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Abstract

Globalization and industrialization have dramatically altered the vulnerabil-
ity of human and animal populations to emerging and reemerging infectious
diseases while shifting both the scale and pace of disease outbreaks. Fortu-
nately, the advent of high-throughput DNA sequencing platforms has also
increased the speed with which such pathogens can be detected and charac-
terized as part of an outbreak response effort. It is now possible to sequence
the genome of a pathogen rapidly, inexpensively, and with high sensitiv-
ity, transforming the fields of diagnostics, surveillance, forensic analysis, and
pathogenesis. Here, we review advances in methods for microbial discovery
and characterization, as well as strategies for testing the clinical and pub-
lic health significance of microbe-disease associations. Finally, we discuss
how genetic data can inform our understanding of the general process of
pathogen emergence.
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INTRODUCTION

Infectious disease research has been transformed by the recent renaissance of the One Health
approach, which recognizes the importance of the interrelationships among humans, animals,
and the environment in health and disease. Industrialization, globalization, and the large-scale
commercialization of agriculture have increased the susceptibility of both animal and human pop-
ulations to infectious diseases (22). Humans are at risk from a wide range of zoonotic diseases:
Up to 75% of emerging infectious diseases have been estimated to originate from animals, in-
cluding such striking examples as HIV/AIDS, rabies, Ebola, and Lyme disease (65, 137, 158).
Domestic and wild animals may serve as intermediate or amplifying hosts prior to transmission
to humans: Hendra virus, Nipah virus, and SARS coronavirus (SARS-CoV) jumped from bats to
humans through horses, pigs, and palm civets, respectively (40, 150). Similarly, the amplification
of Japanese encephalitis virus in pigs is often required before spillovers into human populations
can occur (143). The rate of contact between a reservoir and a novel host species is a key determi-
nant for successful cross-species transmission events; unfortunately, many anthropogenic changes
to the environment (e.g., deforestation, habitat fragmentation, urbanization, and agriculture) act
to increase these contact rates (111). Side effects of industrialization and globalization alter the
abundance, density, and physical proximity of multiple species, including humans, and these fac-
tors have already been implicated in the emergence of malaria, Lyme disease, dengue virus, Nipah
virus, SARS-CoV, Rift Valley fever virus, and hantaviruses, to name only a few (1, 65, 159). In
fact, many common modern phenomena, such as the illegal movement of animals or their tissues
for use as pets, food, or medicine, have the potential to introduce dangerous pathogens into new
environments. For example, 35 people were infected with monkeypox in 2003 when the virus
was carried from Africa by a Gambian pouched rat brought in through the illegal pet trade (30,
140).

Although One Health surveillance typically focuses on risk to humans, increasing contact
rates between humans and wild animal populations have also exposed animals to new pathogens,
often with devastating consequences. Multiple human viruses, including respiratory syncytial virus,
metapneumovirus, and several anelloviruses, have been identified in diseased primates, threatening
the health of sensitive populations and the ecotourism industries that rely on them (72, 106, 110).
In addition, the damaging economic impact of livestock diseases on human populations cannot
be ignored. Livestock are particularly vulnerable to infectious diseases due to the effects of high-
density farming, intense breeding practices, and global trade networks on population structure,
genetic diversity, and immune system health (22, 129). Recent outbreaks of African swine fever,
foot and mouth disease, bovine spongiform encephalopathy, and Marek’s disease have all resulted
in massive economic losses for affected countries (19, 55, 90, 138).

Globalization has forever shifted the scale and pace of disease outbreaks such that each new
epidemic must be considered a potential global health threat. This was powerfully demonstrated
during the 2009 HINT1 influenza pandemic, where laboratory-confirmed cases were documented
in more than 214 countries and overseas territories and communities within a year of emergence
(47). Fortunately, technologies of all kinds are rapidly progressing in response to the challenges
of a growing and globalized world. Mechanisms of surveillance and reporting are becoming in-
creasingly flexible and available to epidemiologists, clinicians, and biologists worldwide as the
need to rapidly identify, characterize, and monitor emerging diseases continues to grow. Internet-
based surveillance services—such as ProMED-mail (Program for Monitoring Emerging Diseases),
GPHIN (Global Public Health Intelligence Network), HealthMap, and others—work to integrate
and distribute submissions involving new or recurring epidemics from contributors all over the
world, allowing response efforts to be initiated in real time (43, 93, 103).
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Table 1 Examples of viruses that acquired specific mutations in association with emergence in a new host species

Associated mutation

Virus Original host New host (gene) Effect of mutation Reference(s)
West Nile virus Passerine birds Humans T249P (NS3) Enhanced virulence 15
Chikungunya virus | Various Humans A226V (EI) Vector specificity 141
vertebrate
species
H3N8 influenza A | Horses Dogs W222L, N483T (HA) Receptor function, host | 23
switch
H5N1 influenza A | Water birds Humans E627K (PB2) Receptor function, host | 53
switch
HIV-1 Chimpanzees Humans M30R (Gag) Viral fitness in new 147
host
SARS coronavirus | Bats Humans, civets, K479N, S487T (S) Receptor function, host | 125,131, 135
and related switch
carnivores
Canine parvovirus | Cats Dogs Multiple mutations Receptor function 3,133

