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Chapter 5

Comparative Genomics of 
Brucella melitensis, B. suis, and B. abortus
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From: Brucella: Molecular and Cellular Biology. Edited by: Ignacio López-Goñi and Ignacio Moriyón 
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Abstract
The genomes of the classical Brucella species and their biovars have two 
chromosomes with the exception of B. suis biovar 3 strain 686 which has a 
single chromosome. The larger chromosome has approximately 2.1 Mbp and 
has a bacterial origin of replication. The smaller chromosome has approximately 
1.2 Mbp and has plasmid replication functions. There is a large inversion within 
the small chromosome of B. abortus biovars 1, 2, and 4. There is a single large 
unique genetic island among the genomic sequences of B. melitensis, B. suis, 
and B. abortus. This island resides in the small genome of B. suis and encodes 
homologs of transfer functions and phage related genes. Given the high similarity 
among the genomic sequences of brucellae, differences among them with regards 
to host preference, virulence and infectious cycle could be due to subtle variations 
in the conserved DNA and differential expression of conserved genes, rather than 
due to unique genomic DNA fragments. Detailed comparative sequence analysis 
identified common and unique regions and diverged regions within conserved 
genes, and suggests sequence targets to be used in a comparative approach to 
functional genomics experiments.

1. Introduction
Brucellosis is a widespread disease of agriculturally important animals and is 
the most prevalent bacterial zoonosis. In the host animal, it often manifests 
itself by abortion. There are six classical species of Brucella, named for their 
host preference. Most of the infections caused by Brucella are due to four of 
the six classical Brucella species; B. melitensis, B. abortus, B. suis and B. ovis. 
These species of Brucella preferentially infect caprine, bovine, swine and ovine, 
respectively. B. canis, which is found primarily in dogs, is recognised as an 
emerging disease agent. B. neotomae, the sixth recognised classical species, was 
isolated from the desert rat. Brucella have recently been isolated from a wide 
variety of sea mammals (Foster et al., 2002). Though the Brucella are closely 
related and proposed to constitute biovars of a single species in the bacterial genus 
B. melitensis (Verger et al., 1985), the classical names are still in use. There is an 
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ongoing discourse among taxonomists on what constitutes a species (Moreno et 
al,, 2002; see also Chapter 1). There is an added dimension to the discussion when 
the bacteria are intracellular pathogens like Brucella that have undergone selective 
pressure during host adaptation and in isolation from other bacteria. 
 Taxonomically, the genus Brucella is in the class Proteobacteria, subdivision 
α-2. This subdivision also includes rickettsiae, agrobacteria, and rhizobiae (Moreno 
et al. 1990). These bacteria, like brucellae, have a close association with either plant 
or animal cells. Some of the bacteria in this subdivision are obligate intracellular 
pathogens while others are facultative intracellular bacteria, either pathogens or 
symbionts. The structures of the genomes among the α-2 subdivision vary. There 
may be more than one chromosome and the presence of large plasmids.

