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Abstract

Rapid advances in the genomic sequencing of bacteria and viruses over the past few years have
made it possible to consider sequencing the genomes of all pathogens that affect humans and
the crops and livestock upon which our lives depend. Recent events make it imperative that full
genome sequencing be accomplished as soon as possible for pathogens that could be used as
weapons of mass destruction or disruption. This sequence information must be exploited to
provide rapid and accurate diagnostics to identify pathogens and distinguish them from
harmless near-neighbours and hoaxes. The Chem-Bio Non-Proliferation (CBNP) programme
of the US Department of Energy (DOE) began a large-scale effort of pathogen detection in
early 2000 when it was announced that the DOE would be providing bio-security at the 2002
Winter Olympic Games in Salt Lake City, Utah. Our team at the Lawrence Livermore National
Lab (LLNL) was given the task of developing reliable and validated assays for a number of the
most likely bioterrorist agents.

The short timeline led us to devise a novel system that utilised whole-genome comparison
methods to rapidly focus on parts of the pathogen genomes that had a high probability of being
unique. Assays developed with this approach have been validated by the Centers for Disease
Control (CDC). They were used at the 2002 Winter Olympics, have entered the public health
system, and have been in continual use for non-publicised aspects of homeland defence since
autumn 2001. Assays have been developed for all major threat list agents for which adequate
genomic sequence is available, as well as for other pathogens requested by various
government agencies.

Collaborations with comparative genomics algorithm developers have enabled our LLNL
team to make major advances in pathogen detection, since many of the existing tools simply
did not scale well enough to be of practical use for this application. It is hoped that a discussion
of a real-life practical application of comparative genomics algorithms may help spur algorithm
developers to tackle some of the many remaining problems that need to be addressed.
Solutions to these problems will advance a wide range of biological disciplines, only one of
which is pathogen detection. For example, exploration in evolution and phylogenetics,
annotating gene coding regions, predicting and understanding gene function and regulation, and
untangling gene networks all rely on tools for aligning multiple sequences, detecting gene
rearrangements and duplications, and visualising genomic data. Two key problems currently
needing improved solutions are: (1) aligning incomplete, fragmentary sequence (eg draft
genome contigs or arbitrary genome regions) with both complete genomes and other
fragmentary sequences; and (2) ordering, aligning and visualising non-colinear gene
rearrangements and inversions in addition to the colinear alignments handled by current tools.
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Pathogen detection can
be accomplished by
locating unique regions
of the DNA or protein
sequence

Detection signatures
need to be both
conserved over all
target strains and
unique compared to all
non-target genomes

Protein detection
mechanisms provide
speed at the cost of
sensitivity

INTRODUCTION

DNA and protein signatures for
pathogen detection

Most people have experienced ‘food
poisoning’, nearly always a bacterial
assault, as well as ailments such as colds or
flu, caused by viruses. The majority of
such cases do not fatally threaten those
with sound health and immune systems.
However, a smaller group of infectious
agents do pose a threat, even to those
with healthy immune systems. Many of
these are discussed on a Centers for
Disease Control (CDC) website' and in
recent texts.”

Accurate and rapid diagnosis of
pathogens is important, whether the
context is determining the cause of an
outbreak of food poisoning due to
unsanitary food preparation/cooking/
serving/storage or a deliberate dispersal of
a pathogen not normally encountered in
urban life (eg anthrax in the postal
system.) There are two major approaches
to pathogen detection: detecting a unique
DNA (or RNA) sequence and detecting
unique protein regions.

Recently, some of us published a
paper3 containing a tutorial primer on
DNA detection via the polymerase chain
reaction (PCR) technique that underlies
most current DNA detection techniques.
The assays currently produced by our
system include the following:

e A pair of PCR primers (forward and
reverse) is used to amplify the region in
question. This is a vital concept of
PCR-based DNA diagnostics, since it
allows even a single molecular copy of
DNA to be amplified sufticiently for
detection to take place. The PCR
primers themselves do not necessarily
have to be unique to the pathogen.
Some researchers will use primers that
are unique to a family of organisms,
and rely on an internal hybridisation
oligonucleotide (oligo) for specificity
to a single species or strain of a
pathogen. By default, our system will
seek unique primers whenever possible
to reduce the chances of cross-reaction.

e A hybridisation oligo is used to detect a
section of the PCR -amplified
fragment. A fluorescent tag attached to
the oligo 1s released during the
hybridisation process and can be
detected via optical detection
mechanisms, quantifying the amount of
pathogen DNA that is present.

Hence, the problem of designing
PCR-based DNA detection assays for
pathogens can be simplified as requiring
us to locate regions of the genome that
are:

e unique (as far as can be determined
given available sequence data);

e conserved (over all the different strains/
isolates of the pathogen that can be
tested);

e long enough to match the needs of a
particular detection technology;

e meet any other special requirements of
a particular detection technology
(example at the website™).

The first step in pathogen detection via
unique DNA is the mechanical or
chemical disruption of a bacterial
pathogen to access the DNA. This implies
that preparation steps are needed before
the DNA detection assay can be run. The
systems used at the 2002 Winter
Olympics required several minutes of
mechanical disruption and several process
steps before being run on a thermal cycler
for about 30 minutes. Batch production
runs thus required at least an hour to
obtain results.

In some situations faster detection is
desired that does not require extensive
preparation or the amplification process of
PCR. Protein signatures thus generally
need to recognise surface proteins (eg the
spore coat of anthrax). This type of
detection is now commonly used for
diagnostic kits, such as home pregnancy
tests and tests for prostate specific antigen.
One disadvantage of protein detection
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We have focused on
detection of pathogens
in the environment

Pathogen DNA
signatures are limited
by sequence availability
over strains and near
neighbours

A whole-genome
approach to DNA
signature design yielded
greatly improved
efficiency over
traditional approaches

assays is that, lacking amplification, they
are less sensitive than PCR-based DNA
assays. Many of the tools discussed below
are also suitable for protein signature
design, although we will not go into great
detail on this ongoing research topic in
this paper.