(7p3)

The widespread adoption of one of the most transformative innovations in biology, DNA
sequencing, has opened up a wealth of new information, and the rapidly decreasing cost and
increasing speed of DNA sequencing have ramifications for all aspects of biomedical research and
clinical medicine, including ecology and evolution, diagnostics, immunology, vaccinology, drug
development, and public health. In the field of infectious disease, this is perhaps best illustrated by
the results of years of genetic and genomic analyses of influenza viruses from a range of host species,
which have influenced every aspect of the field, from surveillance efforts to treatment programs.
Phylogenetic analyses have exposed the transmission dynamics of both avian and mammalian
strains, revealed that metapopulation structure better characterizes influenza than source-sink
dynamics, and uncovered the importance of antigenic shift and genetic drift in the evolution
of both seasonal and pandemic influenza (7, 76, 115, 127). Reverse genetics, in combination
with in vitro experiments, has identified the mutations necessary for resistance to adamantine
and oseltamivir, and has revealed that effective transmission in birds and/or mammals depends
on receptor-binding affinity, which is linked to the identity of the amino acid at position 627
of the PB2 protein (14, 53, 112, 146) (Table 1). Genetic analyses have revealed more about
influenza than about nearly any other pathogen (with the possible exception of HIV)—a direct
result of years of concentrated sampling and sequencing effort. With more than 10,000 full genome
sequences of influenza now publicly available (see the Influenza Genome Sequencing Project
at http://www.niaid.nih.gov/labsandresources/resources/dmid/gsc/influenza), the success of
this work suggests what is possible for the future of many of our most important infectious diseases.

The first few decades following the advent of the polymerase chain reaction (PCR) and DNA
sequencing were largely dedicated to applying these tools to characterizing existing agents or the
evolutionary relationships between them. In the current era, applications of DNA sequencing
have evolved to occupy a place on the front lines of public health, helping to diagnose, charac-
terize, and even treat some of today’s most important diseases. High-throughput pyrosequencing
enabled the implication of arenaviruses in a cluster of three women who died of encephalitis in
Australia following organ transplantation, and in an outbreak of hemorrhagic fever in southern
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Africa (18, 109). In the latter instance, this discovery led to the use of an antiviral drug that may
have halted progression to fatal disease. More recently, other high-throughput sequencing (HTS)
platforms have been used to resolve epidemics of Escherichia coli O104:74—associated hemolytic
uremic syndrome and to track the distribution of antibiotic-resistant Klebsiella pneumoniae through
a hospital (96, 130). The widespread availability of metagenomic techniques and HT'S technology
has had an enormous impact on infectious disease research, and much of this has understandably
been focused on the discovery of novel pathogens. It is now not only possible but almost routine
to sequence the metagenome of a particular sample or species, in addition to those associated with
a particular syndrome, such as autism with gastrointestinal disturbances (50, 67, 105, 153).

In this review, we first discuss the current state of the technology and techniques used to detect
and characterize bacterial and viral pathogens in the context of an emergence event (although the
discussion is admittedly skewed toward viruses) and then explore how these recent advances can
help further our understanding of emerging infectious diseases, particularly in outbreak scenarios.

SEQUENCING THE GENOMES OF NOVEL PATHOGENS

Pathogen Identification and Characterization

When responding to an outbreak, the most important and immediate question to address is
the identity of the agent responsible for the disease. Identification of the causative agent can
provide critical insights into estimates of the basic reproductive number (Ry), probable route(s)
of transmission, and possible intervention strategies. The tools and techniques used to determine
the causative agents of disease have evolved greatly since the discovery that it was not mysterious
“miasmatas” but rather Vibrio cholerae that was responsible for cholera (62). Many reviews have
covered in excellent detail the history and evolution of the increasingly sophisticated techniques
used in pathogen discovery (5, 11, 27, 88, 100, 134). As the aim of this review is to discuss the
current state of the field and its future prospects, we touch only briefly on the most significant
advances in pathogen discovery on our way to the burgeoning field of metagenomics.

