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Compared to classical epidemiologic methods, genomics can be used to precisely monitor virus evolution
and transmission in real time across large, diverse populations. Integration of pathogen genomics with
data about host genetics and global transcriptional responses to infection allows for comprehensive studies
of population-level responses to infection and provides novel methods for predicting clinical outcomes. As
genomic technologies become more accessible, these methods will redefine how emerging viruses are stud-
ied and outbreaks are contained. Here we review the existing and emerging genomic technologies that are
enabling systems epidemiology and systems virology and making it possible to respond rapidly to emerging

viruses such as Zika.

Introduction

The development of genomics technologies has heralded a new
era in epidemiology, one in which viral epidemics can be de-
tected and monitored in real time (Rasmussen, 2015). Historical
efforts to track and contain outbreaks have relied on classical
methods to study disease incidence at the population level.
Outbreak containment was achieved primarily through isolating
infected patients and contact tracing to establish appropriate
quarantine procedures. While often effective, these methods
are time consuming and imprecise, particularly when diagnosis
is based exclusively on clinical data. Until the advent and imple-
mentation of polymerase chain reaction (PCR)-based methods
in the early 2000s, laboratory diagnostics were heavily reliant
on serology. Unfortunately, serological assays are typically not
useful during an acute virus infection, as they cannot detect
exposure to a particular pathogen until the patient has mounted
a detectable neutralizing antibody response. Even then, they
cannot distinguish between different viral strains within a given
serotype and are not useful for monitoring virus evolution. While
PCR and reverse-transcriptase PCR (RT-PCR) have enabled
direct early detection of virus genomes, these amplification-
based methods are unfortunately heavily biased and dependent
on the sequence of oligonucleotide primers. PCR-based meth-
odologies are not useful for screening or surveillance of unknown
pathogens or those that diverge highly from known prototypic
strains, nor can they monitor virus evolution in real time during
an outbreak. Thus, methods that can provide detailed informa-
tion about an emerging virus at the sequence level are proving
essential to realizing the promise of genomics as an epidemio-
logic tool (Barzon et al., 2011; Quifiones-Mateu et al., 2014;
Sloots et al., 2015). Combining experimental, clinical, and
computational approaches with pathogen genomics will give
us a systems-level understanding of how viruses cause illness
(Figure 1). Moving forward, we will also be able to more confi-
dently identify the etiologic agents associated with pathogenic
virus infections utilizing host transcriptional signatures. Thus,
rather than having to fulfill Koch’s postulates to be certain of
the cause of disease, scientists and clinicians will be able to
use genomic information about the virus combined with the
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host response transcriptional signature to make more confident
associations and diagnoses. In this review, we examine the
existing and emerging genomic technologies that are being em-
ployed for the analysis of viruses and the infections they cause.
Throughout, we include examples of the effective use of these
technologies for epidemiological, virological, and medical appli-
cations. Finally, we provide some thoughts looking forward to-
ward emerging viruses, such as Zika.

Technologies Enabling Molecular Epidemiology

The currently available genomic technologies that have been
used for analyzing viruses and their relative advantages and
disadvantages are summarized in Table 1. Initial efforts to
conduct broad-spectrum screening for emerging viruses from
clinical specimens were based primarily on RT-PCR panels.
While most PCR-based assays can be performed on standard
laboratory equipment, these assays do not provide genetic infor-
mation beyond the virus species or strain and usually do not
cover the entire pathogen genome. The RT-PCR assays used
in diagnostics today are based on older studies using validated
primers capable of amplifying emerging pathogens of interest
(Casas et al., 1997; Drosten et al., 2002; Valassina et al., 1997).
Multiplex PCR technology was subsequently combined with
primer tagging (MassTag PCR) to survey a wide range of viral
sequences used as diagnostic panels for hemorrhagic fever
viruses and respiratory viruses (Palacios et al., 2006). This
method was used to identify a novel rhinovirus clade associated
with severe influenza-like illness (Lamson et al., 2006), although
the MassTag platform is restricted by primer bias. Gradually,
multiplex PCR primer panels were extended to RT-PCR arrays.
These arrays of multiplexed RT-PCR probe sets enable multiple
PCR amplifications at once and typically cover groups of related
viruses rather than the entire virome (Renois et al., 2010; San-
ghavi et al., 2012).