2. Sequence and Characteristics of the Brucella Genomes
The whole genomic sequences of B. melitensis (Acc. NC_00317 and NC_00318, 
DelVecchio et al., 2002) and B. suis (Acc. NC_004310 and NC_004311, Paulsen 
et al., 2002) have been determined. The draft sequence of B. abortus 9-941, a 
field strain isolated from naturally infected bovine, has been completed through a 
collaboration of National Animal Disease Center, Agricultural Research Service, 
United States Department of Agriculture and the University of Minnesota and is in 
draft form. TIGR in a collaboration with Virginia Tech, National Animal Disease 
Center, and Walter Reed Army Institute of Research, has nearly completed the 
whole genomic sequence of B. ovis. Of the four Brucella genomes that have or are 
being sequenced, only B. ovis is not pathogenic for man. As there are differences 
in host preference and pathogenicity of these four Brucella species, their genomic 
sequences provide a basis for designing experiments to determine the genetic basis 
of virulence, pathogenicity, evolution, and host-pathogen relationships. 
 Whole genomic sequence comparisons were made between Brucella and 
other α-2 Proteobacteria (Paulsen et al, 2002). The whole genomic sequence of 
brucellae is comprised of a large chromosome, designated Chr I, and a smaller 
chromosome, designated Chr II. Chr I from B. suis and B. melitensis shares broad 
gene synteny or gene order with the large chromosome of Mesorhizobium loti but 
only limited synteny with the genomic sequences of Agrobacterium tumefaciens 
and Sinorhizobium meliloti. Chr II has limited synteny to genomic sequences of 
M. loti, A. tumefaciens or S. meliloti. Approximately 70% of the ORFs of Brucella 
are shared with at least one of the following species, M. loti, A. tumefaciens or 
S. meliloti and approximately 55% are shared by all three. The closest bacterial 
species to Brucella are the Ochrobactrum spp. (Jumas-Bilak et al., 1998). These 
are free-living soil bacteria but are also opportunistic human pathogens. 
 The high degree of relatedness of the genomes of the classical Brucella species 
was first demonstrated over thirty-five years ago by DNA-DNA hybridisation 
(Hoyer and Mc Cullough, 1968 a, b). This observation was extended by more 
recent pulsed field gel electrophoresis (PFGE) studies. Genomes of the Office 
International Des Epizooties (OIE) type species for the Brucella classical species 
and their biovars digested with XbaI produced similar but distinct profiles 
(Allardet-Servant, 1991). Further PFGE studies, revealed that the genomes of 
Brucella except for one biovar of B. suis have two chromosomes (Michaux, 1993). 
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The degree of similarity among genomes of the Brucella is illustrated also by 
the number of single nucleotide polymorphisms (SNPs) found when genomic 
sequences of Brucella were compared. The number of SNPs between the genomic 
sequences of B. suis and B. melitensis was 7,301 over 3.2 Mbp (Paulsen et al., 
2002). This is less than that for Streptococcus pneumoniae strains TIGR4 and R6 
and Escherichia coli strains K-12 and O157:H7. The SNPs between strains of these 
two species were 8,303 over 1.9 Mbp and 36,676 over 3.9 Mbp, respectively. 
 The similarity of the genomic sequences and synteny among B. melitensis. 
B. suis, and B. abortus is evident by direct comparisons of their genomic sequences 
(Figure 1). There are more differences between the small chromosomes than the 

Figure 1.  Pustell analyses (McVector 7.2, Accerlys Inc., San Diego, California, US) were carried 
out using the genomics sequences of B. melitensis, B. suis, and B. abortus. The chromosomes 
were oriented in the same direction and start at a common locus. The window size was 50. 
The minimum score was 90% and the hash value was 6. The number of base pairs is given in 
Megabasepairs (Mbp). 
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large. There are two large genetic islands (Table 1) among the genomic sequences 
of B. suis and B. melitensis that are not in Chr II of B. abortus. Given that Chr II 
has a plasmid-type replication origin; encodes homologs of two secretion systems 
(type IV secretion first described for DNA translocation and flagella); has a large 
putative composite transposon encoding amino acid, dipeptide, and sugar transport 
genes; contains at least two genetic islands encoding phage related proteins, it 
is reasonable to hypothesise that Chr II and many of its genes were horizontally 
acquired by Brucella (Paulsen et al., 2002; Tsolis, 2002). Likely, some of the genes 
on Chr II were acquired at the same time as the plasmid replication locus. This 
chromosome became essential after acquiring chromosomal genes. 
 Many features of the genome of the classical Brucella species were established 
before any of the whole genomic sequences was determined. The whole genomic 
sequences confirmed previous observations and provided details that furthered 
our understanding of other observations (DelVecchio et al. 2002; Paulsen et al., 
2002). The base composition was calculated to be 56 to 58 % G + C from DNA 
hybridisation studies (Hoyer and McCullough, 1968a). This is in agreement with 
that determined from the whole genomic sequences of B. suis and B. melitensis, 
57%. The PFGE maps established that the genomes of Brucella contained about 
3.3 Mbp distributed on two large circular DNA chromosomes (Michaux et 
al., 1993) of approximately 2.1 Mbp and approximately 1.15 Mbp. The whole 
genomic sequences of both B. suis and B. melitensis are consistent with these sizes 
(DelVecchio et al., 2002; Paulsen et al., 2002).
 The larger chromosome has a bacterial-like origin of replication while the 
smaller chromosome has a plasmid-like origin of replications. Small plasmids have 
not been isolated from Brucella. Attempts to isolate small plasmids from 600 strains 
of Brucella including all the classical species and their biovars using three different 
protocols at the University of California were not successful (Meyer, 1990). The 

