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Abstract

Recent advances in nucleic acid diagnostic technologies have
revolutionized microbiology by facilitating rapid, sensitive
pathogen surveillance and differential diagnosis of infectious
diseases. With the expansion and dissemination of genomic
sequencing technology scientists are discovering new mi-
crobes at an accelerating pace. In this article we review recent
progress in the field of pathogen surveillance and discovery
with a specific focus on applications in the field of laboratory
animal research. We discuss the challenges in proving a
causal relationship between the presence of a candidate or-
ganism and disease. We also discuss the strengths and limita-
tions of various assay platforms and describe a staged strategy
for viral diagnostics. To illustrate the complexity of pursuing
pathogen discovery research, we include examples from our
own work that are intended to provide insights into the pro-
cess that led to the selection of particular strategies.
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Introduction

ncreasingly globalized travel and trade, climate change

and its effects in the distribution of phlebotomous ar-

thropod vectors, and shifts in demographics and land
use have ushered in an era of infectious disease outbreaks
and pandemics (Morse 1995). The advent of potent threats
to health and economic welfare—human immunodefi-
ciency virus (HIV), severe acute respiratory syndrome
(SARSY), HINI1 (swine influenza), and H5N1 (avian
influenza)—has created unprecedented support for basic
and translational research in host, vector, and microbe biol-
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ogy as well as diagnostics, surveillance, vaccines, and
therapeutics. New molecular platforms such as MassTag
polymerase chain reaction (PCR') (Briese et al. 2005;
Lamson et al. 2006; Palacios et al. 2006; Renwick et al.
2007), microbial microarrays (Chiu et al. 2006; Palacios
et al. 2007; Wang et al. 2002), and unbiased high-throughput
pyrosequencing (Cox-Foster et al. 2007) have enabled
efficient differential diagnosis, pathogen discovery, and
surveillance in clinical infectious disease. In addition, en-
hanced surveillance of wildlife, domesticated animals, and
other known vectors (e.g., rodents, mosquitoes), espe-
cially in “hot spots” of infectious disease emergence, has
better prepared the public health, medical, and research
communities to predict and avert the next pandemic (Deem
et al. 2001; Jones et al. 2008; Wolfe et al. 2005).

Viral Discovery in Laboratory
Animal Research

Health surveillance of laboratory animals is essential be-
cause adventitious infection is a continuous challenge to ani-
mal welfare and research. Rodent parvoviruses, Helicobacter
spp., murine norovirus, and other previously unknown infec-
tious agents have recently “emerged” in laboratory rodents.
These agents have been discovered serendipitously or
through active investigation of atypical serology results, cell
culture contamination, unexpected histopathology, or previ-
ously unrecognized clinical disease syndromes. Although a
daunting and expensive proposition, most facilities can es-
tablish clean colonies through strict quarantine and breeding
policies and, where needed to preserve critical transgenic
lines, embryo transfers (Smith 2010).

A different scenario pertains in work with nonhuman pri-
mates. Given longer generation times, domestic production
cannot meet current or projected research needs for rhesus
(Macaca mulatta) or cynomolgus (M. fascicularis) macaques,
so imported animals will play an increasingly critical role into
the foreseeable future. While the two types of macaques are
available for importation from Southeast Asia and Mauritius,
because of a lack of national and international standards for
microbial quality control for research animals, these animals
represent an undefined and uncharacterized population with
regard to infectious and parasitic agents. The significance of
the problem is underscored by recent outbreaks of tuberculosis,
measles, and simian malaria and the detection of antibiotic-
resistant Shigella flexneri in recently imported rhesus of
Chinese origin, and the well-publicized 1989 outbreak of
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hemorrhagic disease and subsequent recognition of the previ-
ously unknown Ebola-Reston virus in cynomolgus macaques
imported from the Philippines (Jahrling et al. 1990). Because
it has not been possible to eliminate all pathogens from non-
human primate colonies, it is important to define the spectrum
of microbial agents present in a population of animals and
understand how these agents influence pathobiology and ex-
perimental work (Mansfield and Kemnitz 2008).