The era of culturing infectious agents was ushered in with the propagation of poliovirus in
1949, yet this remains one of the most significant accomplishments in microbial research to date
(35). Despite the utility of cell culture for studying replication and pathogenesis as well as creating
purified virus for antibody generation or vaccine development, many viral agents (e.g., all hepatitis
viruses and human rhinovirus C) cannot easily be cultured (52, 63, 154). The amount of time
and level of difficulty involved in culturing a virus have bolstered the movement toward pathogen
discovery through molecular techniques. Consensus PCR, with degenerate primer pairs designed
from conserved genomic regions of known microbes, has been one of the most effective approaches
to identify novel agents, including coronaviruses, flaviviruses, and herpesviruses (17, 102, 118,
145, 151). Microarrays, which were originally designed to monitor gene expression across multiple
targets, have been modified with probes targeting highly conserved gene regions and have been
successfully applied to the characterization of new pathogens, including SARS-CoV, avian bor-
navirus, and a gammaretrovirus in patients with prostate cancer (69, 73, 122, 142, 149). However,
each of these approaches is severely limited for the discovery of highly divergent or completely
novel viruses and in cases where no conserved targets are available for primer design. Because of
these limitations, sequence-independent approaches such as sequence-independent single-primer
amplification (SISPA), random PCR, and rolling-circle amplification (RCA) have become popular
alternative strategies for pathogen discovery, laying the groundwork for the evolution of metage-
nomics (44, 116, 117). Whereas SISPA involves the ligation of oligonucleotides to viral nucleic
acid followed by PCR using primers complementary to the ligated fragments, random PCR and
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RCA do not require a ligation step. Each of these methods has been highly effective at facilitating
the identification and characterization of a range of pathogens, including human parvovirus 4,
human coronavirus NL, GB virus C, rotaviruses, beta- and gammapapillomaviruses, and human
polyomaviruses (41, 66,71, 77, 87, 144). However, unless these techniques are applied to a purified
sample containing only the agent of interest, all of the background material (e.g., host nucleic acid
and environmental contaminants) will also be amplified, potentially complicating identification of
the target sequences. This is an important limitation and one of the greatest confounding factors
still present in all current pathogen discovery approaches. The ultimate aim of nearly all molecular
methods used for discovery (whether sequence-dependent or -independent) is the generation
of sequence data that can be used to definitively confirm both the presence and identity of the
infectious agent.

Metagenomic approaches directly characterize the genetic material of viral and bacterial com-
munities (the virome and bacteriome, respectively), while circumventing the need for agent-
specific amplification techniques (86, 100). Modern HTS technology is capable of sequencing the
virome or bacteriome in a sample rapidly and with high sensitivity, reducing the quantity of input
material that is necessary relative to conventional approaches. In addition, the incorporation of
barcodes during sample preparation creates a multiplexing capability that further lowers the cost
of sequencing by increasing throughput. Although the concept of metagenomic analysis is often
inexorably tied to HT'S methods, early attempts at characterizing environmental metagenomes
involved traditional molecular approaches—the creation of shotgun cDNA libraries followed by
classical Sanger (i.e., first-generation) sequencing. However, there is little doubt that without the
development of these new sequencing platforms, we would not have seen the rise of the metage-
nomics era (16). Outbreak investigation and pathogen discovery have benefited greatly from the
ongoing race toward cheaper, faster, and more sensitive sequencing technologies, perhaps more
than any other field.

Multiple HTS platforms are available, and the methods of template preparation, sequenc-
ing/imaging, and data analysis employed by each affect how they can best be used for pathogen
discovery and genetic characterization. The variety of platforms and the novelty of the technology
have made this field highly competitive, and as a result, DNA sequencing technologies continue
to evolve at an impressive rate. Many outstanding reviews and benchmark studies have discussed
in great detail the effects of the chemistry and physics of each platform on the data they
generate (e.g., 89, 91, 97, 114). Therefore, we only briefly review the fundamental aspects of
the most popular platforms for pathogen discovery, before turning to the applications of HTS
in this field. With respect to pathogen discovery, the most important characteristics of an HT'S
platform are (#) the amount of template required for input; (») the time and cost associated with
sequencing; (¢) the number of (pathogen) reads generated, i.e., the depth of coverage attained,;
and (4) the length of each read. The amount of template required is important because pathogen
genomes are relatively small compared with those of their eukaryotic hosts, and in some sample
types (e.g., tissues, feces, and environmental samples) the ratio of virus to host or background
material will also be low. As a result, enrichment techniques are routinely applied to isolate
microbial genetic material (discussed in more detail in the next section), further reducing the
total amount of input material available. The time and cost required for template preparation
and sequencing are obviously factors of vital importance for any scientific endeavor; however,
pathogen discovery often takes place within the constraints of an outbreak, and the time frame in
which answers are needed is measured in hours rather than in days or weeks. Lastly, the number
and length of reads generated by each platform have critical implications for the downstream
analytical approaches necessary to generate meaning from the data (discussed in further detail

below).
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Sample Preparation for Pathogen Discovery Using High-Throughput
Sequencing