Other groups developed oligonucleotide microarrays (the
Virochip) that could identify and relatively quantify the presence
of genomes from known, sequenced viruses. The Virochip sys-
tem is capable of simultaneous parallel screening for multiple vi-
ruses and as such is useful for detecting pathogens from clinical
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specimens in the absence of a confirmed diagnosis (Wang et al.,
2002). The Virochip method has subsequently been used to
identify viral pathogens from clinical specimens, including both
human and porcine respiratory pathogens such as rhinoviruses,
circoviruses, and coronaviruses (Kistler et al., 2007; Nicholson
et al., 2011). Unfortunately, the Virochip requires high-quality
input material and is not suitable for samples with fragmented
or degraded nucleic acids from aldehyde-based fixatives, tem-
perature fluctuations or extensive freeze-thawing, or nuclease
activity. Furthermore, while they are becoming more common,
microarray scanners are not standard equipment in many
diagnostic laboratories, limiting the clinical sites where this tech-
nology can be used. Carbon nanotube field effect transistor
technology under development enables label-free hybridization
and eliminates the need for a microarray fluorescence scanner
(Martinez et al., 2009; Sorgenfrei et al., 2011; Star et al., 2006);
however, these are still largely at the prototype stage and are
not widely available.

As next-generation sequencing has become more prevalent,
accessible, and affordable, virus surveillance and diagnosis are
increasingly performed by directly monitoring viral genomes.
However, detecting sufficient viral reads at conventional read
depths is a significant problem. High background host gene
expression in complex clinical specimens (such as blood or
tissue biopsies) interferes with complete coverage of viral ge-
nomes, thus reducing the reliability of this method. Therefore,
new methods to enrich viral sequences have been developed
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Figure 1. Systems Virology Model for
Genomic Characterization, Host Response,
and Surveillance for Emerging Viral
Pathogens

Future epidemiology and virology research will
use genomics in concert with a variety of clinical,
experimental, and bioinformatics approaches
to rapidly facilitate a more comprehensive under-
standing of emergent viruses and the host
response to the pathogen. One usually starts
with a reproducible animal or tissue culture virus
infection model, followed by high-throughput
profiling utilizing microarrays and/or RNA-seq.
The next steps involve defining the host responses
using mathematical, computational, and bioinfor-
matics tools. Predictions are made, followed by
the iterative process of validating the predictions
experimentally. These approaches are powerful
tools for drug repurposing, correlating the host
response with discovery of novel virus patho-
gens and defining mechanisms underlying innate
immunity.

to minimize bias and enhance coverage.
Initial efforts relied on depletion of ribo-
somal RNAs, which typically comprise
at least 50% of the host transcriptome.
However, in the last year, systems were
developed using targeted probe-based
selection methods to enrich viral se-
quences from complex specimens. The
virome capture sequencing platform
for vertebrate viruses (VirCapSeq-VERT)
can enrich viral reads by up to 10,000-
fold and results in near-total genome
coverage for all known viruses. Furthermore, based on highly
conserved sequences, this platform could also identify highly
divergent, completely uncharacterized viruses, suggesting its
utility for virus discovery (Briese et al., 2015). An alternative tar-
geted enrichment panel, ViroCap, enriches virus reads up to
700-fold and provides up to ~80% genome coverage (Wylie
et al., 2015). These enrichment methods offer great promise for
rapid diagnosis of a virus infection from clinical specimens,
metagenomic virome characterization, and monitoring virus
evolution in real time. Unfortunately, although decreasing, the
cost of next-generation sequencing instruments remains high,
and this technology is not widely available in most clinical
diagnostic laboratories. Short-read sequencers are large,
cumbersome instruments, and the computational infrastructure
necessary for robust sequence analysis is not conducive to
work requiring mobility and real-time data collection, such as
outbreak response or field surveillance.