Our efforts have been primarily focused
on the problem of detecting pathogens in
the environment. Related problems
include detection of pathogens within a
host (human, plant or animal) and forensic
determination of strain/isolate resolution.

COUNTER-BIOTERRORISM
AND APPLIED GENOMICS
The anthrax attacks in autumn 2001
provided the first real awareness that most
of the US general public had of
bioterrorism. Numerous problems,
including false positives and false negatives
from different types of diagnostic assays
and poor information being conveyed by
officials to the public (eg anthrax being
called a ‘virus’ when it is a bacterium),
revealed how poorly prepared the USA
was as a nation for this kind of event.
Although the Department of Energy
(DOE)-funded programme had been in
operation for more than a year to produce
pathogen diagnostics, a heightened sense
of urgency required us to scale up our
operations quickly. How this practical
application of comparative genomics
pushed the state of the art to meet the
needs for fast results is described below,
and the remaining challenges are also
pointed out.

To date, DNA signature candidates
have been produced for virtually every
threat list agent” for which there is
adequate genomic sequence available.
The authors are involved in eftorts to
acquire sequence for those lacking such
data. Many of our signature candidates
that have been taken forward to assays
have undergone rigorous CDC validation
exercises and have begun to enter the
public health system. Other signatures are
available to, and are being used by, other
agencies involved in aspects of national

defence. For what should be obvious
reasons, details are not given of the major
threat agents the authors have worked on,
the number of assays for each, or the
actual diagnostic assay signatures. The
same techniques have been applied to a
number of human and livestock
pathogens that are not considered to be
potential bioterrorism agents, and these
are used as examples to illustrate our
capabilities.

COMPARISONS WITH
OTHER DNA SIGNATURE
DEVELOPMENT EFFORTS
Traditional approaches to DNA signature
development started with the assumption
that a particular gene was vital to an
organism’s virulence, host range or other
factors that might be considered ‘unique’.
Suitable primers and probe were designed
for the detection system of choice
without effective computational screening
for uniqueness. The resulting assay would
then be tested with the available strain(s)
and success declared if they were detected
while near-neighbours were not. This
approach would sometimes yield good
results, but failures frequently occurred
owing to inadequate strain panel, near-
neighbour and environmental testing.
Failure could also occur because the
chosen gene was not unique as assumed
but was part of some mechanism that was
common to other as-yet unsequenced
organisms. Although commercial software
and services exist to create DNA
diagnostics to detect a specified DNA
target, there is an assumption that the user
has already determined the best target to
use. The authors are not aware of any
other software or service that purports to
determine apparently unique DNA
signature targets from whole genomes.
Our approach improves upon the
traditional method by efficiently locating
portions of the pathogen target genome
that are definitely not unique, and
eliminating them from further
consideration. In some cases, appropriate
near-neighbours have been sequenced to
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Extensive
collaborations are
necessary to test
signatures on some live
pathogens

Our whole-genome
approach is a by-
product of experiences
gained on the Human
Genome Programme

Pathogen sequence
availability can vary
widely

Pathogen sequence data
is acquired from
multiple sources and at
several levels of
completion

provide maximum isolation of target
regions related to virulence. Rigorous
selection criteria are used on the
remaining potentially unique portions of
the genome to select candidate assays that
should work against all strains of the
target for which sequence is available.
Finally, the authors have worked with
appropriate collaborators to ensure that
the assays are screened against large strain
panels and robust environmental samples.
Although our approach dramatically
reduces failures both in initial laboratory
screening and subsequent field-testing,
the quality and quantity of target strain
and near-neighbour sequence available
are limiting. Thus, pathogen diagnostic
design is viewed by the authors as a
continuous process that is potentially
affected by every new microbial genome
sequenced.

In the past three years our team has
interacted with every US government
agency that is involved in bioterrorism
and has had numerous personal
interactions with DNA signature
developers from the military, US
Department of Agriculture (USDA),
CDC, Food and Drug Administration
(FDA), Justice Department and others.
The team has also interacted with
counterparts in the UK and Canada and
with academic pathogen experts at
multiple institutions. The team is not
aware of any other DNA signature
developers who have automated their
signature development process beyond
multiple sequence alignment, primer
design software and simple similarity
searching. For example, researchers at
the USDA Plum Island facility have
sequenced over 100 isolates of Foot and
Mouth Disease Virus (FMDV) and are
designing DNA diagnostics using that
class of tools (D. Rock, personal
communication). While these
techniques may work well enough,
especially for small viral pathogens, they
do not scale well when the goal is to
deliver and maintain reliable diagnostics
for dozens of bacterial and viral
pathogens.

COMPUTATIONAL
IMPROVEMENTS IN DNA
SIGNATURE
DEVELOPMENT

Members of our team spent many years
working on the Human Genome Project
prior to becoming involved with
pathogen signature design. It was
theorised that a whole-genome analysis
approach, ie comparing a target pathogen
genome against all other microbial
genomes that had been sequenced, would
allow the DNA to tell us what was unique
(or, alternatively, what was definitely not
unique and thus not worth our effort,
unless it were part of a shared virulence
mechanism). Beginning in August 2000,
the team built a set of tools that would
accomplish this goal. Several situations of
different target pathogen sequence
availability were quickly confronted:

1. We had a single, completed genome
for the target pathogen.

2. We had multiple completed genomes
for the target pathogen.

3. We had a single, draft genome
(multiple contigs) for the target
pathogen.

4. We had multiple draft genomes for the
target pathogen.

5. We had a collection of less-than-
genome sequence fragments for the
target pathogen.

6. Combination of (1) and (5).
7. Combination of (2) and (5).
8. Combination of (3) and (5).
9. Combination of (4) and (5).

