Analyzing Pathogen DNA Sequences

NA-based experimental tech-

niques allow rapid detection

and identification of
pathogens for medical treatment,
criminal forensics, and possibly attri-
bution (that is, finding the source of
an outbreak). Bioinformatics provides
the computational tool for that identi-
fication process. Loosely defined as
the merger of computers and biology,
bioinformatics evolved significantly
during the Human Genome Project in
response to the biologists’ need to
assemble a complete genomic
sequence from DNA fragments. In the
area of biothreat reduction, we are pri-
marily concerned with analyzing the
information contained in a pathogen’s
genome. Biothreat reduction, there-
fore, requires a collection of computa-
tional tools and databases that are dif-
ferent from those used to determine
the genomic sequence.

The initial step in creating an iden-
tification tool for reducing the biologi-
cal threat is to identify the complete
set of genes contained in the
pathogen’s genome. This task is gen-
erally accomplished by use of hidden
Markov-based techniques, which
enable us to calculate the probability
of finding the next base in a DNA
sequence, given the bases directly pre-
ceding it. It turns out that in regions
of DNA that encode genes, the next
nucleotide in a sequence can be pre-
dicted with high probability based on
the previous four to seven nucleotides.
In genomic sequences that do not
code for genes, this predictability is
significantly less. DNA sequences that
have high predictability are therefore
identified as gene sequences. For
organisms such as the common bac-
terium Escherichia coli, this approach
has shown better than 95 percent
accuracy. We routinely apply this
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approach to pathogenic bacteria that
represent a threat to our safety, such
as Bacillus anthracis and Yersinia
pestis, the causative agents of anthrax
and plague, respectively.

With the gene predictions in hand,
we are in a position to interpret the
functions of these genes in the cell, as
well as identify genes that are unique
to a pathogen. At its simplest, this pro-
cedure is known as functional annota-
tion. It is a difficult process, in part
because genes from two organisms
that perform the same function rarely
have the same DNA sequence. We use
various statistical techniques to asses
the degree to which a gene sequence is
similar to anything in a database of
known gene sequences. Even in a sin-
gle-cell organism like B. anthracis,

which contains between 5000 and
6000 genes, about 40 percent have no
statistically significant similarity to
anything in the database. Recent stud-
ies have shown, however, that the
functions of the protein products of
two genes can be remarkably similar,
despite any discernable sequence simi-
larity between the genes. Thus, our
techniques look not only for overall
similarities to specific genes but also
for similarities to conserved functional
domains within the genes.

Current technology allows us to
complete 95 percent of the DNA
sequence of a bacterium of five mil-
lion bases in a matter of days.
Because decreasing that time even
further is expected, studies that com-
pare the genomes of closely related

(a) Actinobacillus

Figure 1. Comparing Genomes

(a) This illustration shows the overall conservation of genome
topology between Actinobacillus and Haemophilus ducreyi.

Both bacteria have only one chromosome, which is represented

by the two heavy lines (one for the forward strand and one for the reverse). Genes
appear on both strands. The green lines connect similar genes that appear on the
same strand in both genomes, whereas red lines connect genes appearing on oppo-
site strands. Most genes are present in both genomes, yet overall, the gene order, or
the location of the gene, is not conserved. (b) There are, however, contiguous
stretches of six or more genes that are conserved in gene order. (c) The detail
shows a stretch of six genes that are involved in cell envelope biosynthesis and
antibiotic susceptibility. These genes are conserved in both gene order and function
and therefore point to an important evolutionary link between the two bacteria.
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bacteria will become more common.
Such studies may help us understand
the remarkable, possible physiological
differences between closely related
organisms. For example, although the
genomes of B. anthracis and its near
neighbor B. thuringiensis are greater
than 99 percent similar, the former
can kill humans, whereas the latter is
harmless to humans and is widely
used as a pesticide. Our first examina-
tion of these two genomes has
revealed small sections of unique
DNA, scattered throughout each
genome, that range from small mobile
DNA elements (insertion elements,
transposons, and phages) to regions of
around 25 genes of unknown function.
The unknown genes presumably relate
to existing physiological differences.