Table 1.  Unique, shared, and conserved genetic islands among B. melitensis, B. suis, and 
B. abortus

Size (bp) Genetic Island (Loci) 1Chr 2S 3M 4A 

18,290 BRA0362-BRA0379; tra genes and phage 
related genes

II + - -

3,538 BR0588-BR0593. phage related I + - +

20,883 BMEI1674-BME1702; many small 
hypothetical ORFs, Phage integrase, Flj

I - + +

25,245 BRA0419-BRA0439 II + + -

3,952 BR1852-BR1854; Tn2020 I + -, +* +

1Chromosome; 2B. suis; 3B. melitensis; 4B. abortus
* Tn2020 is not in the genomic sequence of B. melitensis 16 M but there is one copy of IS2020 
(Halling and Zuerner, 2002).
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smaller, plasmid-based DNA molecule meets the criterion for a chromosome as it 
carries two tRNA synthetases and tRNA-Cys; these are essential genes. Most of 
the genes necessary for protein synthesis reside on the large chromosome while 
those encoding enzymes for sugar metabolism, protein regulators, and membrane 
transport proteins for sugars, dipeptides, and amino acids, reside on the small 
chromosome. Many of the transport protein coding sequences are within a 50 Kbp 
putative composite transposon, Tn1953 (Bricker, Acc. No. AF454951). 
 There is a large inversion within the Chr II of B. abortus (Michaux-Charachon, 
1997). The inversion was identified by PFGE maps prepared from genomic DNA 
digested with the restriction endonuclease PacI. The inversion was identified in B. 
abortus 544, a biovar 1 strain and the type species for B. abortus. They also reported 
an inversion in Chr II of B. abortus biovars 2, 3 and 4. We designed primers based 
on the sequence flanking the inversion site of B. abortus 9-941 and confirmed the 
inversion in B. abortus biovars 1, 2, and 4 (Figure 2). We were unable to amplify 
genomic DNA from B. abortus biovar 3 Tuyla using these primers. This result was 
confirmed by use of primers that flank the genomic sequence of B. suis 1330 at 
the site where the inversion occurs relative to the genomic sequence of B. abortus 
9-941. These primers amplified B. suis biovar 1 and B. abortus biovar 3 but not 
B. abortus biovar 1 strains 544 and 9-941, B. abortus biovar 2 and B. abortus 
biovar 4. The difference in results between the two laboratories may be due to 
different sources or strains of B. abortus biovar 3 used.
 The relative small difference in the lengths of Chr I of B. suis and B. melitensis 
(1,207,381 bp and 1,177,787 bp, respectively) is mostly due to an unique genomic 
island in B. suis that appears to have been acquired by horizontal transfer. Note that 
here DNA fragments are referred to as genetic islands if they are at least 500 bp and 
encode phage-related ORFs, insertion sequences (IS), or fragments that either vary 
significantly in their G + C content from that of the genome or vary in codon usage 
from that of the genome statistics even though the G + C content may not vary. 
Only one unique island (Table 1) that was not transposon related was identified 
among the genomic sequences of B. suis, B. melitensis and B. abortus when the B. 
abortus draft sequence was compared with that of both B. suis and B. melitensis 