For our comparison database, all
complete bacterial and viral genomes plus
available draft bacterial genomes were

downloaded from several sources. This
included the NCBI® and major genome
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Identifying a non-unique
sequence is the fastest
way to identify the
apparently-unique
regions

Few multiple-sequence
alignment programs
could meet our needs

MGA and DIALIGN
handle some but not all
pathogen alignment
needs

Few tools are available
to work with draft
genomes

centres including TIGR,” DOE’s Joint
Genome Institute® and the Sanger
Centre.” Our goal was to identify all
portions of the target pathogen genome
(larger than some minimum size
threshold, 18 bp currently) that were
apparently unique when compared against
all other non-target genomic sequences.
Note that this ‘electronic subtraction’
problem could be accomplished by
solving the inverse problem: identifying
all portions of the target pathogen
genome that are shared with organisms in
the comparison database.

For target pathogen sequence
availability cases 1 and 3 above, where
only a single completed or draft sequence
was available, the electronic subtraction
problem stated above had to be solved.
However, for all other cases it was first
necessary to determine a consensus
sequence of the available target pathogen
sequence, and then perform the electronic
subtraction using that consensus. In
August 2000, several major problems
were faced in trying to form consensus
sequences for the availability cases listed
above:

e There was no multiple genome
alignment program available that scaled
to handle full-sized bacterial genomes
(3—5+ Mbp in length).

e There was no effective way to align
less-than-genome fragmentary
sequence with one or more completed
full-sized bacterial genomes.

e There were no effective tools for
aligning multiple draft genomes, either
among themselves, and/or with
completed genomes or fragmentary
sequence. (Some sequence assembly
tools might have had limited
incremental assembly capabilities, but
generally suffered from other limiting
assumptions.)

The first problem was solved for most
cases in 2002 with the release of MGA™
(Multi-Genome Aligner), but the second

and third problems remain unsolved. This
means that for bacterial pathogens, crude
methods are still employed to handle cases
2 and 4—8 above, or else at least some of
the available sequence data cannot be
used, owing to lack of adequate alignment
methods. This problem does not plague
most viral genomes, however, which are
small enough that an existing
multisequence alignment tool
(DIALIGN'") can handle cases 2, 5 and 7.
Nevertheless, analysis of large viral
genomes may require unacceptably long
running times or may exhaust memory,
and thus, like bacteria, may benefit from
improved alignment tools.

The need to find efficient solutions for
the electronic subtraction and consensus
sequence problems led the team to
examine the available choices for whole-
genome comparison software.

An automated system for
predicting pathogen DNA
signatures using comparative
genomics tools

What follows is a brief description of the
system constructed to automate the task of
predicting pathogen DNA signatures
using some of the tools described above.
Figure 1 gives a simplified diagram of the
KPATH system.

Determination of target pathogen
consensus sequence

When the team began computational
DNA signature development task in
August 2000 there were no algorithms
available that could efficiently align
multiple bacterial genomes. After
experimenting with programs that did not
scale to handle even tiny viruses,
DIALIGN was located, although it could
take days to weeks to run on large viral
genomes. In 2002, a new multiple-
genome aligner program, MGA, became
available from Michael Hohl, Stefan
Kurtz and Enno Ohlebusch. This fast,
anchor-based algorithm works well for a
collection of whole genomes similar
enough to have exact-match ‘anchor’
regions evenly distributed and present in
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MGA assumes that
there exist identical,
colinear anchors across
all input genomes

A consensus gestalt
indicates regions
conserved across all
inputs

1 or more Bacterial or
Viral Genomes
(Target Sequence)

All Microbe
Database

Multiple Genome
Alignment (DiAlign/MGA)

Consensus
Target Sequence File

Suffix"l'h

PCR Constraints
BLAST in silico Screen
Electronic Reagent Ordering

Primer Design
(Primer3)

Candidate Signature
Generation

(Vmatch)

1 Uniqueness File

Figure I: The KPATH system flow. Inputs consist of one or more genomes. Small viral
genomes are aligned with DIALIGN, larger genomes with MGA. A consensus gestalt (see Figure
2) is formed from these alignments and serves as input to Vmatch, which compares it against
our all_microbes database. This yields a uniqueness gestalt (see Figure 3) that is mined for
potential signature candidates. Those candidates are processed by the Primer3 program and
filtered by custom software to yield a final set of signature candidates. A final computational
screening is done to verify that cross-reactions are not detected, before a subset of the
candidates is ordered electronically for subsequent wet laboratory screening

each genome. As an example, aligning six
variola (smallpox) genomes (~190 kbp in
length) did not complete in a week on
DIALIGN and required breaking the
genomes each into three pieces. MGA
can align these same six whole genomes
in less than 30 minutes (much of this
consumed by aligning gaps between the
anchors). It was noted that all existing
alignment tools assume colinearity and do
not handle rearrangements or duplications

well. MGA currently cannot align
genomes too distant to have sufficient
exact anchors evenly distributed, nor can
it align complete genomes along with
incomplete ones (ie draft genomes or sets
of sequence fragments). The team
currently uses DIALIGN and/or MGA to
align multiple whole-genome instances of
any target genome that has more than one
genome available. From this we
determine a ‘consensus gestalt’ (Figure 2)

agtaatcgt . ATCATTGTACCCACTTGAGAAGTTAGTAAC . TTTTTTCTATTATAATCTTGTATCC
GTAAGATACATTACTACACATAGGAATTCCCTGAT . GAGCAATGTTTAAATACATCTACATTTGGA
T. .TGATGTAGTTGCGTATTTCTCTACAATATTAATACCATTTTTGCAACTATTTATTTCTAGACC
TTTTG.GATTAGTAATCTCAATAATTCTACGTCAATATTATCAGATTCTATATATTCGAATATATC
AAAGTCATTGATATTTTTATAATTGGTAGAAGACAATAATGACACCACAACATCAGTTTTGATATT
CTTATTTTT . TTGGTAACGTATACATTTAATGAATTTTCATTACGTTCTACCAATGATTGTGCACT
GCAGGCATCAAAAGTTTTACAACTATCATAAAGCATACTATCCTATCC

Figure 2: A consensus gestalt. MGA has been used to align several genomes of a pathogen.
Capital letters indicate runs of conserved bases (eg identical in all inputs at that position) of 18
bases or longer. Lower-case letters indicate shorter runs of conserved bases. Dots indicate
positions where all inputs do not agree. The consensus gestalt is necessary so that any
signatures developed will detect all of the input genomes
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Substring comparisons
are used to locate non-
unique sequence

Suffix trees enable fast
comparisons

Vmatch can compare a
pathogen genome
against all sequenced
microbial genomes in
minutes

Near neighbour
sequence helps isolate
virulence-associated
regions

that indicates regions of the genome that
are conserved across the multiple
strains/isolates. If our input consists of
just a single draft or finished genome,

the genome itself is treated as the consensus.