The first instance of using sequence data to characterize a
novel emerging virus was the complete mapping of the severe
acute respiratory syndrome coronavirus (SARS-CoV) genome
as it emerged in 2003 (Marra et al., 2003). This was an espe-
cially remarkable achievement, considering the genome was
sequenced using Sanger dideoxy chain termination sequencing
technology. Rapid sequencing of the SARS-CoV genome during
the epidemic demonstrated the great potential for applying
genomic analysis to the epidemiological toolbox. Recent efforts
to bring sequencing technology into the field or the clinic focus
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Table 1. Genomic Technologies Available for Virus Analysis

Method Sample Requirements

Advantages

Disadvantages

qPCR/RT-PCR Purified RNA/DNA

Microarray-ViroChip Purified RNA

Microarray-host gene Purified RNA

expression

Sanger sequencing Purified RNA/DNA

Next-gen Purified mRNA

sequencing-mRNA-seq

Next-gen sequencing-total Purified RNA
RNA-seq

Virome capture Purified RNA
sequencing— VirCapSeqg-VERT

and ViroCap

Nanopore sequencing Purified RNA

Highly sensitive; used for absolute or relative
quantitation

Requires low input; well-developed technology;
developed for Agilent platform

Requires low input; well-developed technology;
multiple platforms with numerous product lines

Low cost; uses equipment available to most
institutions; numerous commercial entities
offer these services

Does not require prior knowledge of sequence
of interest; provides unbiased global view of the
full coding transcriptome

Does not require prior knowledge of sequence
of interest; can be used with fragmented

or degraded RNA; includes sequences

from non-coding and non-polyadenylated
transcripts

Covers the entire known human virome;
significantly enriches virus reads from complex
materials; can improve read coverage

Long reads; single molecule detection; does not
require amplification or labeling; miniaturizable;
cloud-based analysis possible on laptop
computers for deployment in field

9QODIIN B ISOH 19D

Requires prior knowledge of sequence of interest

Requires high-quality input RNA; requires prior knowledge of sequences
of interest and may not detect novel viruses or viral variants; only useful
for relative quantitation; non-specific hybridization can confound results

Requires high-quality input RNA; off-the-shelf products do not detect
viral sequences; only useful for relative quantitation; non-specific
hybridization can confound results

Requires prior knowledge of sequence of interest; low throughput; not
applicable to global transcriptomic applications

Requires high-quality input RNA; difficult to distinguish splice isoforms
using short-read platform, especially at lower read depths; does not
detect transcripts that are not polyadenylated (some virus genomes and
non-coding RNA); fragmentation and amplification during library
preparation can introduce bias; large data output requires substantial
storage and computational power to manage and analyze; short-read
platform makes absolute quantification difficult; viral reads are often
undetectable due to high host transcript background

Difficult to distinguish splice isoforms using short-read platform,
especially at lower read depths; fragmentation and amplification during
library preparation can introduce bias; large data output requires
substantial storage and computational power to manage and analyze;
short-read platform makes absolute quantification difficult; viral reads are
often undetectable due to high host transcript background

Can only detect uncharacterized viruses based on conserved sequences
capable of hybridizing with the capture oligos

Many technical difficulties remain for deploying hand-held systems in
remote areas (data too large to upload to cloud-based base callers);
primer bias may still impact sample preparation methods requiring
amplification
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on improving portability and access to cloud-based data stor-
age and analysis. Recent work to develop analytical software
that can be run on a laptop in the field has circumvented
issues with web access in areas with limited connectivity (Quick
et al., 2016). The MinlON system is a small long-read nanopore
sequencing device capable of assembling complete pathogen
genomes (Madoui et al., 2015). In conjunction with a web-based
bioinformatics pipeline, nanopore sequencing has been used to
detect chikungunya virus (CHIKV), Ebola virus (EBOV), hepatitis
B virus (HBV), hepatitis C virus (HCV), and influenza virus from
clinical specimens (Greninger et al., 2015; Hoenen et al., 2015,
2016; Wang et al., 2015; Yao et al., 2014). Increased availability
of the MinlON system and online bioinformatics resources repre-
sent the future of molecular epidemiology, allowing rapid deploy-
ment of cutting-edge sequencing technology even in remote or
resource-poor environments.