The sample preparation protocols used for pathogen discovery differ from those used for human
genome sequencing because of the added complexity of nontarget material, which may be present
in high concentrations in a sample (100) (Figure 1). Several approaches can be used to increase the
ratio of microbial to background nucleic acid, contingent on the qualities of the starting material.
Large sample volumes that are primarily cell free (e.g., water samples, cell culture medium, and in
some cases cerebrospinal fluid) can be concentrated by ultracentrifugation or progressive filtration,
which also removes cellular organisms (24, 139). Samples such as feces, oral or anal swabs, and
serum or plasma should also be filtered to reduce volume and/or remove larger particulate matter.
Ifthe detection of viral agents is desired, bacterial, eukaryotic cells, and any free-floating organelles
from lysed cells (e.g., mitochondria) should be removed from the sample by a final 0.22- or 0.45-pm
filtration step (139). Tissue samples (e.g., diseased organs and lesion biopsies), although perhaps
the most difficult starting material for pathogen discovery work due to the large quantities of
host material, are often important from a clinical perspective. Initial sample preparation from
tissue often includes mechanical homogenization with inert beads [e.g., using the TissueLyser
(Qiagen)], freezing with liquid nitrogen followed by pulverization with a pestle, or passage through
a small-gauge needle. Subsequent enzymatic digestion with proteinase K can be advantageous for
difficult tissue types, as it not only denatures structural proteins, but also inactivates contaminating
RNases and DNases in the sample. Following homogenization, cellular debris should be removed
by filtration or centrifugation. If the bacteriome is of interest, nucleic acid extraction should
proceed directly from this step, using DNA as template and employing 16S rRNA primers designed
to amplify regions conserved in bacteria; when sequenced, the amplified region then provides
significant taxonomic information (64). However, if the goal is to sequence the virome, a freeze-
thaw step is sometimes used to lyse remaining cellular membranes, followed by RNase A and
DNase I digestion to remove nucleic acid not protected by a viral nucleocapsid (2). Nucleic acid
extraction can then be performed on all processed samples using standard techniques.

Following extraction, tissue samples can be further subjected to an rRNA-removal procedure
[e.g., subtractive hybridization or depletion methods such as those used in RiboMinus (Life Tech-
nologies) and Ribo-Zero (Epicentre)] to avoid the domination of rRNA sequences in subsequent
library preparations (54). Downstream preparations for sequencing (DNA/RNA shearing, cDNA
generation, and library preparation) are dependent on both the input material and intended se-
quencing platform; an in-depth discussion of these protocols is beyond the scope of this review.

High-Throughput Sequencing Platforms in Pathogen Discovery

The first HT'S platform to be widely used for pathogen discovery was also the first publicly available
system—the 454 Life Sciences pyrosequencer, a platform that is still in use today as the Roche GS
FLX Titanium and GS Junior systems (94). Sheared DNA (or cDNA) from extracted material is
ligated to biotinylated linkers, which are then bound to streptavidin-coated beads inside a droplet
of water along with PCR reagents. Individual strands of DNA are clonally amplified inside an oil
emulsion using primers complementary to the ligated linker, and each individual DNA-bound bead
is transferred to a PicoTiterPlate, where the sequencing reaction takes place (78). As nucleotides
are added during the reaction, a pyrophosphate is released, emitting light that is detected by a
charge-coupled device (CCD) camera within the GS system. Although the outputs from the GS
systems are lower than those of many newer platforms (~0.7 Gb for the GS FLX Titanium, 14 Gb
for the GS Junior), they also offer the longest available read lengths (a maximum of 700 bases),
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Standard sample preparation and data analysis workflows for viral discovery using high-throughput sequencing (HTS).
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which is an advantage for pathogen discovery (89, 91). Having a small number of reads per sample
makes the assembly of a viral or bacterial genome difficult, particularly in cases where most of the
reads can be attributed to host or background material. However, this can be offset somewhat by
having individual reads that are long enough to use directly for homology searches with nucleotide
BLAST (BLASTN) or translated BLAST (BLASTX) (160). Dandenong virus, a novel arenavirus
associated with a fatal outbreak in organ transplant recipients, was identified using only 14 reads
from the GS FLX in the first use of HTS technology to identify a novel virus in an outbreak
setting (109). Similarly, Merkel cell polyomavirus was identified by only 2 sequences from a pool
of more than 400,000 generated from tumor biopsies, even after a polyadenylated RNA selection
procedure was used (39).

Illumina currently produces two DNA sequencing platforms: the massively parallel HiSeq 2000,
which can handle thousands of multiplexed samples simultaneously, and the MiSeq, a faster, lower-
throughput benchtop sequencer launched in 2011. These platforms use sequencing-by-synthesis
technology, where sheared DNA fragments are ligated to fixed adapters that act as primers (10).
These are grafted to an acrylamide-coated glass flow cell where bridge amplification takes place to
form clusters of clonal DNA fragments. Fluorescently labeled reversible-terminator nucleotides
are incorporated by DNA polymerase one base at a time, and the signal is captured by a CCD
camera. Illumina platforms are currently the most widely used HT'S systems, and generate 600 Gb
(HiSeq) or 3 Gb (MiSeq) of data per run with a read length of up to 150 bases (97, 114). Although
the runtime for these machines is much longer than that of the GS FLX (approximately 27 h for
the MiSeq and 11 days for the HiSeq, compared with 8 h for the GS FLX), the cost per megabase
is an order of magnitude lower, making it a more accessible sequencing platform (91). However,
the short read length is a significant challenge when using an Illumina platform for pathogen
discovery (156). Because (#) the individual reads are short, (/) the read quality tends to decrease
dramatically near the end of the read, and (¢) tens of millions of reads are regularly generated per
sample, it is not possible to BLAST each read to determine its origin. Instead, the reads must be
assembled into longer contiguous sequences (contigs) that can be used in downstream applications.
Unfortunately, assembly requires significant coverage of the genome in question (measured by
the average number of reads that represent a given nucleotide), which can be problematic due
to the relatively small amount of viral/bacterial template that is often present, relative to that
contributed by background nucleic acid. Despite this constraint, Illumina sequencing technology
was successfully used to identify a novel arterivirus associated with wobbly possum disease in the
Australian brushtail possum, based on the de novo assembly of a 4.8-kb viral contig (33).