Fast, scaleable sequence comparison
programs to locate unique sequence

It is important to note that alignment is
used only to achieve a consensus of the
pathogen target genomes. Comparison to
all non-target genomes is handled using a
substring comparison program that
quickly determines which portions of a
bacterial or viral genome consensus are
potentially unique, compared against
other sequenced microbial genomes.
Suftix trees are the most efficient data
structure for comparing two strings to
determine matches. MUMmer' > was used
first, but the version available in late 2000
did not scale past 1 Mbp input (recent
versions have removed the size limitations
and added additional capabilities”).
Fortunately, Stefan Kurtz’s Vmatch'*
programs had just been developed and
provided the most scaleable
implementation of suffix trees to date. He
graciously provided us with features
unique to our application that allowed us
to compare a target viral or bacterial
genome against a 900+ MDb library of all
publicly available microbial genomes in
just a few minutes. This compares to the
2—4 days required for naive approaches
(eg BLAST,15 which could involve
parsing enormous output files). The input
is either one target genome, or the
‘consensus gestalt’ as described above.
Note that this approach clearly identifies
what portions of the target genome are
definitely not unique. Further effort is
needed (described below) to determine
the suitability of the remaining portions of
the target genome, and to deal with the
fact that the suffix-tree approach cannot
detect all regions that potentially may
cross-react when hybridised, even when
these regions are not exact matches. It is
also the case that we are often interested
in non-unique signatures (eg for shared
virulence mechanisms). However, it is the

power of being able to ‘mask out’ all non-
unique portions of a target genome by
comparing it with all other microbial
genomes that has enabled us to achieve a
high rate of signature success compared to
traditional methods. As an example, when
LLNL completed the sequence of the
Yersinia pseudotuberculosis genome, it was
found that 97 per cent of the Y. pestis
genome was now ‘masked out,’” letting
the focus be on the 3 per cent that was
unique. The comparison library prior to
the availability of this near-neighbour
genome could mask less than 33 per cent
of the Y. pestis genome out, thus
illustrating the tremendous value of
having a non-virulent close neighbour
genome. Our method lets the genome
itselt define what is unique (and
conserved, if appropriate), and
presumably important.

In 2002 major improvements were
made to our system that take advantage of
multiple CPUs and allow for incremental
additions to our sequence comparison
database. Instead of comparing a target
pathogen against a single suffix tree
composed of the entire comparison
database (minus the target), pairwise
comparisons are now made of the target
against each other genome. The output
indicates which part(s) of the target over a
defined length threshold exactly match
the comparison genome and results are
stored in a database. As new genomes are
automatically acquired from various
public databases, incremental pairwise
Vmatch comparisons can be performed
and the results added to our database. It
should be noted that this is not a database
of genome alignments, but rather a
database of substrings that are in common
between a pathogen target and all other
non-pathogen genomes. At any time, we
can take all the pairwise comparisons for
any single target and rapidly compute the
current ‘uniqueness gestalt’ file (Figure 3).
This file is the input consensus gestalt
genome, with *.” replacing any base
positions that have been determined by
Vmatch not to be unique. Runs of
potentially unique nucleotides of at least
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The uniqueness gestalt
shows regions of the
pathogen genome that
are apparently unique
as well as conserved

The MIT Primer3
program is used to
generate PCR primers
and hybridization
probes

The number of DNA
signature candidates
generated depends on
pathogen size, strain
variability, and
availability of near
neighbour sequence. In
our experience it ranges
from 0-30,000

agtaatcgtNATCATTGTACCCACTTGAGAAGTTAGTAACNTTTTTTCTATTATAATCTTGT. . . .

Figure 3: A uniqueness gestalt. The consensus gestalt from Figure 2 has been input to Vmatch
and compared against the all_microbes database. (Dots in the consensus gestalt must be
translated to Ns for input to Vmatch. Those positions will remain as Ns in the uniqueness
gestalt output since the all_microbes database contains no Ns.) Vmatch has located all exact
matches of substrings of the input with the all_microbes database; these positions appear as
dots in the uniqueness gestalt shown here. Since at least |8 consecutive conserved, unique
bases are necessary for our signature primers, runs of conserved, unique bases shorter than
this will be ignored in subsequent steps where potential signature targets are extracted. In
extreme cases, most commonly short viral genomes, degenerate bases are used to match the
two, three or even four bases present in the inputs at a given position

18 consecutive bases (our minimum
length for a PCR primer) are indicated in
capital letters, while shorter runs are in
lower-case letters. Using a 24-CPU Sun
server, all pairwise Vmatch comparisons
can now be processed for a large target
bacterial genome (Bacillus anthracis, 5 Mbp
for example) in less than two hours.