Figure 2. PCR products amplified using inversion specific primers.  Lane 1: B. suis 1330; lane 
2: B. abortus 544; lane 3: B. abortus biovar 2; lane 4: B. abortus biovar 3; lane 5: B. abortus 
biovar 4; lane 6: B. abortus biovar 5; lane 7: B. abortus biovar 6; lane 8: B. abortus biovar 9. 
The size marker is in base pairs (bp) on the left size of the figure.  Forward primer was 5′-CCT-
TTT-CCG-GAG-GCC-AAA-ATA-TGA-GCC-AT-3′ and reverse primer was 5′-CGC-CCG-
ATA- TTT-CTC-TTC-ACT-TGA-CGC-CA-3′. Cells were heated to 95º C for 5 min.  Melting, 
annealing and elongation temperatures and times were 95º C for 15 seconds, 60º C for 30 seconds, 
and 72º C for one and one-half minutes.  
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and that genetic is in the genome of B. suis. This island is carried on Chr II and 
encodes bacterial transfer functions and phage related ORFs and hypothetical 
proteins. No homologs of virulence factors were confirmed on any of the islands. 
The report of the genomic sequence of B. melitensis was accompanied by an 
excellent review by Moreno and Moriyón (2002). They listed the factors shown 
previously to affect the virulence and pathogenicity of Brucella and identified new 
putative factors from the genomic sequence of B. melitensis. Brucella have none 
of the obvious virulence factors identified for many bacterial pathogens such as 
capsules, pili or fimbriae, proteases, exotoxins, phages and cytolysins. 