Infectious and parasitic diseases may adversely affect
research programs in several ways (Lerche and Osborn
2003). Many agents are well-documented pathogens, caus-
ing overt morbidity and mortality. Unrecognized or adventi-
tious agents are common in nonhuman primates and have the
potential to confound experimental studies. Nonpathogenic,
commensal agents in normal host species may represent a
zoonotic disease risk for human contacts (e.g., Macacine
herpesvirus 1) or become pathogenic in normal hosts sec-
ondary to experimental manipulations or immunosuppres-
sion. The presence of undetected microbial agents—pathogens
and nonpathogens alike—represents a potential threat to the
health status of breeding colonies, human contacts, and re-
search integrity. Thus one of the biggest challenges in re-
search that uses imported nonhuman primates is the need for
improved diagnostic tools to screen for infectious and para-
sitic agents (Roberts and Andrews 2008; Simmons 2008).

Proof of Causation

Indicating the presence of a microbial organism is only the
first step in elucidating its relationship to disease. In acute
infectious disease the agent can often be isolated, morpho-
logical changes correlate with the distribution of the agent,
and serology provides evidence of an adaptive immune re-
sponse. However, not all agents can be cultured and clinical
signs and symptoms of infection are not specific to particular
organisms. Furthermore, factors such as the host’s genetic
susceptibility, age, nutrition, and previous exposure to simi-
lar agents may modulate expression of disease.

Implication of agents may be difficult when classical
hallmarks of infection are absent or mechanisms of patho-
genesis are indirect or subtle. In these cases investigators
must resort to a statistical assessment of the strength of epi-
demiological association based on (1) the presence of the
agent or its footprints (nucleic acid, antigen, and preferably
an immune response) and (2) the biological plausibility indi-
cated by analogy to diseases with related organisms where
linkage is persuasive. Such evidence may be sufficient to
merit interventional trials. Examples include hepatitis B and
papillomaviruses, human infections for which vaccination
prevents infection with the candidate organisms and reduces
the incidence of hepatic or cervical neoplasia, respectively.

Strategies for Pathogen Discovery

Reviews such as this typically focus on the latest molecular
technologies, but clinical acumen, pathology, serology, and
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classical culture techniques still play a pivotal role in patho-
gen discovery. Only clinicians and epidemiologists can ap-
preciate the appearance of anomalies, collect materials for
investigation, and persuade their laboratory colleagues to in-
vest in the search for known and novel pathogens.

Immunohistochemistry can be instrumental in directing
molecular work by exploiting the cross-reactive properties
of antisera to reveal the presence of agents related to the
original immunogen. The potency of this approach is under-
scored by the fact that the discoveries of Sin Nombre virus
(Chizhikov et al. 1995), Nipah virus (Paton et al. 1999), West
Nile virus (WNYV; Briese et al. 1999; Lanciotti et al. 1999;
Shieh et al. 2000; Steele et al. 2000), and LuJo virus (Briese
et al. 2009) were facilitated by demonstration of viral pro-
teins in tissues, which in turn allowed focused consensus
PCR (cPCR!) analyses.

Classical methods such as tissue culture and serology
are also important. Tissue culture was pivotal in the 2003
SARS outbreak (Peiris et al. 2003), wherein growth of the
virus enabled rapid characterization by using cPCR, ran-
dom primed cDNA libraries, microarrays, and electron
microscopy.

Since the advent of PCR, methods for cloning microbial
nucleic acids directly from clinical specimens have become
commonplace in pathogen surveillance and discovery. Over
the past 2 decades, subtractive cloning, expression cloning,
cPCR, and high-throughput pyrosequencing resulted in
identification of the following novel agents (in addition
to the LuJo, Nipah, and Sin Nombre viruses) associated with
both acute and chronic diseases: Borna disease virus, hepa-
titis C virus, human herpesvirus (HHV) 6, HHV-8, Barto-
nella henselae, Tropheryma whipplii, SARS coronavirus,
and Israel acute paralysis virus (Briese et al. 2009;
Challoner et al. 1995; Chang et al. 1994; Choo et al. 1989;
Cox-Foster et al. 2007; Lipkin et al. 1990; Nichol et al. 1993;
Paton et al. 1999; Peiris et al. 2003; Relman et al. 1990,
1992; VandeWoude et al. 1990).