Primer/probe selection and acceptance
Our next step is to determine regions that
can meet our desired DNA detection
assay format. Currently TagMan® PCR
is being used, which consists of a forward
and reverse PCR probe (for
amplification) and an internal oligo probe
with a fluorescent tag for detection. A
myriad of tools are available to determine
the selection of hybridisation primers and
internal oligo probes. After much
experimentation, tools were rejected that
lacked the ability to run in batch mode
via a command-line interface and we
chose the Primer3 program from MIT.'®
This was tuned to the precise needs of our
chosen platform, the Cepheid Thermal
Cycler."” These parameters include the
desired amplicon length range, optimal
primer and probe sizes and spacing,
annealing temperature ranges, and so on.
Custom software was developed to
automatically extract all potential

signature candidate regions from the
‘masked out’ target genome as described
above. Each candidate region is input to
Primer3 and the output examined for
meeting our criteria. Successful candidates
are then subjected to an even more rigid
set of local PCR primer design criteria
that help us to screen out primers that
might fail or internal oligo probes that
would not meet strict TagMan®
requirements. Candidate signatures that
survive this electronic gauntlet have a
high probability of detecting the target
genome successfully and not cross-
reacting with any already sequenced
genome. Like the prior step, signature
candidate selection is now done in
parallel. A large target bacterial genome
without sequenced, non-pathogenic near-
neighbours can generate 30,000 or more
signature candidates. Thus, the in silico
process of winnowing down to the most
promising signature candidates saves
substantial money and time at the bench
roughly proportional to the available
sequence for target and near-neighbours.

Annotation tools for DNA and protein
signature candidate selection and
prioritisation

Our signature design mechanism lets the
genome itself define the potential
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Signature candidate
annotation allows
prioritisation for bench
screening

Signatures from
intergenic regions can
help foil deliberate
signature evasion for
attacks or hoaxes

Rigorous electronic
screening and
downselection reduces
the time and cost of
subsequent bench
screening

Other assay formats can
also be generated

signature candidates. However, rather
than selecting them randomly (when
there are more candidates than are
economically feasible to screen in the
wet laboratory, usually about 500—1,000
per pathogen), a system has been built to
help prioritise the candidate selection
based on annotation. One genome is
annotated from the input set of genomes
used to generate signature candidates, or
annotations are downloaded when
available from public database, and our
signatures mapped onto these
annotations.

Annotation allows us to scrutinise
signatures in a biological context.
Identifying genes responsible for
rendering a pathogen virulent is one
component of a good diagnostic signature
set. Without virulence genes, an organism
cannot cause potentially lethal illness
unless virulence factors from other species
have been inserted into the genome by
genetic engineering. From the standpoint
of public safety, we are more concerned
about determining what an organism can
do than about what an organism is or
where it might have originated.

Our first goal in annotating a microbial
genome is to identify the functional
regions, including genes and regulatory
sequences. Gene finding programs (eg
Critica,® Genmark'") are applied and
BLAST analyses run to define coding
regions and to make tentative functional
assignments to genes. DNA signature
candidates are then aligned with known
and/or hypothetical genes on a reference
genome, and those that intersect genes
associated with pathogenicity (eg
virulence factors, host range determinants,
antibiotic resistance) are given priority.
Candidates associated with genes of
interest are manually selected, and a
random selection of candidates within
intergenic regions is included, for wet
laboratory screening. The random unique
intergenic regions are selected as a guard
against gene deletion or substitution
engineering to evade DNA-based
detection. There are few tools focused on
viral gene finding, and none known to us

that can adequately predict genes in
certain RINA virus families.

Computational and laboratory screening
weeds out failures

Further electronic screening is necessary
for the surviving signature candidates.
This includes the use of custom-tuned
BLAST to ensure that most potential
cross-reactions with degenerate sequence
will be detected. In extreme cases (eg
small single-stranded RINA viruses where
few candidates are available and extensive
mutation might evade BLAST screening),
an electronic PCR program written by
the authors will exhaustively search for
potential hits.

At this point, our signatures are used
for environmental sampling and not for
detection of pathogens within infected
humans. To guard against contamination
during sample preparation and testing, our
signature candidates are also screened
against the human genome in addition to
having human DNA in the wet laboratory
screening. Not surprisingly, most of our
primers have reasonable matches in the
larger genomes now available (human,
mouse, Drosophila), but the odds of having
adequate matches of both primers and
probe on the same chromosome/strand in
the correct order and proximity are quite
small.

The success of our method is
constrained by the availability of genome
sequence data. Extensive laboratory
screening of the successtul candidates
against DNA panels including target
strains, genetic near-neighbours, and
environmental backgrounds is therefore
performed before any candidate is
considered ready to undergo ofticial CDC
validation or other field use. It should also
be noted that we are currently only
exploiting the development of TagMan®
signatures in our system. It would be
quite easy to add additional back-ends to
generate other types of DINA signatures
(example: Molecular Beacons” oligos for
chip-based assays), should our end-users
desire this capability.
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Signature erosion can
be automatically
detected

Automatic maintenance
of signature sets is
performed as new
sequence is required

A system for protein
structural modelling is
used to help understand
important regions

Homology to solved
protein structures is
exploited to create
models

Automated updating of sequence
information and automated signature
maintenance

Because of the dependence on the latest
genomic sequence data, the process of
checking several major data resources
(Genbank, TIGR and the DOE’s Joint
Genome Institute) has been fully
automated for new and updated genome
sequences and installed in our local
signature creation database. Our
automated system now has the capability
to check each existing signature candidate
against the newest genome data,
informing us electronically of any
potential signature ‘erosion’ that may
require action. Because of the way our
system works, exactly which genome
potentially could cross-react with a
particular signature for a particular
pathogen genome is known. This
capability to automatically maintain our
signature sets, as floods of new microbial
genome sequencing hit the public
databases, gives us a unique edge for
DNA signature maintenance. As a new
sequence comes in, potential problems
with our signatures can be automatically
detected and they can be re-designed or
replaced with others that are held in
reserve. Of course, in some lucky cases
this may help us stumble on shared
mechanisms of virulence, antibiotic
resistance, host range selection or other
evidence of pathogen evolution.