3. Genomic Diversity: Polymorphisms and Insertion Sequences
By the early 1990ʼs, a number of genes had been cloned and sequenced from 
Brucella. The sequence data revealed that there was a high degree of similarity 
among the genomes, suggesting that it may be difficult to develop assays to 
distinguish the classical Brucella species and their biovars. Sequence diversity 
among the brucellae at the DNA level was observed among outer membrane 
proteins (Omps). Much of this work began with the observations that Omp profiles 
varied among brucellae isolates (Verstreate and Winter, 1984). Polymorphism 
observed among the Omps could be due to selection based on host, as the Omp are 
in contact with cells in the first phase of infection, adherence and attachment. The 
study of DNA based polymorphism at loci encoding Omps, omp2a/omp2b (Ficht et 
al., 1989; 1990), omp31, and omp25 (Cloeckaert et al., 1995), lead to development 
of polymerase chain reaction-restriction length polymorphism (PCR-RFLP) assays 
that could identify Brucella and to varying extents distinguish the classical species 
and their biovars. This work is summarised in a recent review by Vizcaino and 
colleagues (Vizcaino, et al., 2000; see also Chapters 1 and 2).
 Insertion sequences (IS) are a source of genomic instability and diversity by 
moving within the genome causing gene reassortment by chromosomal deletions 
and inversions (Mahillon et al., 1999). These events create polymorphism 
concomitantly. The insertion sequence, IS711/IS6501 (Halling et al., 1993, 
Ouahurani et al., 1993) appears to be an ancestral sequence as not only do all the 
Brucella have the element but they also have common copies. It is a source of 
genetic diversity among the Brucella as it has transposed to at least one unique 
locus in the classical species of Brucella. So far, it has not been shown to be 
involved in genomic inversions and large deletions or rearrangements.
 Insertion sequences can benefit bacteria by transposing and modifying gene 
expression, aiding in their adaptation to a new environment such as a different host. 
Given that Brucella has little exposure to other bacteria, IS may be an important 
internal source of diversity especially during selection. The copy number of 
IS711 ranges in Brucella from as few as seven to well over 30 in the marine 
isolates. Whether or not the other IS from Brucella are able to transpose is not 
known. Transposition of transposable elements is usually tightly regulated and, if 
the elements arose in Brucella from horizontal transfer, their promoters may not 
be recognised or functional in Brucella. Several of the elements in B. suis have 
pseudogenes and these would not be predicted to be mobile unless complemented 
by a second copy elsewhere in the genome. 
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 The movement of IS alters gene linkages within the genome. This results in 
polymorphism that can be used as targets to identify and distinguish strains (see 
Chapter 1). Though the classical species have copies of IS711 that are found at 
the same loci, they also have at least one IS711 copy at a unique loci so that the 
classical species can be distinguished on Southern blots when they are probed with 
IS711 (Ouahrani et al., 1993; Bricker and Halling, 1994). Other assays based on 
IS711 have been developed and continue to be developed (Bricker, 2002). 
 Though IS711 elements transpose in Brucella, they do not appear to transpose 
at a high frequency (Halling and Zehr, 1990). This element in B. ovis isolates from 
different time periods and geographical locations did not appear to differ in copy 
numbers, even though there are approximately 30 copies. The element has been 
observed to be mobile in B. abortus. The B. abortus biovar 1 strains 2308 and RB51 
(Schurig et al., 1991) have more copies of IS711 than the B. abortus type species, 
strain 544 (Bricker and Halling, 1995; Vemulapalli et al., 1999). In B. abortus 
S2308, there are two tandem direct copies of IS711. During selection of the rough 
vaccine strain RB51 (Schurig, et al., 1991), IS711 mobilised again (Vemulapalli 
et al., 1999). This copy interrupts the wboA gene encoding a glycosyltransferase 
that is essential for the synthesis of O-side chain. These copies of IS711 made 
it possible to develop PCR assays to identify and distinguish the challenge and 
vaccine strains, B. abortus S2308 and RB51. Though there are other insertion 
sequences in Brucella, there are not any reports of their transposition yet. 
 Genetic diversity by IS may be directed to a certain extent as most IS do not 
transpose randomly but, rather, transpose to target sequences. What other factors 
may be involved in internal transposition of an element such as structural changes 
caused by palindromes or other sequences is not known. The target sequence 
for IS711 is pyrimidine-A-T-purine, often CATG, but IS711 elements do not 
randomly transpose to those sequences either. Several of the elements from B. 
ovis were found to flank a repeated DNA sequence, Bru-RS1 (Halling and Bricker, 
1994). There did not seem to be a pattern with regards to the relative orientation 
of IS711 and Bru-RS1. The Bru-RS1 elements might have an effect on DNA 
secondary structure that affects the efficiency of either the transposition process 
or the exposure and recognition of target sites. Thus, Bru-RS1 may be a source of 
genetic instability and diversity for Brucella working hand and hand with IS711. 
As B. ovis has more than 20 copies of IS711, the genomic sequence of B. ovis will 
further our understanding of the association of IS711 and Bru-RS1. Also, it will be 
of interest to note if phenotypic traits of B. ovis can be traced to transposition of 
IS711 in B. ovis. These data may be useful in generating hypotheses regarding both 
transposition targets of IS711, the most mobile transposable element in brucellae, 
and their effect on genomic structure. 
 Repeat sequences can generate polymorphism during replication due to 
mispair slippage. Slippage backwards or forwards can result in deletions or 
duplications of sequences, respectively. If the repeats reside in or near genes, 
gene expression can be affected and have been associated with genetic diseases 
in humans (Cummings and Zoghbi, 2000). Similar or identical tandem repeats of 
variable lengths are often found at several loci in a genome. These are designated as 
VNTRs for variable nucleotide tandem repeats. VNTRs have been used for strain 
typing for epidemiological trace back for bacterial pathogens, such as Bacillus 
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anthracis (Keim and Smith, 2002) and Mycobacterium tuberculosis (Frothingham 
and Meeker-OʼConnell, 1998). A VNTR was identified in Brucella, AGGGCAGT 
(Bricker et al., 2003). Most of the loci that have VNTRs in Brucella have ORFs 
annotated upstream of them but the effect of the VNTR on expression of the ORFs 
is not known. Interestingly, most of these VNTRs in Brucella are physically linked 
to a conserved region that may influence the frequency of slippage. 