Tracking Ebola in West Africa
An unexpected outbreak of EBOV in Guinea in late 2013 sparked
an epidemic that blazed through West Africa throughout
2014, killing thousands. Virus detection for most patients was
limited to PCR-based assays, as the affected areas were already
lacking necessary infrastructure for laboratory diagnostics.
However, samples collected for research were also used to
rapidly generate a wealth of genetic sequence data concerning
the origins and evolution of the Makona variant causing the
2014 West African EBOV epidemic (Gire et al., 2014). This is
the first example of effectively using sequencing technologies
in the field to monitor a large epidemic caused by an emerging
virus in real time as it unfolded. A critical question concerned
the origins of this epidemic, as all known previous outbreaks of
Zaire ebolaviruses occurred thousands of miles away in Central
Africa. Genome assemblies from samples collected early in the
outbreak from 78 patients in Sierra Leone suggested initially
that the Makona variant diverged from central African strains in
2004 (Gire et al., 2014). Analysis of these early samples sug-
gested that the substitution rate of the Makona variant was
higher than those observed during any previous EBOV outbreak.
Subsequent sequencing studies from other clinical populations
throughout Guinea, Sierra Leone, Liberia, and Mali demon-
strated that the nucleotide substitution rate associated was
roughly equivalent to central African Zaire ebolaviruses, sug-
gesting that this was more likely the result of different analytical
approaches (Hoenen et al., 2015; Kugelman et al., 2015; Ladner
et al., 2015; Quick et al., 2016; Scarpino et al., 2015; Stadler
et al., 2014; Tong et al., 2015). However, sequence analysis of
many viruses throughout this outbreak provided an unprece-
dented opportunity to understand how purifying selection drives
the emergence of different phylogenetic lineages as well as to
identify specific mutations in viral proteins that may have func-
tional significance (Park et al., 2015; Simon-Loriere et al.,
2015). The University of California, Santa Cruz has developed a
genome browser to facilitate continued bioinformatics studies
investigating EBOV phylogeny (Haeussler et al., 2014), enabling
large-scale genome studies that will improve our understanding
of viral evolution.

Virus sequencing has also demonstrated at least two in-
stances of sexual transmission by persistent EBOV in semen
from a disease survivor (Mate et al., 2015). Unlike PCR-based
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methods that are capable of simply detecting virus in the
EBOV disease survivor’s semen, sequencing allowed the deter-
mination that the survivors were infected with the same virus by
sexual transmission.

Inaddition to the EBOV genomes sequenced primarily by short-
read sequencers as described above, nanopore sequencing was
used to sequence clinical Makona variant isolates on the ground
in both Guinea and Liberia (Hoenen etal., 2016; Quick et al., 2016).
This represented a proof-of-concept use of this technology to
conduct molecular epidemiology in the field and clearly demon-
strated the power of portable sequencing devices. This tech-
nology has been hindered by difficulties performing sequence
analysis in the field, such as uploading large amounts of sequence
data for analysis by cloud-based base-calling software. In partic-
ular, the development of customized, laptop-based base-callers
enabled the first completely in-field demonstration of portable
nanopore technology for epidemiology (Quick et al., 2016). Future
virus epidemics can be easily monitored and studied by placing
this technology in the hands of those responding to an epidemic.

As portable sequencers become more common, they can be
used for simultaneous pathogen detection and genomic anal-
ysis. This will permit identification of a virus in the context of an
outbreak but allow for virtually real-time analysis of virus evolu-
tion and transmission. This would also allow monitoring EBOV
prevalence in different species of bats thought to be reservoirs,
as well as disease outbreaks in wild populations of non-human
primates. Portable sequencers have the potential to integrate
detection or diagnosis with genomic methods to study virus
transmission and evolution. This is invaluable in understanding
the origin and epidemiology of disease outbreaks and virus ecol-
ogy in the wild.