Custom protein structural modelling of
selected signature regions

Our pipeline has generated numerous
signatures for multiple bacterial and viral
pathogens that have proven to work well
in extensive field use. Many of these
signatures were ‘anonymous’ when they
were created, meaning that little, if
anything, was known about the region
upon which they landed. To find out
more, a2 homology-based computational
protein structure modelling system is
being developed. The general 3D model
building method is already implemented
as an automated protein structure
prediction server AS2TS*! (Amino acid

Sequence to Tertiary Structure). Our
high-throughput method for
computational protein structure
modelling is designed to identify the most
suitable templates (structure-determined
proteins from the PDB databasezz)
given query sequence, to build sequence-
template alignments, and to produce the
protein structure via homology modelling
procedures. 3D protein models are
constructed automatically with some or all
of the following steps:

for a

e The set of preliminary sequence—
structure alignments to known protein
structures is generated using pairwise
sequence alignment (Smith—
\)Vaterman,23 FastA,24 BLAST), and the
multiple sequence alignment PSI-
BLAST?

e A selected set of alignment-based
backbone models is created.

e The correctness of the alignment is
verified by: (a) comparison and analysis
of multiple sequence alignments and
structure alignments between
templates, (b) analysis of secondary
structure prediction of modelled
protein and comparison with secondary
structure assignment from considered
templates, and (c) structure comparison
of all generated preliminary models.

o LGA™ (Local—Global Alignment)
software builds regions that cannot be
directly ‘copied’ from the template
structure: termini, insertions, deletions
and loops.

e Side chains are added with the
SCWRI? program. When there is
more than 70 per cent sequence
identity to the closest known structure,
the coordinates for corresponding
atoms are inserted directly to the
model.

e The final model is constructed after an
analysis and evaluation of all generated
models when the completeness of the
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Locating conserved and
unique protein regions
provides insight for
different virulence
characteristics

An example of mapping
conserved and unique
DNA sequence onto a
protein structure model
for West Nile Virus
envelope glycoprotein

prediction and the homology level of
the templates used for model building
are verified.

The strength of our AS2TS approach
lies in combining sequence and structure
searches of existing databases to identify
structural homologues of proteins for
which sequence similarity alone is
insufficient to determine. This includes
the study of sequence—structure patterns,
secondary structure information and
intermediate sequence search techniques.
It significantly improves the process of the
fold recognition and more distant
homologue detection. It also enhances the
quality and accuracy of the final 3D
protein models produced, especially when

small selected fragments of proteins must
be modelled.

Using our AS2TS protein structure
modelling system it is possible to model
some proteins of interest and indicate
where conserved and unique target
sequences are located. For example, our
system was used to build a 3D model of
the envelope glycoprotein of West Nile
Virus (WNV) that lies on the surface of
the virion envelope and is therefore
accessible to antibody recognition and
binding. Our DNA signature pipeline
identified the conserved and unique
sequence (candidate signature regions) in
the gene of this protein (Figure 4). As
discussed below, this capability is now
being expanded, which is merely an

--L-LSVHV--

-H-LGMSHR-F ——G--GA-WV-L--E--S-V--M-KDK-T-DVKMM-ME - -H-A--RSYC—— —-V--LST
-A-C—-M-E—-HD--A-P-FV--QG-V-—-WG————— F -KGS-DTCAKF A- -TKA-G—— ———E—-K--V-
-F-HGP --V-§——-Y-TQ----Q-GR--I-———- SY----G-¥G---VDCEP-SG-DT--YYVMT -- TK-
-LV-REW-MDLHL-WSS -G ---W-HRE T-MEFEEP H—- K-S VI LG S QE G- LHQ A- - GA-PVEF S SHTVK
--SGHLKC-—=——=~- LK-T--GVCSK-FK-L-TP &)~ ---T-VLE-Q¥-GTDG-CKV-ISS-ASL-DL—-
PVG-L--VH-F----TA---VLI--EPPFG--YIV--RG-(Q----W-KSG-SIGK--T—--L---QR-——
-G- TAWDF G-VG-V-T- —-KA-HQ- -- GA-RS- -G -M-WI- —— -LG--- -WM--——R--SI-LT---VG-

Figure 4: The West Nile Virus envelope glycoprotein has been modelled using the AS2TS
system under development at LLNL. The top section shows the protein sequence, where
residues representing non-conserved DNA sequence have been replaced with a ‘~’. Conserved
DNA fragments of length 18 or greater that appear to be unique when compared against our
DNA database of microbial genomes have their corresponding residues shown in a lighter
shade. These regions are highlighted on the AS2TS-derived model in the bottom section and
have become targets for the generation of monoclonal antibodies; testing is underway. This
illustrates our ability to map conserved and unique DNA sequence onto the resulting protein

model.
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The pathogen signature
pipeline has been scaled
to process a bacterial
genome in under two
hours

The same process can
be used to locate
conserved and unique
protein sequence
signature targets

Protein signature
targets can be used to
design monoclonal
antibodies for protein-
based detection

annotation for DNA signatures, as a vital
tool for the creation of protein signatures.

An expanded database tracking system to
handle large volumes of sequence
information, signature candidates and
screening results

Our initial implementation was a semi-
automated pipeline that ran on a single
Unix CPU. Early tests required up to two
days to process a single bacterial pathogen.
As mentioned, the team recently
undertook a major project to fully
automate the system and exploit simple
parallelism on a new, 24 CPU Unix
server. This system can now process a
viral genome in a few minutes and a 5
Mbp bacterial genome in under two
hours. A large database infrastructure has
been built to support the generation,
electronic screening and wet laboratory
screening of DNA signature candidates. It
also supports electronic ordering of oligos
and probes from external vendors.