4. Genomics and Taxonomy
Moreno and Moriyón hypothezised that B. melitensis and B. abortus share a 
common ancestor and became isolated at the same time that their hosts did, about 
20 million years ago (Moreno and Moriyón, 2001). The ability of B. melitensis 
to cause abortions in cattle, sheep and goats may be due to its having a common 
ancestor with B. abortus. B. suis can cause abortions in swine but not cattle. A 
number of studies support that B. abortus and B. melitensis are more closely related 
to each other than either one is to B. suis. This relative closeness of the genomes 
of B. melitensis and B. abortus is demonstrated by dendrograms constructed from 
data generated from the classical species of brucellae and their biovars by data 
obtained using: arbitrarily primed PCR (Fekete et al. 1992); random amplified 
polymorphic DNA (Tcherneva et al. 2000); PFGE (Michaux-Charachon et al., 
1997, Jumas-Bilak et al., 1998); Western blot protein patterns including whole cell 
antigens and soluble antigens reacted with sera from rabbits hyperimmunised with 
either Ochrobactrum anthropi or B. suis 1330 (Velasco et al., 1998), transcript 
analyses (see below) and metabolic capabilities (Meyer, 1990). 
 Comparison of genomic sequences entails not only the DNA sequence itself 
but their ORFs as well. Confidence in an annotated genomic sequence is higher 
for those ORFs for which conserved homologs are identified in protein databases 
searches. Even though sequences of B. suis and B. melitensis are highly similar 
they have been annotated differently in some instances. In some cases, ORFs 
are on opposite strands or overlap. Annotation of the Brucella genomes contains 
a number of hypothetical proteins and conserved hypothetical proteins. The 
function of some of the hypothetical proteins will likely be discovered with further 
experimental work on Brucella and other bacteria. In time, it is likely that it will 
be determined that some of these putative ORFs do not encode gene products. In 
any case in order to have an inclusive microarray, it is better to saturate the genome 
with ORFs and use data from other studies including microarray studies to identify 
which ORFs encode gene products. Proteomics can aid in the identification of start 
codons and expressed ORFs.
 One of the most difficult tasks in annotation of any genome is to identify 
which short ORFs express polypeptides. There are many short ORFs annotated for 
the B. suis genome but very few for the B. melitensis genome. Mostly, selection 
of ORFs when there are no homologs in the databases is done by use of software 
such as Glimmer (Salzberg et al., 1998; Delcher et al., 1999). This software 
identifies ORFs based on using highly conserved homologous regions within the 
target genomic sequence. This approach works best to identify genes in regions 
of the chromosome where the G + C content matches the statistical G + C content 
for the whole genome. The ability to detect ORFs that are expressed, especially 
small ORFs, may be improved by studies to identify promoters from Brucella. 
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Another difficulty in the annotation of genomic sequences of Brucella is that the 
α-Proteobacteria may use a start codon other than ATG. Annotation is an ongoing 
process and data from microarrays, RT-PCR, and transcript mapping will be needed 
to identify all the genes and their ORFs. These data will be needed to determine the 
genetic basis for differences in pathogenicity, virulence, and infectious cycle of the 
Brucella. 
 Various kinds of repeated sequences have been reported among bacteria. 
The accumulation, distribution and function of these elements are still largely 
speculative. They may affect gene expression indirectly by stabilising m-RNA 
(Hulton et al., 1991). In enterobacteriae, two such sequences, designated 
Enterobacterial Repetitive Intergenic Consensus (ERIC) and Repetitive Extragenic 
Palindromic (REP) sequences, have been described (Stern et al., 1984; Hulton 
et al., 1991). Two sequences designated Bru-RS1 and Bru-RS2 that are similar 
to ERIC sequences in size and occurrence in non-coding regions but not in 
DNA sequence were discovered in brucellae (Halling and Bricker, 1994). The 
Bru-RS sequences like ERIC sequences occur singly. A comparison of the 
genomic sequences supports that the elements have not been involved in genomic 
rearrangements. The two Bru-RS elements are 65% similar and are flanked by 
inverted repeats. Within the element, there is another copy of the repeat. This 
results in a 70 bp subsequence in Bru-RS1 that is bounded by 8 bp direct repeats 
and a 38 bp sequence bounded by 8 bp inverted repeats. Some of the Bru-RS1 
elements are truncated, having only the 70 bp subsequence. While the Bru-RS2 
elements have a similar structure, their inverted repeats are shorter, 6 bp. However, 
17 bp of the left end of Bru-RS2 is directly repeated within the element to bound 
an 81 bp subsequence. The internal direct repeat pairs with the left end to form a 
40 bp element. Both Bru-RS1 and Bru-RS2 have several repeats of the sequence 
5′-GAAA-3′, a sequence shown to stabilise RNA hairpins (Heus and Pardi, 1991). 
As discussed above Bru-RS1 sequences are hot spots for IS711 insertion. This 
may be due to the highly palindromic nature of the elements that could disrupt 
DNA structure. The sequences of the elements are not identical and appear to have 
drifted (Halling and Bricker, 1994). 