Singleplex Assays

The most sensitive molecular assays are those in which
primers and probes have perfect complementarity to a single
genetic target. Examples include fluorescence reporter—
based TagMan or molecular beacon singleplex PCR assays
that may have detection thresholds as low as 5 RNA mole-
cules and are ideal for applications focused on detecting the
presence of a specific agent or quantitating viral burden
(Heid et al. 1996; Tyagi and Kramer 1996). Yet these assays
can fail with viruses characterized by high mutation rates
and genetic variability. Degenerate primers and probes can
be designed to accommodate sequence divergence, although
this typically entails a compromise in sensitivity. Perhaps the
most significant confound is that signs and symptoms of dis-
ease are rarely agent-specific, particularly early in the clini-
cal course; thus, unless an investigator has sufficient sample,
resources, and time to invest in many singleplex assays for
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different agents, there is the risk that the wrong candidate(s)
will be selected among the many potential pathogens that
can overlap in clinical presentation.

The most common singleplex assays used in clinical mi-
crobiology and microbial surveillance are PCR assays that
enable the detection of fluorescent signal as DNA strand rep-
lication results in either cleavage or release of a labeled oli-
gonucleotide probe bound to sequence between the forward
and reverse primer. Equipment needs are modest (a thermal
cycler, fluorescence reader, and laptop computer), so reliable
fluorescent reporter—dye singleplex assays are achievable
under field conditions, with battery power if necessary.

Loop-mediated isothermal amplification (LAMP) is an
alternative to PCR that does not require programmable ther-
mal cyclers (Hagiwara et al. 2007; Notomi et al. 2000;
Shirato et al. 2007). Although its sensitivity is reported to be
similar to that of PCR, LAMP is not quantitative. Products
are typically detected in ethidium bromide—stained agarose
gels, but changes in turbidity of the amplification solution
may be sufficient; indeed, according to at least one study, the
accumulation of product was detectable by eye (Jayawardena
et al. 2007).

Nested PCR, where two amplification reactions are pur-
sued sequentially with either one (hemi-nested) or two (fully
nested) primers located 3' with respect to the original primer
set, may be more sensitive than fluorescent reporter—dye
singleplex assays; however, the potential for contamination
is higher because the original reactions must be opened to
add reagents for the second, nested, reaction (Casas et al.
1997; Templeton et al. 2004). Nested PCR is challenging
even in laboratories with scrupulous experimental hygiene.

Degenerate Systems of Amplification

Representational difference analysis (RDA) is an important
tool for pathogen identification and discovery. However, it is
a subtractive cloning method for binary comparisons of nu-
cleic acid populations (Hubank et al. 1994; Lisitsyn et al.
1993). Thus, although ideal for analysis of cloned cells or
tissue samples that differ in only a single variable of interest,
RDA is less well suited to investigation of infections (with
any of several different pathogens) that result in similar clin-
ical manifestations or that are not invariably associated with
disease. An additional caveat is that because the method re-
quires the presence of a limited number of restriction sites, RDA
is most likely to succeed for agents with large genomes—
indeed, the two viruses detected by RDA were herpesviruses
(Challoner et al. 1995; Chang et al. 1994).

Consensus PCR has also been a remarkably productive
tool for biology (Strand et al. 2000). In addition to identify-
ing pathogens, this method has facilitated identification
of a wide variety of host molecules, including cytokines,
ion channels, and receptors. But it also presents limitations;
for example, for use in pathogen discovery in virology, it
is difficult to identify conserved viral sequences of suffi-
cient length to allow cross hybridization, amplification, and
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discrimination in a traditional cPCR format. Although this
may not be problematic when one is targeting only a single
virus genus, the number of assays required becomes infeasi-
ble when preliminary data are insufficient to permit a more
directed, efficient analysis.

To address this problem, we adapted cPCR to differential
display, a PCR-based method for simultaneously displaying
the genetic composition of multiple sample populations in
acrylamide gels (Liang and Pardee 1992). This hybrid
method, known as domain-specific differential display, em-
ploys short, degenerate primer sets designed to hybridize to
viral genes that represent larger taxonomic categories than
can be resolved in cPCR. While this modification allowed us
to identify WNV as the causative agent of the 1999 New
York City encephalitis outbreak (Briese et al. 1999), it did
not resolve issues of low throughput with cPCR due to limi-
tations in multiplexing.