Automation of protein
signature development

It should not be surprising that these same
techniques easily extend to the realm of
protein signatures. Protein signatures are
desirable for situations where rapid
detection of bio-threat agents is desired
(eg no mechanically disruptive sample
preparation steps to extract DNA) and
there is an assumption of sufficient
pathogen target available so that PCR
amplification is not required. Protein-
based signatures are key to identifying
organisms that may have been genetically
engineered to express proteins that
enhance pathogenicity or that have been
converted from an otherwise benign
organism into a pathogen. In most cases, a
positive detection from a protein
signature would need to be confirmed
with a DNA signature. The lower cost of
protein detection makes this type of two-
phase threat detection economically
feasible for some pathogen detection
scenarios, such as continual monitoring of
air samples in a transit hub. Protein
signatures can be characterised as target

binding sites for monoclonal antibodies
(protein complexes, produced by an
immune response, that specifically
recognise and bind a portion of the
protein) or high-affinity ligands (small
molecules that bind to ‘pockets’ on the
protein surface.) In either case, our
analysis system can locate potential targets
in the following way for a given pathogen
protein:

e If more than one protein sequence is
available, use DIALIGN and post-
process to obtain the conserved regions
of the protein.

e Use Vmatch to compare these
conserved regions against the Genbank
nr (non-redundant protein sequence)
database to determine the regions of
protein sequence of at least six amino
acids that are both conserved and
apparently unique.

e Determine which of the apparently
conserved/unique protein sequence
fragments are solvent-accessible (ie on
the protein surface in normal
conformation.) In the absence of a 3D
model PredictProtein® can be used,
whereas NACCESS? is used if we do
have a structure model.

e If the protein structure has been
deposited into the PDB protein
database, or if it can be modelled as
described earlier, the potential protein
signature regions can be highlighted on
the model, as shown in Figure 5.

Annotation is used to identify which
proteins are most appropriate, based on
biological characteristics, for antibody
signature development. For example,
annotation can be used to identify
surface-exposed proteins for assays that
detect whole microbial particles (eg
aerosol collection with minimal sample
preparation). In addition, computational
predictions are applied of post-
translational modifications based on
predicted secondary structure, chemical
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Conserved and unique
protein fragments may
also be targets for high-
affinity ligands used for
detection, vaccine, or
therapeutic purposes

DNA signature targets
produced by this system
are now in regular use
for public health in the
USA

A long-term goal is to
process an entire
proteome in one day

Figure 5: The system also has the ability to compute conserved and unique protein sequence
that is on the surface (and thus presumably accessible to detection by antibodies or ligands)
and map it onto a model of the protein determined by our AS2TS program. Comparison for
uniqueness is done against the Genbank non-redundant protein database. lllustrated are
several conserved, unique, and surface-accessible regions of a protein present in a major
human pathogen. A 3D model of a pathogen protein, highlighting conserved and unique protein
sequence peptides that are accessible on the protein surface. These indicate potential locations

for protein sequences

properties, function and sequence motifs,
so that unmodified surface-exposed
regions of target proteins can be identified
and therefore wise choices made from
among unique candidate peptide regions
generated by the protein signature
pipeline.

Currently, manual inspection
determines which potential protein targets
should be exploited for antibody
generation or ligand design and
subsequent laboratory testing. Additional
opportunities exist for further automation,
including incorporation of external
knowledge about the expression of the
protein, location of the active site and
rapid determination of protein surface
topology to pre-screen for high-aftinity
ligand target sites that contain conserved
and unique regions. Our long-term goal
for protein-based pathogen detection is to
be able to process a newly sequenced
pathogen proteome in less than one day,
automatically determining all high-

probability unique antibody target
signatures as well as all potentially good
high-atfinity ligand-binding sites.

Examples of DNA signature
generation
These techniques described above have
been used to develop nucleic acid
detection signatures for more than three
dozen bacterial and viral pathogens in the
last two years. Many of these core assays
have undergone rigid CDC validation
assays and are now entering the public
health network through the CDC’s
Laboratory Response Network™ (LRN).
Our DNA signature design system is
primarily sequence limited. As much
strain variation sequence as possible is
needed to ensure the design of robust
assays that detect all known strains/
serotypes. It is also necessary have as
much relevant near-neighbour sequence
as possible to whittle down all but the
truly relevant sequence differences.
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Insufficient strain and
near-neighbour
sequence for Listeria
led to expensive bench
screening

An assay using our
signature target
detected all 7 serotypes
of Foot and Mouth
Disease Virus

The Foot and Mouth
Disease Virus genome
has only one short
conserved and unique
region

Foot and mouth disease

Figure 6 illustrates the use of the
DIALIGN alignment algorithm to
generate candidate signatures for FMDV.
In this figure, FMDV genomes were
examined to find regions of identical
structure (with a specified minimum
length). A scoring system, represented by
the stars, evaluates the region, and those
with ten stars are considered excellent
candidates for signatures. For purposes of
illustration, only 6 FMDV genomes are
shown, but our analysis actually used 16
that are available from public sources and
represent all recognised serotypes of
FMDYV. Our analysis showed that a
TagMan® PCR signature was possible to
generate in exactly one small region of the
genome (corresponding to a DNA
polymerase III gene), owing to extensive
variability throughout the remainder. Our
signature was tested by the USDA at
Plum Island;ﬂ NY, and was determined
to detect all 7 serotypes of FMDV
(unpublished). The upcoming release of
nearly 100 genomes of additional strains
of FMDV from the USDA is anticipated.
Similarly, the TIGR is draft sequencing
numerous anthrax genomes as part of the
analysis of the 2001 attacks. This is a sign
of what to expect in the future, as people
exploit the low cost of sequencing to
achieve detailed knowledge of the

diversity of important diseases. Alignment
tools need to keep up with such massive
data scaling.