5. Genomics and Diagnostics
Relatively small differences in the predicted gene content of Brucella are unlikely 
to completely explain differences in virulence and host preference. However, these 
minor gene content differences are sufficient to uniquely identify each of the 
species in an expression experiment.
 In a genomic sequence comparison, we identified a total of 101 genes that 
are uniquely present, or uniquely absent, in one of the three Brucella genomes 
(Figure 3). Gene boundaries were defined based on existing annotation for B. suis 
and B. melitensis, and predicted on a draft sequence of B. abortus using Glimmer 
2.0 (Delcher et al., 1999). Complete nucleotide sequences were compared directly 
using an early prototype of the GenoMosaic system (Gibas et al., 2003), and 
differentiating regions were identified and localised within gene boundaries. RT-
PCR was used to test for expression of these differentiating genes in vitro, and 54 
of the genes identified produced transcripts under the conditions of our experiment 
(Sturgill et al., unpublished).
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 Genes with homologs in all three species were surveyed to identify additional 
differentiating features comprising less than a complete gene. Of 3,163 genes with 
homologs in all three genomes, nearly all were found to be more than 95% identical 
in sequence to their homologs at the nucleotide level, with 95% or greater coverage 
of the sequence. In every case where homologs were present in all three genomes, 
high scoring sequence match regions among them had sequence identity greater 
than 90%. Therefore, the only additional group of genes that could be considered 
as potential differentiating features in an expression context was a group of 214 
genes where the sequence match detected extended over less than 80% of the 
sequence, leaving a distinguishing region as a target for a unique primer or probe. 
These partial homologs may be useful as additional differentiating features but 
have not yet been tested in expression experiments (Sturgill, 2003).

6. Differential Gene Expression
The small number of truly unique coding sequences in the Brucella genomes 
suggests that differences in virulence and host preference are most likely a 
function of differential gene expression as well as unique gene content. Very few 
comparative studies of differential gene expression in Brucella exist, but recent 
results of a comparative study of urease gene expression (S. Boyle, unpublished) 
suggest that a differential approach to expression will yield interesting results.
 There are two separate urease operons on Chr I of the three Brucella 
spp. genomes located at approximately 0,.273 and 1.316 Mb. Species-specific 
differences are present in the two gene clusters of urease subunits present in B. suis, 
B. abortus, and B. melitensis (ureA-G-1 BR0267-BR0273 and ureA-G-2 BR1356-
BR1362 in B. suis). In the ureA-1 gene (BR0268) of B. melitensis, there is a 1 bp 
insertion representing a potential frameshift. In the ureD-2 (BR1362) gene of B. 
abortus, a 6 bp insertion was identified. In the ureE-2 gene (BR1359) of B. abortus, 
two separate single base deletions are present and representing possible frame 
shift in translation. Finally, the last 22 bp of ureE-1 (BR0271) were shown to be 
100% identical in B. abortus and B. melitensis but significantly diverged in B. suis, 
including a 2 bp deletion. This variation within these urease gene clusters could 
prove to be significant to the expression of functional urease subunits (Figure 4). 
 Using primers specifically designed to amplify mRNA transcripts from the 
three species of Brucella grown in trypticase soy broth, we detected transcripts 
of a predicted size from all the subunit genes in both clusters except for ureD-1 
and a smaller than expected transcript from ureC-2. All 3 Brucella spp. exhibited 
urease activity when tested in urea broth (Difco). However, when a kanamycin 
resistant marker was introduced and most of the ureA-1 and ureB-1 genes were 
deleted by recombination, B. suis did not produce urease activity. In contrast, 
when a kanamycin resistant marker was introduced and most of the ureB-2 and 
ureC-2 genes were deleted, B. suis retained urease activity. These results suggest 
that there is likely some type of post-translational complementation occurring 
among the subunits of the two urease gene clusters. A similar observation was 
reported (Sangari and Garcia-Lobo, 2003) when the ureC cluster was mutated by 
transposon insertion, only ureC-1 but not ureC-2 mutants exhibited loss of urease 
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activity in all three Brucella species. Certainly more experimental work needs to be 
performed in order to clarify the nature of the expression of the two urease operons 
of the Brucella. 