The Ion Torrent Personal Genome Machine (PGM) is a relatively new platform that, like
the GS FLX, exploits emulsion PCR for amplification. However, rather then measuring the light
emitted by nucleotide incorporation, the PGM system uses a modified silicon chip to detect
the pH change that occurs when hydrogen ions are released during base incorporation. By not
incorporating camera scanning, the PGM is faster (runtime of ~3 h) and less expensive than many
other platforms. Although the PGM is not currently a high-throughput system—depending on
the size of the chip used, it can generate between 20 Mb and 1 Gb of data and a maximum read
length of 200 bases—the technology is new, and performance improvements are ongoing (114).
Benchmark studies have indicated that de novo assemblies from PGM data are significantly more
fragmented than those created from the Roche or Illumina systems, perhaps owing to the high
number of miscalls that occur following homopolymeric sequences as shortas two or three residues
(91, 114). For pathogen discovery work, these miscalls and fragmented assemblies are likely to
create difficulties primarily with assembling appropriate open reading frames, thereby interfering
with BLASTX analyses, and in some cases additional conventional PCR-based Sanger sequencing
may be required to confirm the sequence.
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Despite the low throughput and high error rate of the PGM, the rapid speed with which
it can generate data makes it an ideal platform for use in outbreak response. This was perfectly
illustrated during the German outbreak of Shiga-toxin-producing E. co/i O104:H4, which infected
nearly 4,000 people in the summer of 2011, killing nearly 50 of these (74). The Beijing Genomics
Institute (BGI) used the PGM to rapidly generate the first draft genome sequence of the outbreak
strain, and took a generous approach to data release in one of the first examples of crowd-sourced
analysis in an outbreak response effort (75, 120). BGI released the PGM-derived sequence data
only three days after receiving the sample, and despite issues with homopolymeric errors, the
assembly and annotations were completed by the community only 24 h later. These data were
used to determine that the progenitor of the outbreak strain had an enteroaggregative phenotype
that had acquired a Shiga-toxin-encoding phage and antibiotic resistance genes. BGI continued
to improve on the draft genome by resequencing the same sample using the Illumina HiSeq,
generating a high-quality data set within two weeks of sample receipt (120). The magnitude of
this achievement is especially striking when compared with the decade of work that resulted in
publication of the first full genome sequence of E. co/i in 1997 (13, 75).

Analyzing Metagenomic Data for Pathogen Discovery

The initial stages of HT'S data analysis are highly similar regardless of the type of sample (environ-
mental sample, serum, or biopsy) or the goal of the analysis (full genome assembly or pathogen
discovery). Although the platform type does alter the mechanics of the initial processing steps
due to differences in the data generated (e.g., [llumina sequencers produce data of a fixed length,
whereas the GS FLX and PGM instruments produce variable-length reads), the strategy does not
change. Initial quality analyses are performed to assess potential problems with sample prepara-
tion or sequencing, as well as to prepare the data for downstream analyses. This step generally
consists of assessing the quality scores assigned to each nucleotide across the length of the read
to remove lower-quality bases, identifying and removing data artifacts (e.g., low-complexity reads
and homopolymers), and determining the size of the prefix to be trimmed (i.e., primer/adapter
sequences) (48, 95, 124).

The next step in the HT'S data analysis pipeline involves efficiently assembling individual reads
into contigs, which is one of the biggest challenges in the use of HT'S data for pathogen discovery.
Unlike genome sequencing projects, where the majority of sequence data derive from the target
organism, samples that are analyzed for pathogen discovery not only are often dominated by host
material but may also contain sequences from multiple viruses and/or bacteria. As a result, the
ratio of reads from each pathogen to “other” reads can be low, leading to a fragmented assembly
of the target genome sequence and an increased probability of assembling chimeric contigs (con-
tigs generated from reads of multiple origin) (104, 123, 157). High-quality de novo assembly is
typically dependent on high coverage; therefore, many more reads may be required from a clinical
sample used for pathogen discovery than from one used for a host genome sequencing project.
Several approaches have been developed to reduce the number of contaminating host reads from
a mixed sample, which may be applied pre- or postassembly (11). The most straightforward ap-
proach requires the mapping of reads or contigs to the host genome, if available, followed by
the subtraction of the mapped sequences from the data set. Alternatively, contigs can be aligned
against a database containing only host sequences using BLAST, and those that match with 99%
similarity removed. Although this approach is common, it is also computationally time consuming
with large data sets. Fortunately, algorithms that remove nontarget sequences with higher accu-
racy and greater computational ease than a BLAST-based approach are now freely available (e.g.,
DeconSeq) (123). Further complications with assembly can arise when the pathogen of interest
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exists as a highly variable population within an individual, as with RNA viruses (31). In general,
high-quality de novo assemblies are created when strict parameters for matching and extension are
used (i.e., zero mismatches between the “seed” sequence and the extending sequence, with most
of the read lengths completely overlapping). However, the use of these stringent parameters on
mixed populations of RNA viruses may result in poor assemblies and a failure to generate contigs.
This is especially problematic when contigs are required for downstream homology searches due
to short read lengths, as with the Illumina platforms. Therefore, it can be important to use an
assembler with flexible parameters that can be adjusted by the user to suit each data set, with the
caveat that using relaxed parameters for assembly can increase the number of chimeric contigs
that then must be separated (104).

