropi type strain as an index strain, distant 
sub-species clades have been identified in the genus 
compared to recA analysis that formed a more homogeneous 
group. Brucella specie, on the other hand, were 
indistinguishable from O. intermedium by the rrs (98.6%) 
and recA (85.5%) sequences, respectively. The 
demonstration that Brucella species closely relate to genus 
Ochrobactrum, that taxonomically involves several species 
and diverse sub-species, has led the authors to conclude that 
further criteria are required for clear demarcation between 
the two genera [135]. With the inclusion of B. inopinata in 
genus Brucella the development of a correct taxonomic 
structure has been further complicated as according to 
traditional markers, such as 16S rRNA, omp2 RFLP and 
MLST, this species lies on the border line between Brucella 
and Ochrobactrum. 

 One recently published taxonomic approach finds the 
ecological context an important factor in the demarcation of 
genera and species [136]. An essential feature of Brucella is 
its pathogenicity manifested as disease in the natural host 
and dissemination to unrelated species including humans. 
The zoonotic potential is a marker of unusual pathogenicity 
as manifested by the three classical Brucella species; B. 
melitensis, B. abortus and B. suis, and to a lesser extent B. 
canis, that predominate in human cases worldwide [137]. 
Other species are less frequently implicated in zoonotic 
disease although there is evidence that they have the 
potential. In contrast, the genus Ochrobactrum represents 
free living non-pathogenic environmental bacteria of which 
only O. anthropi and O. intermedium have been associated 
with human disease, usually in patients suffering from 
additional pathological problems [138]. Inherent 
pathogenicity and absence of a free-living state are thus 
distinguishing features of the genus Brucella. 

The Monophyletic vs Paraphyletic Approach 

 Foster et al. (2009) [98] aimed at elucidating Brucella 
phylogeny by comparing single nucleotide polymorphism 
(SNP) within whole genome orthologs (homologous DNA 
sequences that were separated by speciation of the genus). 
The study included 13 genomes of five of the Brucella 
species, B. abortus, B. melitensis, B. suis, B. ovis and  
B. canis. B. ovis was found to be a basal lineage distant from 
two other established nodes, B. melitensis-B. abortus and  
B. suis-B. canis. Within B. melitensis, limiting the study to 
only a single reference strain per biovar, the three biovars of 
B. melitensis were not clearly differentiated. Foster et al. 
(2009) [98] have thus concluded that the three biovars of  
B. melitensis have radiated simultaneously and were since 
undergoing additional evolution. In the B. suis node, strain 
23445 (biovar 2) was distant from the other 3 biovars (1, 3, 
and 4). B. canis showed a closer relatedness to B. suis 686 
(biovar 3) and B. suis 40 (biovar 4), suggesting it had arisen 
from a B. suis ancestor. This observation sets B. suis as a 
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paraphyletic species, i.e., a group of organisms that shares a 
common ancestor but does not include all decedents [98]. 

Does Host Adaptation Play a Key Role in Brucella 
Evolution? 

 Herewith we want to propose that host adaptation could 
be best perceived as the capacity of Brucella organisms to 
undergo biochemical adaptation to a chronic intracellular 
survival in the reticulo-endothelial cells of their hosts. 
However, Brucella have ensured their persistence in nature 
due to their capacity to establish an acute disease as free 
replicating organisms in the gravid uterus of the host and 
induction of abortion that spreads the organisms in the 
environment. Specifically, recent data have confirmed that 
chronic brucellosis is accomplished via establishment of 
sustainable replicative niches of Brucella Containing 
Vacuoles (BCV) in macrophages [139]. In contrast, Brucella 
proliferate to enormous numbers of organisms in the 
trophoblasts of the gravid uterus [140] resulting in necrosis 
of the cells and development of placentitis and abortion 
[141]. The latter is a profound mechanism that facilitates 
spread of the disease to additional hosts suggesting a linkage 
between Brucella pathogenicity and their restriction to a 
natural host in which they cause abortion. This has recently 
been associated with blue-light activation of a two-
component histidine kinase sensor in B. abortus that triggers 
virulence of the organism following abortion [142]. It is very 
likely, therefore, that by infecting secondary hosts Brucella 
are entrapped in dead end vectors incapable of inducing 
abortion. This stops the abortion cycle thereby ceasing their 
successful propagation and transmission in nature. Thus, 
statistical opportunities for the organisms to find a successful 
replicative niche for the expansion of the population, on one 
hand, and human interventions such as eradication 
campaigns, on the other, may have affected Brucella 
evolution. B. ovis would be an example of a slowly perishing 
species following control and eradication campaigns in 
major endemic areas [143]. 

 In contrast, our data in Israel have shown that B. 
melitensis may have undergone host adaptation to dairy 
cattle. Despite B. abortus S19 vaccine coverage of the 
female population at 3 to 6 months of age several dairy 
farms have been infected by B. melitensis biovar 1 strain(s) 
but none, so far, involved the atypical strain. While most 
cases did not commence as abortion storms on the farms, at 
least in a single case the infection was accompanied with this 
problem. This second host adaptation could be explained by 
possible clonal developments within species [144-146] that 
may have undergone pheno-genotypic changes. 