7. Designing Arrays that Address Closely Related Sequences
DNA microarrays are widely used to study global transcription levels. A comparative 
expression study of the Brucella presents a unique challenge and therefore a 
unique opportunity in DNA array design. The extensive identity between gene 
homologs in the three Brucella species suggests a comparative genomics approach 
to construction of a DNA microarray. Rather than using separate arrays, or separate 
probes designed for each gene in each species, it would be possible to construct 
a generic Brucella array that would include probes designed for sequence regions 
common to all three genomes. Probes for differentiating genes or regions could 
also be added, to serve as a built-in diagnostic.
 In fact, constructing such a design presents a significant challenge. Currently 
available oligonucleotide array design software packages have no capabilities 
for optimising probe picks to fall within highly similar regions of related targets. 
Complicating the issue further is the need to avoid regions of the target sequence 
that are highly similar to host sequences, in order to avoid cross-reaction with host 
transcripts in experiments where Brucella samples are isolated from host cells, as 
shown in Figure 5.
 Even in sequences greater than 90% identical, it is difficult to avoid 
mismatches, and while the effects of single base pair mismatches on hybridisation 
is well-studied for oligonucleotides 25-30 nt in length (Lipshutz et al., 1999; 
Ramakrishnan et al., 2002; Peterson et al., 2002; Riccelli et al., 2003), there 
has been little corresponding work for longer oligonucleotides or for cDNA 
arrays. However, longer oligonucleotides have been shown to provide optimal 
sensitivity and specificity (Kane et al., 2000; Hughes et al., 2001). In the absence 
of quantitative study of the thermodynamic effects of slight mismatches in long 
oligonucleotides and development of a modelling approach to compensate for 
these effects in a comparative study, mismatches should be avoided when possible. 
A truly “generic” Brucella array for comparison among sequenced species would 
be limited to probes for regions that are 100% identical in all three species.
 In practice, we were limited to designing an array using existing oligonucleotide 
selection methodologies pick70 (Bozdech et al., 2003) and OligoArray (Rouillard 
et al., 2002; 2003). These programs select probes based on commonly used design 
criteria, among them sequence uniqueness, low self-complementarity, and specific 
GC content or sequence complexity. OligoArray adds biophysical criteria which 
affect hybridisation – duplex Tm and Tm of secondary structures predicted to form 
within the probe – but at the present time these criteria are applied in a rather 
rudimentary fashion and information needed to predict hybridisation behaviour is 
not available. 
 Neither of these design methodologies addresses the problem of design for 
multiple transcriptomes, so it was not possible to eliminate mismatch entirely in 
the first round of oligonucleotide selection. B. suis was chosen as the base sequence 
for design of the array, and probes from specific differentiating targets to address 
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unique regions in B. melitensis and B. abortus were subsequently added. The 
prototype array designed using these methods was analysed and found to contain 
approximately 10% of probes that contained unusually stable secondary structures, 
and approximately 10% of probes that did not match equally well with targets in 
each of the three genomes (Ratushna and Gibas, unpublished). 
 Because we can identify precisely where secondary structure and mismatch 
effects may interfere with hybridisation on this prototype array, the experiment 
becomes a valuable exploration not only of comparative Brucella functional 
genomics, but of our ability to design, optimise and interpret data gathered from 
a multi-transcriptome experiment. Multi-transcriptome approaches are likely to 
become more common as rapid genome sequencing allows microbiologists to 
take the approach of sequencing families of closely related microbial genomes to 
identify the basis of virulence and other phenotypic differences (Bhattacharyya et 
al., 2002a; 2002b).
 The differences in host specificity and virulence among the brucellae can be 
more easily investigated now that genomic sequences are available. The similarity 
among the genomic sequences suggests that those differences may be due in part to 
sequence variations such as SNPs and pseudogenes. The RT-PCR studies support 
that differential gene expression is also likely to play a part as well. Differences 
in gene expression will also be applicable to rapid identification of agents of 
brucellosis. Clearly the genomic sequence is not the end but is another beginning. 
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