Tracking Viruses with Host Response Data

The increased use of genomics technology has created oppor-
tunities for monitoring epidemics in the absence of samples
containing detectable virus by assaying the host response. Iden-
tifying and characterizing gene expression profiles associated
with viral disease can detect cases for illnesses not associated
with high viremia or in cases in which the infection has been
cleared. Prior efforts to study epidemic survivors retrospectively
have primarily been confined to serologic surveys. Positive
serology can identify individuals who have been exposed to a
particular pathogen, and antibody titers can be used to assess
adaptive immunity, but these are not highly precise measures
of the host response (MacNeil et al., 2014). Serotypic cross-
reactivity between structurally similar epitopes conserved
among or within viral taxa can make it difficult to distinguish
specific pathogen strains or species, and antibody titers can
vary dramatically between individuals and decrease over time.
Other functional immune assays, such as multiplexed cytokine
analysis to look at global inflammatory responses, or ELISpot
assays or MHC tetramers to quantify and phenotype antigen-
specific T cells, have also been used in many studies (Edwards,
2014; Luebke et al., 2004; McElhaney et al., 2016). How-
ever, these require fresh, temperature-controlled samples and
specialized equipment and are generally not available to epide-
miologists or researchers in the field. Measures of host re-
sponses across many different parameters thus are an appealing
alternative means of studying virus emergence or prevalence in
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Figure 2. Systems Genetics Incorporates Complexity to Explain Differential Disease Responses

(A-E) An advantage of genetically tractable yet complex experimental systems such as the Collaborative Cross Recombinant Inbred panels is the ability to
explicitly integrate (A) host genetics and (B) virologic and (C) transcriptional responses to identify (D) polymorphic genetic loci that contribute to differential
virologic responses and to develop (E) transcriptional networks that shed mechanistic insight into these polymorphic responses (see Rasmussen et al., 2014)

(reprinted with permission from Katze et al., 2016).

the absence of detectable virus, in the presence of a completely
novel virus about which little is known, or after an infection has
been cleared.

As the mobility of sequencing or microarray technology im-
proves, opportunities have arisen to use global host transcrip-
tomic responses for epidemiology or diagnostics. Myriad studies
demonstrate that very specific host response profiles can be
associated with viral disease at early stages and late stages
and can be closely linked to disease severity and treatment
response (Dong et al., 2015; Jansen et al., 2015; Rasmussen
et al., 2012; Sun et al., 2013). These responses are not limited
solely to antiviral immunity or inflammation, but also identify
host pathways that are induced by viral infection and provide
insight into how these pathways are involved in pathogenesis.
In some cases, these have been linked closely to human cohorts
of disease in both acute and chronic virus infections (Dong et al.,
2015; Rasmussen et al., 2012). Host transcriptional responses to
rhinovirus in primary cells ex vivo have also been shown to be
concordant with those in vivo (Gardeux et al., 2015), indicating
the potential for high-throughput development of broadly appli-
cable diagnostic signatures, including those that can differen-
tiate viral and bacterial pathogens (Huang et al., 2011; Zaas
et al., 2013). As both microarray and sequencing technologies
for collecting global transcriptomic data become more afford-
able and portable, increased surveys of host responses in
diverse human cohorts during and after outbreaks of viral dis-
ease will facilitate the development of host response signatures
that can be used for diagnosis or surveillance (Figure 2).

Transcriptomic data allow for the most comprehensive look at
host response dynamics during a viral infection. Gene expres-

sion profiles are regulated in part by genetic elements, such
as particular alleles, transposons, or single nucleotide polymor-
phisms (SNPs) (Elbarbary et al., 2016; Haraksingh and Snyder,
2013; Huang, 2015). For many years, genome-wide association
studies (GWAS) have been subject to considerable criticism
(Huang, 2015), in part because of practical and logistic chal-
lenges associated with fully sequencing genomes from sufficient
individuals to associate a given genetic element with a disease
outcome in a diverse population. However, the increasing
availability and decreasing cost of human genome sequencing
is rapidly changing that paradigm. Genome sequencing and
GWAS across a large, diverse cohort have revealed a link be-
tween SNPs in the interleukin-28B (IL-28B) promoter and hepa-
titis C virus (HCV) clearance and response to treatment (Ge et al.,
2009; Thomas et al.,, 2009). As the overall body of human
genome data becomes increasingly available, our understanding
of particular genetic features that increase epidemic risk or pre-
dispose a population to specific pathogen susceptibilities or dis-
ease outcomes will grow.