Listeria

The extensive screening that was carried
out to develop assays for the virulent
food-borne pathogen Listeria
monocytogenes highlights the necessity of
sequence data for multiple strains of target
and genetic near-neighbour species. Of
the 869 computationally developed
signatures that were bench screened, only
3 signatures emerged that were specific to
L. monocytogenes, and also detected our
large panel of target DNA samples. Fully
683 of the original signatures were
derived from the sequence of a single
strain, whereas 186 were extracted from a
consensus file generated from an MSA of
at least two target strains. The three
survivors were all from the latter set,
underscoring the value of alignments to
identify reliable signatures. The lack of’
full-length sequence for near-neighbour
species hindered our ability to
electronically screen and thus ‘protect’ the
signatures from cross-reaction on the
bench, and ultimately in the field if
sufficient biological material is not
available in the laboratory for bench
screening. Therefore, abundant sequence
is necessary to ensure that signatures are

gi|10092580 7308 TCACTCCGGC
gi|12018088 7705 TCACTCCGGC
gi|10445391 7700 TTACTCCAGC
gi|10334811 7700 TTACTCCAGC
gi| 5921457 7308 TCACTCCGGC
gi|6318187 7714 TTACTCCAGC

LR R ]
LSRR ]
LEEE RS ]
LEEEE R ]

CGACAAAAGC GACAAAGGTT TTGTTCTTGG TCACTCCATA
CGACAAAAGC GACAAAGGTT TTGTTCTTGG TCACTCCATA
TGACAAAAGC GACAAAGGTT TTGTTCTTGG TCACTCCATT
TGACAAAAG
CGACARAAG
TGACARAAGC GACARAGGTT TTGTTCTTGG TCACTCCATT

GACARAGGTT TTGTTCTTGG TCACTCCATT
GACAAAGGTT TTGTTCTTGG TCACTCCATA

hhhAhhrhhhk KhAXAXAAdd KAXAhK dd*dd *hdrdhdhrix
KAKKAKAKER KAKRKAAARK *AKAKXAAAK *ARhdhAhkdk
KRKKAKARER AAKRAAAKRK AAKAKARAAT *AKhAhA&dK
KAKKAKAAKR AAKRAAAKRK AAAAAAAAAK hAhhhhhAhddk
khkhhhhhkhh Xhhrhhhkhidh *hkhhhhdhdh *hhhdhihkxk
hhkhhAhhdh KAhkAAXAhk*dd *hdhdhdhdkd dhkhdrhdk
KhKKAAKAT AARKARARAX AAAXXAKRAK® Khhxhhhhx
KRAKKRKAAK KAAKKKAAXAE hhhAhhhhhk *hhkdkhhksk
EEEEEEEE TR EEEE NSNS EEE ST
khkkhhhhhkhh *hkhhhhhkhhkdh *hkhhdhhhkhh *hhhdhikxk

Figure 6: The DIALIGN program was used to align six genomes of Foot and Mouth Disease
Virus (FMDV). A short region containing the forward primer from our diagnostic assay is
shown. The number of stars at the bottom of the diagram indicates agreement of the
alignment. Our assay components (forward and reverse primers and hybridisation probe) must
land on highly conserved regions in order to reliably detect all inputs. Sixteen genomes were
used as input for the actual development of the FMDV assay
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HIV is too variable for a
single TaqMan® PCR
signature to be able to
detect all strains

Other techniques must
be used for reliable
detection of HIV

Existing alignment
programs have various
scaling issues

Better tools and more
sequence will improve
our detection of
pathogens

both conserved across strains of the target
species and unique to only that species.

Human Immunodeficiency Virus (HIV)
HIV and other rapidly mutating viruses
present unique problems for TagMan®
identification. Based on a sequence
alignment of 30 geographically
widespread strains (a limiting input size to
DIALIGN to achieve acceptable running
time), it was computationally determined
that at least nine different TagMan®
assays would be required to detect all the
strains, owing to substantial sequence
divergence® Moreover, a phylogenetic
relationship did not correlate closely with
whether or not strains shared TagMan™
signatures. Approaches using degenerate
bases also proved undesirable for this
virus, because too many positions would
need to contain degenerate bases for a
single assay to detect all strains, thus
decreasing sensitivity and selectivity of the
detection assay. Therefore, rapidly
mutating viruses will require using either
alternate DNA detection methods
(microarray, bead, highly multiplexed
assays) or protein-based assays, as proteins
are more conserved among strains than
are the nucleotide sequences.

Genbank currently contains several
hundred complete HIV genomes. None of
the alignment tools that the authors are
aware of can cope with input on this scale.
Note that MGA was unable to align the 30
HIV genomes mentioned above because
excessive HIV mutation rates did not allow
MGA’s anchor-based method to identify
conserved ‘anchors’ present in all genomes.
In contrast, anchorless DIALIGN could
not align six 190 kb variola genomes in a
week, but MGA could do it in less than 20
minutes. This illustrates the apparent fact
that no single genome comparison tool will
be suitable for all situations, and significant
further scaling in comparative genomics
tools is required.

FUTURE DIRECTIONS

Our efforts at LLNL are currently focused
on completing pathogen DNA diagnostics
as new sequence data become available

because of recently increased funding by
several agencies. The team continues to
be more aggressive in its processing of
viral genomes (dealing with degeneracy in
primers/probes), seeking out better
methods of inexact matching, and
adapting the system to deal with highly
multiplexed assays using a variety of new
technologies and platforms.

The focus is now on applying similar
techniques to automate the selection of
protein signature candidates (targets for
monoclonal antibodies and high-aftinity
ligands) and leveraging our abilities in
protein structure homology modelling.
Our goal in this area is to be able to
process an entire pathogen proteome
within 24 hours, identifying high-yield
unique protein signature candidates.

CONCLUSIONS

The methods developed in the interests of
national security have direct benefits for
improved public safety and human health
as well as for agricultural safety and
efficiency. Early detection and more rapid
treatment of human, animal and plant
diseases are often the key to prevention
and cure, as illustrated by recent tragedies
due to WNV transmission via blood
transfusions.” Rapid, sensitive and
accurate pathogen detection carries
economic benefits as well. The 2002
outbreak of L. monocytogenes that triggered
a recall of 27,000 tons of turkey”* may
likely have been minimised or prevented
with better diagnostics. Continued
computational exploitation of pathogen
genomes and improvement on the
approach the authors have pioneered will
lead to better detection, understanding
and management of the many pathogens
sharing our environment.
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