The final (and most important) step in the pipeline for pathogen discovery involves determining
the identity of the agent(s) present in the sample. The success of this process is determined by
three factors: (#) how well the sample preparation and sequencing methods were able to amplify
the target material and modulate the host or environmental noise, (b) the efficacy of assembly,
and (¢) the similarity between the agent(s) and known microbes. The most common method used
to identify unknown pathogens is a homology search against all known agents using BLAST,
an approach that relies on the idea that new pathogens will share homology with those that are
known. Unfortunately, a BLASTN will reveal matches only between sequences with reasonably
high similarity (even with relaxed parameters); therefore, more distantly related or completely new
pathogens will remain undetected. Fortunately, evolutionary relationships remain evident at the
protein level much longer than at the nucleotide level. Therefore, translated contigs or long reads
(>150 bases) should be searched against a translated database (BLASTX) to identify more distant
relationships. Finally, a pattern-based homology detection program (e.g., PHI-BLAST) has been
used to identify more divergent relationships, although this technique has yet to be successfully
employed in a pathogen discovery setting (134).

APPLYING SEQUENCE DATA TO PATHOGEN DISCOVERY

Proof of Causation

Until recently, the central problem in pathogen discovery was the aspect of discovery—research
was directed primarily toward identifying an infectious agent that could be the cause of a particular
disease syndrome. Guided by what are now known as Koch’s postulates, this process can take many
years, and is perfectly illustrated by the decades-long campaign to identify and characterize the eti-
ological agent of the 1918 influenza pandemic. Painstaking sequence analysis of samples obtained
from archived materials and the remains of a victim frozen in the arctic tundra was required, fol-
lowed by reconstitution of the virus using reverse genetics methods (136). The criteria of causation
defined by Koch’s postulates include () the presence of the agentin every case of the disease, (b) the
specificity of the agent for that disease, (¢) the successful propagation of the agent in pure culture,
and () the ability of this inoculum to reproduce disease in a naive host (70) (Table 2). The central
role of cell culture in these early tenets for proof of causation both emphasized the importance of
cell culture in early pathogen work and cemented its place as the gold standard of discovery.

As the field of pathogen discovery has progressed, technological advances have likewise in-
fluenced the development and execution of the milestones toward proof of causation. In 1937,
Rivers (119) modified Koch’s postulates to reflect the knowledge that viruses cannot always be
cultured, asymptomatic carriers exist, and antibodies can be used to aid in determining the timing,
specificity, and degree of immune response to an agent. Subsequent advances in immunology,
including the ability to purify viral antigen and detect specific antibodies, led Evans (36) to apply
population-based serological characteristics toward proof of causation. The discovery of nucleic
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Table 2 Strategies for proof of causation

Key criteria for proof of causation

Technological milestone(s)

| Author(s)

Approaches motivated by specific technological advances

The agent is present in every case of the disease

The agent is specific for the disease

After being isolated in pure culture, the agent can induce the disease
The culture can reproduce the disease in a naive host

Cell culture

Koch, 1891 (70)

The virus is regularly (but not always) associated with the disease
The agent must be associated with an immune response
The association must be causative

Antibody detection

Rivers, 1937 (119)

Disease prevalence and incidence should be higher in individuals exposed to
the agent than in the unexposed

A measurable host immune response should occur following exposure to the
agent

Experimental reproduction of the disease should occur with higher incidence
in exposed individuals

Modification of host immune response should decrease or eliminate the
disease

Specific antibody detection,
viral antigen purification

Evans, 1976 (36)

A candidate gene should be associated with a pathogenic bacterium

Inactivation or deletion of the candidate gene should lead to a loss in
pathogenicity or virulence

Reversion or allelic replacement of the gene should restore pathogenicity

Bacterial genetics, molecular
cloning

Falkow, 1988 (37)

Candidate sequences should be present in most cases of the disease and
pathology

Sequences should be present prior to symptoms

Few or no sequences should be present in disease-free tissues or individuals

Sequences should diminish with recovery from the disease

Polymerase chain reaction, in
situ hybridization

Fredericks &
Relman, 1996 (42)