Host Genetics and the Collaborative Cross

Genetic variation in humans poses a major challenge in assess-
ing the host signature in response to virus infection. A relatively
new resource, the Collaborative Cross (CC) mouse model, has
helped define the role of host genetics and its contribution to
determining the outcome of a viral infection (Bottomly et al.,
2012; Ferris et al., 2013; Graham et al., 2015; Gralinski et al.,
2015; Josset et al,, 2014; Rasmussen et al., 2014; Xiong
et al., 2014). These mice, due to their novel breeding scheme,
resemble humans in terms of the complexity of their genetic
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variation. Not only does this ensure that CC mice are more reli-
able indicators of human disease, but it also allows investigators
to identify novel alleles associated with disease resistance and
susceptibility. Indeed, this model has been used to study arange
of phenotypes recapitulating those occurring in human patients
infected with influenza virus, West Nile virus, SARS-CoV, and
EBOV (Ferris et al., 2013; Graham et al., 2015; Gralinski et al.,
2015; Josset et al., 2014; Rasmussen et al., 2014; Xiong et al.,
2014). By utilizing a combination of transcriptomic and genetic
approaches, we will be able to computationally decipher which
immune cell populations are responsible for the differential
host cell transcriptional signatures (Figure 2). This, in turn, should
help us understand the response characteristic of certain viral
infections in more detail. The CC mouse complements other
animal models of viral pathogenesis.

Final Thoughts

When considering how genomics can revolutionize epidemiology,
it is worth remembering the postulates established by the great
19" century microbiologist Robert Koch. Koch’s postulates
dictate that a given pathogen must be isolated from a diseased
organism, grown in pure culture, inoculated in a healthy organism,
and re-isolated from that organism after disease onset. These
criteria definitively show that a pathogen is the causative agent
of a disease. However, they cannot be easily extrapolated for hu-
man pathogens that cannot be cultured or do not cause disease in
available model organisms.

In the era of modern molecular biology, Fredricks and Relman
(1996) have proposed a series of updated criteria using genomic
technology to identify pathogens that are the causative agents of
a disease. These allow for pathogens to be detected by PCR or
sequencing from clinical specimens, rather than requiring isola-
tion in pure culture and subsequent challenge experiments in a
well-developed animal model (Fredricks and Relman, 1996).
These “molecular Koch’s postulates” were further refined by
Falkow, who proposed demonstrating virulence factor function
by deletion and complementation experiments (Falkow, 2004).
These methods for establishing disease etiology as applied to
present next-generation sequencing technology demonstrate
how much pathogen discovery has transformed within the past
two centuries.

Clearly we are in a new renaissance of pathogen discovery: as
genomics technology becomes more widespread, the response
to future outbreaks will be increasingly reliant on it to conduct
effective diagnosis and surveillance and to use genetic and tran-
scriptomic data to effect truly personalized precision medicine.
The sudden and shocking emergence of Zika virus (ZIKV) in
the Americas is proving to be another example of how the virus
can be monitored in real time, and genomics can be used to un-
derstand how the virus is transmitted, how it is evolving, how it
interacts with the host, and whether or not it can be linked to
other conditions (Faria et al., 2016; Wang et al., 2016). Already,
genomics technologies have enabled the establishment of the
link between ZIKV infection and infants born with microcephaly
(Driggers et al., 2016), although it’s important to note that detec-
tion of virus sequence alone is not sufficient to prove a causative
link. However, this link provided fundamental early information
that led to further work conclusively linking ZIKV to abnormalities
in brain development (Garcez et al., 2016; Rasmussen et al.,
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2016; Tang et al., 2016). Genomics technologies have also pro-
vided evidence of sexual transmission (D’Ortenzio et al., 2016).
This represents a paradigm shift in how epidemiology and sur-
veillance are conducted and will help us respond rapidly and
effectively to new emerging infectious challenges that we will
surely face.
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