Multiplex PCR Assays

Multiplex assays allow the investigation of many hypotheses
simultaneously. At the same time, they are more difficult to
establish than singleplex assays because each individual tar-
get primer set needs to share the same optimal reaction condi-
tions (e.g., annealing temperature, magnesium concentration).
Moreover, complex primer mixtures are more prone to primer-
primer interactions, which reduce assay sensitivity and/or
specificity. Specific software tools are available to automate
consensus primer design over a multiple sequence alignment
and allow users to specify primer length, melting tempera-
ture, and degree of degeneracy compatible with the multiplex
PCR approach (Jabado et al. 2006).

Gel-based multiplex assays, wherein products are distin-
guished by size, can detect as many as 8 to 10 distinct tar-
gets, albeit with low sensitivity (Casas et al. 1997; Templeton
et al. 2004). These designs are yet more cumbersome than
others to set up since they add the additional constraint that
PCR products need to be resolved adequately by electropho-
resis. Fluorescence reporter—based multiplex assays are
more sensitive but limited by the number—four—of fluores-
cent emission peaks that can be unequivocally separated.
“Sloppy molecular beacons” can circumvent this limitation
in part by binding to related targets at different melting tem-
peratures (Saunders and Jeffries 2000); however, as they
cannot detect targets that differ by more than a few nucle-
otides, the improvement does not approach the multiplex
capacity of gel-based assays.

Two multiplex platforms join PCR and mass spectros-
copy (MS) for sensitive detection of several targets. One of
them, triangulation identification for genetic evaluation of
risks (TIGER), uses matrix-assisted laser desorption/ioniza-
tion (MALDI) MS to directly measure the molecular weights
of PCR products obtained in an experimental sample and to
compare them with a database of known or predicted prod-
uct weights (Hofstadler et al. 2005; Sampath et al. 2007; Van
Ert et al. 2004). TIGER uses cPCR to detect viruses of a
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given species or genus and then compare their signature with
a database of known agents. It has the potential to directly
indicate candidates for novel variants of known organisms
via a divergent product mass but it requires sequencing to
characterize a novel sequence or agent. MALDI-MS (TIGER)
is confined to specialized laboratories, and the possibilities
for multiplexing are limited to detection of members the
same families, genus, or species.

The other system, MassTag PCR, uses atmospheric pres-
sure chemical ionization (APCI) MS to read molecular weight
reporter tags attached to PCR primers (Briese et al. 2005;
Palacios et al. 2006). APCI-MS (MassTag PCR) can be per-
formed on smaller, less expensive, portable instruments.
Syndrome-specific MassTag PCR panels enable rapid differ-
entiation of viruses, bacteria, fungi, and parasites associated
with acute respiratory disease, diarrhea, pustular diseases,
encephalitis/meningitis, tick-borne associated infectious agents,
and hemorrhagic fevers (Briese et al. 2005; Lamson et al.
2006; Palacios et al. 2006; Tokarz et al. 2009).

Other multiplex PCR systems use flow cytometry to de-
tect amplification products bound to matching oligonucle-
otides on fluorescent beads (Brunstein and Thomas 2006;
Han et al. 2006; Li et al. 2007). Sensitivity is similar across
these platforms. Whether any will become dominant in the
commercial arena remains to be seen.

Viral Microarrays

Viral microarrays can be broadly divided into those that ad-
dress 10 to 100 agents and those designed for detection of
thousands of agents including unknowns. Arrays in the sec-
ond category (e.g., respiratory virus resequencing arrays)
may use multiplex cPCR to amplify specific genetic targets
(Chiu et al. 2006, 2007; Miro et al. 2007; Wong et al. 2004).
Sample preparation is not complex and sensitivity in clinical
materials is typically 103 to 10* RNA copies. Although these
arrays, which typically use probes less than 25 nucleotides
(nt), may allow speciation of agents, they do not truly exploit
the utility of microarrays for unbiased microbe detection.

Oligonucleotide microarrays can comprise hundreds of
thousands of features. Probes of up to 70 nt are not uncom-
mon; thus, unlike PCR or resequencing arrays, where short
primer sequences demand precise complementarity between
probe and target, such arrays are less likely to be confounded
by minor sequence mismatches. Additionally, one can incor-
porate both microbial and host gene targets in high-density
arrays. This affords an opportunity to both detect microbes
and assess host responses for signatures consistent with vari-
ous classes of infectious agents.