Metagenomic traits (e.g., sequence reads or assembled contigs, genes, or
genomes) should be present and more abundant in diseased subjects
compared with matched controls

Inoculating a healthy individual with a sample containing the metagenomic
trait should re-create the disease

The candidate metagenomic traits should be recovered in newly diseased
individuals

Metagenomics

Mokili et al., 2012
(100)

An integrative approach to causation

Possible causal relationship: There is evidence of exposure to a microbe in
diseased individuals

Probable causal relationship: The microbial burden is high and localized to
diseased tissues, the antibody response is consistent with recent exposure,
and the microbe is present in multiple diseased individuals

Confirmed causal relationship: Koch’s postulates have been fulfilled, and/or
disease prevention can be carried out through targeted therapies

Serology, polymerase chain
reaction, in situ
hybridization,
immunohistochemistry,
high-throughput
sequencing

Lipkin, 2010 (88)

acids and subsequent advances in DNA sequencing and genetic characterization have led to mul-

tiple amendments of Koch’s postulates, including a version focused on the association between

bacterial genes and pathogenicity (37), and an adaptation that emphasized PCR-based identifica-
tion of agents and the use of in situ hybridization for localization to the site of pathogenesis (42)

(Table 2).

The molecular era provides a new set of challenges for proof of causation. A plethora of genetic

information from known and novel infectious agents is continually being revealed from the analysis
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of samples from both diseased and healthy individuals and animals. New viruses are often described
without observed pathology, reversing the traditional workflow of searching for the causative agent
of disease (28, 45, 99). An unintended outcome of this is that viruses and bacteria are occasionally
associated with disease without rigorous attention to the fulfillment of a modern version of Koch’s
postulates. In some cases, these associations do not stand up to more careful scrutiny, resulting in
the phenomenon of “de-discovery”—as with echoviruses and motor neuron disease (148), Borna
disease virus and neuropsychiatric disease (61), human coronavirus NL63 and Kawasaki syndrome
(32), and T'T viruses and a range of syndromes (107). One of the most well known examples of de-
discovery involved xenotropic murine leukemia virus—related virus (XMRV), which was initially
associated with both prostate cancer and chronic fatigue syndrome before rigorous examination
revealed a lack of association in both cases (4, 79, 92, 142). Although the discovery of XMRV
using DNA microarrays is not in dispute, suggestions of any disease association attributed to this
or related viruses have since been retracted (58).

Because of the vast amounts of data now being generated by advanced molecular techniques,
strict adherence to guidelines regarding proof of causation may be more critical than ever. As in
the past, modern modifications of Koch’s postulates have focused on applying the data generated
using the most contemporary (molecular) techniques. The “metagenomic Koch’s postulates” focus
on the use of molecular markers (individual sequence reads, assembled contigs, genes, or genomes)
that uniquely discriminate diseased metagenomes from those of matched healthy controls (100).
The case-control format of this approach uniquely allows for nonpathogenic microbes to be distin-
guished from those that may be causative, based on the premise that unassociated organisms should
be equally presentin diseased and healthy individuals (T'able 2). Alternatively, one can apply amore
holistic approach to proof of causation that focuses less on the types of data available, and more on
the strength of the associations that can be inferred from the data (88) (Table 2). This method of
assessing the certainty surrounding a proposed association is particularly useful in an outbreak sce-
nario, where it may not be possible to perform the rigorous experiments necessary to fulfill Koch’s
postulates (or similar guidelines) before a response effort is needed. For a detailed description of
the methods for testing confidence in the strength of an association between a candidate pathogen
and a disease, including quantitation of microbial burden, localization of microbial footprints in
affected tissues, antibody status, and biological plausibility, readers are referred to Reference 88.

Inferring the Origin and Dynamics of Emerging Pathogens from Genetic Data

Despite a growing understanding of the ecological, environmental, and genetic factors that
influence the probability of emergence, considerable effort is still required to determine the
origin of novel pathogens. When investigating an outbreak in real time, the rapid acquisition of
sequence data can be critical in generating an appropriate response effort, determining reservoirs
(if applicable), and identifying routes of transmission. Early genomic analysis of the 2009
pandemic HIN1 influenza virus revealed that initial swine-to-human transmission events had
occurred months before recognition of the outbreak, confirmed Mexico as the likely geographic
origin, and inferred a history of natural (rather than laboratory-created) reassortment that had
remained undetected in swine for nearly a decade (25, 81, 128). Phylogenetic analysis of the genes
or genome of a pathogen and related agents can also be used to (#) reconstruct contact networks,
(b)) identify cross-species transmission events (e.g., the movement of a pandemic parvovirus
between cats, dogs, and raccoons, or multiple host-switching events between humans and bovids
in Staphylococcus aureus), (c) estimate the rate and pattern of spatial spread (e.g., reconstruction of
the circulation of human H1 influenza A in swine populations or the rapid dispersal of West Nile
virus in North America), and (4) identify critical mutations associated with increased transmission
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(e.g., the stepwise mutations in the receptor binding domain of the S protein needed for human
transmission of SARS-CoV) or pathogenicity (e.g., the T249P NS3 mutation in West Nile virus)
in a new host (3, 15, 83, 85, 113, 152) (Table 1).