 Other Brucella types may correlate less definitely with 
this hypothesis. B. abortus biovar 8 is an extinct species [99] 
or may have never existed (as no-one could produce a type 
strain) whereas B. abortus biovar 7 is conceived to be a 
mixed culture of B. abortus biovars 3 and 5 [22,146] and B. 
suis biovar 5 is phylogenetically distinct from the other four 
species [99]. Development of new species, such as B. microti 
and B. inopinata, on the other hand, possibly indicate the 
presence of unknown forces in nature that may sustain or 
modify Brucella populations and their genomic content. 
Whether the strains existed in the past and were only 

recently identified due to careful application of improved 
methodologies does not change this conclusion. 

CONCLUSIONS 

Genus Definition 

 According to the 1975 minimal standards, the genus is 
defined in terms of morphological, biochemical, cultural, 
serological and pathogenic properties, with very limited 
genetic criteria (DNA G+C ratio, DNA-DNA hybridization 
homology) as other data had not emerged at that time. These 
criteria would not exclude any of the current members of the 
genus but are no longer adequate for decision-making in 
relation to new isolates. Indeed it was envisaged at the time 
that they were published that they would be updated 
periodically in the light of new knowledge. This is clearly 
long overdue. The phylogenetic position of the genus has 
changed dramatically since these standards were laid down. 
At that time Brucella was a distinct genus with no known 
close affiliation to other genera. Since then it has become 
clear that the genus is closely related to a number of genera 
within the 2  sub division of the Proteobacteria and in 
particular to Ochrobactrum. This similarity is so close that it 
has even been suggested that these genera should be merged. 
It is possible that other genera will be discovered that also 
show a close relationship to Brucella. It is now assumed that 
the genus and its close relations such as Ochrobactrum and 
Mycoplana, evolved from a common environmental 
precursor. This may no longer exist and direct fossil 
evidence is unlikely! However, virtual fossil evidence may 
be deduced from the genome structures and virtual 
precursors and intermediate forms may be inferred. They 
may help to explain the relationships between the current 
genera. However, from a practical point of view a 
fundamental difference exists between Brucella and 
Ochrobactrum in that the former is a primary pathogen and 
associated with specific infections in a range of hosts. All 
known Ochrobactrum species are essentially saprophytic 
environmental bacteria with some occasionally associated 
with opportunistic infections in humans, usually with 
immune impairment. The features defining the basis of 
pathogenicity in Brucella are still only partially characterized 
but will eventually be defined in terms of molecular genetics. 
It is likely that these will form the basis for the 
differentiation of the genera. It is also quite conceivable that 
intermediate forms possessing some but not all of the 
pathogenicity determinants of Brucella against an 
Ochrobactrum genetic background will be found. Perhaps B. 
inopinata represents a step in that direction. Under such 
circumstances the basis of differentiation of the genera will 
need to be reconsidered. At present no useful purpose would 
be served by lumping together a group of specific pathogens 
with a group of essentially non-pathogenic bacteria of wide 
distribution. This would present legislative and practical 
problems for medical and veterinary authorities on a global 
scale. 

 A new genus definition should emphasize genetic 
features. A DNA G+C ratio of 56-59% and >95% homology 
with DNA of reference strains are essential features, together 
with typical chromosomal structure and full genome 
sequence. However, the latter is not convenient to determine 
on a routine basis with current technology and alternative 
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sources of information have to be considered. Key in 
differentiating the genus from closely related organisms is 
the nucleotide sequence of the 16S-rRNA. Recent near full 
length sequencing (1,412 bp from a full length of 1,485 bp) 
of the six long-established Brucella species and a marine 
isolate (ATCC M2357/93) showed all to be 100% identical. 
In contrast, the 16S-rRNA sequence of the closely related 
Ochrobactrum anthropi was 99.8% identical, with a 
difference of 16bp as well as a deletion and an insertion 
which were sufficient to distinguish between Brucella 
species and this closest known relative. B. inopinata 16S-
rRNA showed only a 5 bp difference and was thus 
acceptable for the genus. Thus, 16S-rRNA sequencing 
allows determinative identification of new isolates as 
members of the genus [147]. 

 It is also essential to retain fundamental phenotypic 
characteristics such as Gram negative morphology and 
absence of flagella and motility (although Brucella retains 
flagella genes, these are modified, do not confer motility and 
may play a role in pathogenesis). Most biochemical and 
cultural characteristics should remain unchanged but with 
more latitude for metabolic activities. The serological 
specificity of smooth strains is a defining feature and the 
presence of a lipopolysaccharide of distinctive core lipid 
composition and with an O- chain comprising an N-formyl 4 
amino 4,6 dideoxymannose homopolymer differentiates the 
genus. Pathogenicity in appropriate animal species and/or the 
presence of functional genes encoding virulence 
determinants such as virB and the Type IV secretion system 
are also defining features although the possibility of deletion 
or disruption in individual isolates should be kept in mind. 