The two most familiar larger scope platforms are the Vi-
rochip and the GreeneChip (Palacios et al. 2007; Wang et al.
2003). They differ in methods used for probe design, array
manufacture, hybridization conditions, and bioinformatics
analysis of hybridization results; what is common to both is
that sample nucleic acids are randomly amplified and la-
beled. This unbiased amplification is critical to exploiting
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the full range of probes representing tens of thousands of
viral targets. However, because host and microbe sequences
compete with similar efficiency for PCR reagents, sensitivity
for microbial detection is commonly low (10° to 107 copies).
It is not surprising, therefore, that the most successful ap-
plications of this technology have been in assays of clinical
samples with only low host nucleic acid content (e.g., serum,
cerebrospinal fluid, or urine). Improvements in sensitivity
(103 to 10* copies) have been achieved with more challeng-
ing tissue samples by depleting host cell DNA and ribosomal
RNA (rRNA) before amplification and labeling, and by us-
ing as reporters labeled dendrimers that bind to hybridized
sequences to enhance overall signal intensity.

In some array platforms hybridization is detected as
changes in electrical conductance. These have not yet extended
to high-density microarrays but have the potential to further
enable improvements in sensitivity. Viral arrays can facilitate
cloning and sequence analysis as well as pathogen identifica-
tion. Hybridized products typically range from 200 nt to more
than 1000 nt. Because arrays display probes representing sev-
eral different genomic regions for each virus, one can rapidly
recover sequence not only for the hybridized products but also
for sequences between those products through use of PCR. The
method is simple: the hybridized products are eluted with hot
water and reamplified using the specific sequence portion of
the primers originally used for random amplification.

High-Throughput Pyrosequencing

High-throughout sequencing affords unique opportunities
for pathogen discovery. Unlike cPCR or array methods,
where investigators are limited by known sequence informa-
tion and must make choices about the range of pathogens to
consider in a given experiment, high-throughput sequencing
is unbiased and makes it possible to consider the entire tree
of life: bacteria, viruses, fungi, and parasites. Our experience
is primarily with the pyrosequencing system of 454 Life Sci-
ences, but the principles for sample preparation and data
analysis are broadly applicable across platforms (Margulies
et al. 2005).

As in viral microarray analyses, elimination of host nu-
cleic acid is critical to boosting pathogen signal toward the
threshold for detection. Although this approach reduces the
potential for detecting DNA genomes of pathogens, our rea-
soning is that an active infection should be associated with
transcription. After amplification and sequencing, reads typ-
ically range in size from 40 to 400 base pairs. Raw sequence
reads are trimmed to remove sequences derived from the
amplification primer and filtered to eliminate highly repeti-
tive sequences. After trimming and eliminating repeats, se-
quences are clustered into nonredundant sequence sets.
Unique sequence reads are assembled into contiguous se-
quences, which are then compared to the nonredundant se-
quence databases using programs that examine homology at
the nucleotide and amino acid levels using all six potential
reading frames (Palacios et al. 2008).
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A Staged Strategy for Pathogen Detection
and Discovery

We view the platforms described above as complementary
tools. Due to ease of use, sensitivity, capacity for quantita-
tion, and low cost, singleplex PCR is ideal in instances where
the questions relate to the presence of a single agent or viral
burden. Examples include (1) outbreaks of acute infectious
disease where decisions concern patient containment or al-
location of specific interventions that are in short supply or
potentially toxic, or (2) adjustments of antiviral regimens as
in HIV infection.

Multiplex assays are indicated when singleplex PCR
fails to identify an agent, or the clinical presentation and
context are not pathognomonic of infection with a single
agent. The most time- and cost-effective alternatives for such
second-stage analyses are multiplex PCR platforms. Where
they fail or the list of candidate agents exceeds 25 to 30,
microarrays are indicated. Multiplex PCR and microarray
platforms both require that an agent be related to one already
known. In instances where agents are novel or sufficiently
distant in sequence to related agents to confound hybridiza-
tion it may be necessary to pursue subtractive cloning or un-
biased high-throughput sequencing.

Irrespective of the method that results in identification of
a pathogen candidate, subsequent steps include quantitation
of pathogen burden in affected hosts and controls, detailed
characterization of the pathogen for features that may con-
tribute to virulence or provide clues to provenance, and se-
rology as an index to acute infection and a tool to examine
prevalence of infection over time and geography.