Other comparisons such as those
between Actinobacillus and
Haemophilus ducreyi show small
regions of conserved gene order in an
otherwise nonconserved genome
topology (see Figure 1). In addition
to their potential evolutionary signifi-
cance, those conserved regions may
also serve as gene targets for detec-
tion assays and disease mitigation
strategies.
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CGGGGGCCCCCTGACTAAT
CGGGGGCCCYCTAACCAAT
CGGGGGCCCTCTCACCAAC
TGGGGGCCCTCTTACCAAT
CGGGGGCCCGCTTACCAAT
CGGGGGGCCCTTGACCAATTCAAA
GTGGGAGGTCCCATGCAGAACAGCAA
GTAGGAGGGCCCATGATGAACAGCAA
ATAGGCGGGCCGATGATGAACAGCAA
GTGGGAGGGCCCATGATGAACAGCAA
GTGGGAGGGCCCATGCTAAACAGCAA
GTAGGAGGGCCCATGATGAACAGCAA
TGCGGGGGCCCTATGAACAACAGCAA
GTCGGAGGTCCCATGTATAACAGCAA
GTTGGAGGTCCCATGTTCAACAGCAA
TGTGGTGGTCCTATGTTTAACAGCAA
TGCGGTGGTCCTATGTTCAACAGCAA
TGTGGCGGTCCTATGTTTAACAGCAA
GTGGGCGGTCCCATGTACAACTCCAA
GTGGGCGGACCCATGTTCAACAGCAA
GTGGGCGGTCCTATGTTTAACAGCAG
GTGGGCGGCCCCATGCATAACAGCAA
GTGGGCGGCCCTATGCACAACAGCAA
TGTGGAGGCCCCATGTACAACAGCAA
TGTGGAGGCCCCATGTACAACAGCAA
TGTGGAGGCCCCATGTATAACAGCAA
TGTGGAGGCCCTATGTATAACAGCAA
GTGGAGGCCCCATGTATAACAGCAA
GTGGAGGCCCTATGTATAACAGCAA
NCGGTGGTCCCATGTNTAACTCTAA
GCGGAGGCCCCATGTTCAATTCTCG
GCGGTGGGCCCATGATGAACTCCCG
GTGGTGGCCCGATGTTTAACTCCAA
TGGGTGGTCCTATGTACAACTCACG
TTGGCGGCCCTATGTACAACTCTCG

The article “Reducing the
Biological Threat” on page 168
describes how variable number tan-
dem repeats and single nucleotide
polymorphisms can be used as “sig-
natures” to differentiate among differ-
ent strains of a single organism.
Given the genomic sequence, we can
easily locate these simple repeats and
supply laboratory personnel with the
necessary information to design and
test an assay. But we are also devel-
oping techniques to construct new
signature sets that will identify
pathogen strains.

The DNA sequences from thou-
sands of related pathogens are first
used to construct a phylogenetic tree,
as seen in Figure 2(a). (Note that the
tree seen in the figure is “pruned” to
show only a small subset of branches.
Each branch end therefore corre-
sponds to a specific DNA sequence
that is representative of many similar
sequences.) Overall, the branches
cluster into groupings, or clades. We
examine the DNA sequences that
make up each clade and identify a set
of individual bases that is highly likely
to be seen in the chosen, but not in
other sequences—see Figure 2(b).
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Figure 2. DNA Signature
(a) This phylogenetic tree
shows the evolutionary rela-
tionships of a subset of hep-
atitis C viruses. (b) Given the
tree, we can align partial
DNA sequences and identify
individual bases that can be
used to distinguish a partic-
ular clade. The signature for
Type 1 hepatitis C viruses is
shown below the Type 1
sequences. It can be used to
identify such viruses, or
when used in conjunction
with other signatures, to
help characterize unknown
viral strains.

CCAAGGGG

This set of bases—the signature—pro-
vides a statistically powerful means to
discriminate among clades and allows
us to place new strains/DNA
sequences into their genetic context.

Genome sequencing has opened a
new era in the study of pathogens.
Soon, hundreds of genomes from
closely related pathogens will be
available, and understanding what
makes pathogens both similar and dif-
ferent will start at the DNA level. The
looming challenge will be to develop
methods for rapid detection and iden-
tification of pathogens, as well as new
treatments. Making good use of
genomic sequence data is a significant
step forward in our goal of meeting
that new challenge. m
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