Species Definition 

 It has long been maintained by some that Brucella 
comprises a single species with numerous variations. This 
has been reflected in the nomenclature proposed at various 
times eg Brucella melitensis var. abortus or var. melitensis 
[1]; Brucella brucei var. abortus &c. [148]; Brucella 
melitensis melitensis &c. [25]. While from a purely academic 
viewpoint there is some validity in this approach, it confers 
little practical assistance in differentiating the isolates from 
various sources and in monitoring transmission and control. 
In current taxonomy species are differentiated on the basis of 
DNA homology, with the arbitrary figure of 70% similarity 
being taken as the cut-off point. For many genera this level 
fails to differentiate many organisms that display substantial 
biological differences. It is also recognized that 
determination of homology by crude hybridization 
techniques fails to disclose important genomic differences. 
In the case of Brucella this has been confirmed by more 
subtle molecular genetic analysis. Nevertheless, it can be 
argued that the differences and groupings observed do not 
amount to true species differences. For that reason, taxa 
differentiated at that level are best referred to by the term 
nomen species which better reflects the situation. 

 The use of features such as CO2 requirement, H2S 
production, urease activity, dye sensitivity and antigenic 
type, enabled strains conforming to the original three species 
to be identified but rapidly fell apart once a wider range of 
strains was studied. The observation that oxidative metabolic 
pattern with carbohydrate, amino acid and urea cycle 

substrates allowed a correlation with preferred natural host 
constituted a major advance [149,150]. This was supported 
by the more user-friendly phage typing procedure [151,152]. 
This enabled differentiation of the three original species B. 
abortus, B. melitensis and B. suis into biovars by application 
of the traditional biochemical, serological and dye sensitivity 
tests. This system has worked reasonably well over the years 
although differences between isolates are not always clear-
cut and the various biovars are not distinguished by 
characteristics of equal weight e.g. B. melitensis biovars 1, 2 
and 3 are really only serovars; B. abortus biovars 3 and 6 
hinge on dye sensitivity. The system can also be criticized 
for inconsistent application to subsequently identified 
species, e.g. heterogeneity exists in the properties of B. ovis 
and B. canis strains but is not recognized by the 
classification. It is clear that a more objective system for 
sub- division of the genus is required. Multiplex PCR has 
been shown, however, successful in identifying Brucella 
species and vaccine strains [153,154]. 

 Recently, by means of whole genome single nucleotide 
polymorphism (SNP), omp 2 gene RFLP analysis and multi 
locus sequence typing (MLST), a consensus has been 
obtained on the position of B. ovis as a basal species of the 
genus from which a B. melitensis, B. abortus clade and a 
separate B. suis, B. canis clade have emerged [40,41,98,103]. 
The other recognized species are sporadic and unorientated. 
Interestingly, B. inopinata adheres closely to the 16S-rRNA 
Brucella category but shows a divergent omp2 sequence. Its 
placing as a separate species in the genus Brucella was based 
on MLST of 8 conserved housekeeping genes that showed it 
to be closer to Brucella than to Ochrobactrum. 

 In order to prepare for the unknown we therefore suggest 
a two step approach. Firstly, the Brucella taxon as presented 
in Tables 1-3 would be recognized as a valid structure due to 
conforming with the rules and codes of bacterial taxonomy. 
Classification of newly identified Brucella isolates would be 
achieved by the implementation of established techniques 
such as 16S-rRNA sequencing, phage typing, identification 
of oxidative metabolism patterns (gallery methods such as 
the API system might offer a less hazardous alternative 
approach although with limitations [135]) and association of 
the strain into an ecological niche [136]. Secondly, sub-
typing to a biovar level and identification of epidemiological 
linkages would be accomplished by alternative molecular 
typing; MLVA, MLST and SNP in showing phylogenetic 
relationships and VNTR in establishing epidemiological 
linkages, respectively. Nonetheless, we propose that a 
pathovar nomenclature be established by recording important 
intra-species infection events that may impinge on possible 
cloning developments amongst genus members. This 
approach could open new horizons regarding our means of 
studying Brucella virulence and pathogenicity in different 
hosts. 

 For example, in B. melitensis we identified isolates that 
differed in their host restriction, such as the atypical biovar 1 
strains that have been found associated with small ruminant 
and human brucellosis cases in Israel but never so far were 
identified in cattle (Banai, unpublished data). Al Dahouk et 
al. (2007) [119] have found a similar trend amongst B. 
melitensis reported lineages that were restricted to goats. The 
isolates from marine mammals also show genetic diversity 
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that could be reflected in differences in pathogenicity. 
However, there are obvious difficulties in studying this in the 
natural environment. 

 We recognize that the full rational development of such 
an approach is contingent on the availability of additional 
data on the basis of the pathogenicity and host specificity of 
Brucella and are under no illusions that this is a beginning 
rather than a conclusion. 
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