HIV is one of the best examples of how the analysis of genetic data can be used to understand
the history and dynamics of emergence over multiple timescales. Phylogenetic analyses of HIV-
1, HIV-2, and multiple SIVs have (#) revealed a western African origin for HIV, (b) identified
chimpanzee subspecies Pan troglodytes troglodytes as the reservoir of HIV-1 and the sooty mangabey
(Cercocebus atys) as the reservoir of HIV-2, and (c) inferred that the emergence of the prominent
global variant of HIV-1, group M subtype B, originated from a single migration event out of
Haiti around 1970 (26, 46, 51, 68, 126). The reconstruction of contact networks using genetic
data has also proved successful, revealing multiple webs of transmission linked by risk factor (e.g.,
hemophiliacs, heterosexuals, intravenous drug users, men who have sex with men) and migration
pattern (9, 60, 80, 84). In addition, multiple instances of HIV transmission between health-care
workers and their patients have been demonstrated using sequence data, resulting in interventions
to prevent future transmission as well as evidentiary support for legal compensation (12, 49,
57, 108). Phylogenetic analyses have been used to support both convictions and acquittals in
accusations of deliberate or accidental HIV transmission, indicating the power and relevance of
using genetic analyses to reconstruct outbreaks and emergence events (29, 82, 98, 121).

Aside from reconstructing epidemiological history, genetic data can be used to add insight into
the more general process of emergence. Examination of the genetic characteristics of a range of
pathogens has revealed that specific types of viruses tend to emerge more frequently than would be
expected in a purely stochastic process. For example, the large amount of sequence data generated
from viral pathogens in particular has been critical for the understanding that RNA viruses may be
much more likely to emerge through cross-species transmission than other pathogens (59, 65, 111).
Analysis of the genetic diversity present in populations of RINA viruses through time has revealed
that they are characterized by high mutation rates, high replication rates, and large population sizes
(31, 59, 101). These features allow external selective pressures, such as vaccination, drug therapy,
or cross-species transmission, to shape their diversity in real time. Therefore, RNA viruses may
be able to quickly adapt to using novel cell receptors or transmission routes in a new host species,
as observed with SARS-CoV, influenza, Venezuelan equine encephalitis (which required only a
single glycoprotein mutation to move from rodents into horses), and Chikungunya virus (which
was able to colonize a new vector species as the result of a single mutation in the envelope protein)
(6, 141) (Table 1). Similarly, sequence data from RNA viruses that infect multiple host species
have revealed a capacity to utilize cell receptors that are phylogenetically conserved across species
(e.g., rabies virus uses the conserved nicotinic acetylcholine receptor, and foot and mouth disease
virus can enter a cell using a variety of receptors, even within the same cell type), making host
transitions more accessible (8, 21, 111).

CONCLUSION AND FUTURE PROSPECTS

DNA sequencing platforms will continue to evolve, becoming less expensive, less complex, and
more portable. Several independent groups are developing single-molecule DNA sequencers that
use nanopore technology, promise longer read lengths at lower cost, and may not require ex-
tensive sample preparation (20, 34). Such advances could enable microbial diagnostics as well as
surveillance and discovery in clinics and remote field sites, further narrowing the time between
the recognition of an outbreak and the generation of an appropriate response effort. Advances
that facilitate human genome sequencing will also allow us to examine host factors that contribute
to susceptibility and resistance to infectious diseases, and may lead to new personalized strategies
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for targeting drugs and vaccines. As diagnostic sensitivity improves and samples continue to be
collected from prospective population cohorts, we may also be able to detect evidence of exposure
to microbes in prenatal and early life that ultimately results in mental illness, degenerative and
autoimmune disorders, or neoplasia (132).

The era of infectious disease research characterized by the challenge of data acquisition has
now been eclipsed by the challenge associated with effective data analysis. Whereas previous
work has focused on analyzing tens of sequences, or at most several hundred, from a few genes
or genomes, the availability of HTS data now requires the analysis of hundreds or thousands
of genome sequences. Thus, developing the necessary analytical tools is a substantial obstacle.
Many investigators are outsourcing both sequencing and sequence analysis to commercial centers,
preferring to focus their efforts on subsequent steps in the process, including the verification and
extension of these results by using PCR, serology, anatomical techniques, and animal models. In
a parallel yet complementary discipline, synthetic genomics is allowing investigators to exploit
sequence data to build known or novel microorganisms with features that may lead to increased
virulence or transmission to new hosts (56, 155). The rapid pace with which DNA sequencing
and synthetic biology are advancing has increased the need to establish policies that address the
challenges of dual-use research, i.e., research that is scientifically valuable yet yields information or
technologies that have the potential for misuse (38). The future of genomics and synthetic biology
will depend as much on our ability to ensure open access, transparency, and ethical conduct of
research as it will on material advances in platform technologies.
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