Although unbiased high-throughput sequencing is be-
coming an increasingly popular tool for pathogen discovery
as costs decrease, it may fail where the agent is present at
low levels or the sequence is so different that commonly
used algorithms do not detect it as microbial.

Subtractive cloning may succeed where unbiased high-
throughput sequencing fails by boosting nonhost signal.
Indeed, we use it to enhance the efficiency of unbiased high-
throughput sequencing platforms. Borna disease virus, the
first agent discovered with unbiased molecular methods
(Lipkin et al. 1990), would not have been found by consen-
sus PCR, microarray, or high-throughput sequencing be-
cause its genomic sequence is so dissimilar to other agents.

New analytical models based in neurolinguistics and
cryptography may facilitate recognition of microbial se-
quences even when they lack similarity to known microbes
at the primary sequence level.

Vignettes in Pathogen Discovery

Borna Disease Virus and
Neuropsychiatric Disease

The story of the molecular characterization of Borna disease
virus (BDV) illustrates how far the field of pathogen discov-
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ery has evolved over the past 20 years. Until the mid-1980s,
BDV was known as an unclassified infectious agent named
after a town in Saxony (Eastern Germany) that had large out-
breaks of equine encephalitis in the late 1800s. In 1985, Rott
and Koprowski reported that serum from patients with bipo-
lar disorder reacted with BDV-infected cells (Rott et al.
1985). The concept that infection might be implicated in a
neuropsychiatric disease intrigued us and, challenged by the
fact that established methods for virus isolation had failed,
we and others began to pursue characterization using only
molecular tools.

The isolation of BDV nucleic acids by subtractive hy-
bridization in 1989 was the first successful application of
this technique in pathogen discovery (Lipkin et al. 1990).
The fact that it was performed relying on home brew kits for
cDNA cloning and that it preceded the advent of PCR and
ready access to sequencing technologies underscores the
challenges microbe hunters faced even a few years ago. Se-
quencing was not a mainstream technology at the time the
first cDNAs were obtained. Furthermore, even if it had been
available, researchers would not have appreciated the simi-
larity of BDV to other viruses. The association between
cloned materials and disease was achieved by demonstrating
that (1) candidate cDNAs competed with RNA template
from the brains of infected rats for transcription and transla-
tion of a protein biomarker present in the brain (hybrid arrest
experiments), (2) the distribution of candidate nucleic acid
correlated with pathology in the brains of experimentally
infected rats and naturally infected horses (in situ hybridiza-
tion), and (3) no signal was obtained in Southern hybridization
experiments wherein normal brain was probed with candi-
date clones.

Over the next 5 years the genome was cloned and the
virus visualized and classified as the prototype of a new fam-
ily of nonsegmented negative-strand (NNS) RNA virus with
unusual properties: nuclear replication/transcription, post-
transcriptional modification of selected mRNA species by
splicing, low-level productivity, broad host range, neurotro-
pism, and capacity for persistence (Briese et al. 1992, 1994;
Cubitt et al. 1994; de 1a Torre 1994; Schneemann et al. 1995;
Schneider et al. 1994).

Although it was widely believed that the introduction of
specific reagents such as recombinant proteins and nucleic
acid probes would allow rapid assessment of the role of BDV
in human disease, there is still no conclusive evidence that
the virus infects humans. In what could be considered a clas-
sic example of the pitfalls of PCR diagnostics, particularly
using nesting methods, BDV was erroneously implicated in
a wide variety of disorders—unipolar depression, bipolar dis-
order, schizophrenia, chronic fatigue syndrome, AIDS en-
cephalopathy, multiple sclerosis, motor neuron disease, and
brain tumors (glioblastoma multiforme) (Lipkin et al. 2001;
Schwemmle et al. 1999). Nonetheless, BDV discovery was
fundamental to the emergence of intriguing new models of
viral pathogenesis; moreover, the research provided invalu-
able guidance regarding methods to investigate the role of
infection in chronic disease with sensitive molecular tools.

249



West Nile Virus Encephalitis

The introduction of PCR changed the landscape of pathogen
discovery. The story of the discovery of West Nile virus in
North America is an example of the power of this technol-
ogy. It was also instrumental in demonstrating the impor-
tance of expanding infectious disease surveillance beyond
humans to domestic animals and wildlife.

In late August 1999, health officials reported an outbreak
of encephalitis accompanied by profound weakness in
Queens, New York. Recognition of the syndrome was not
due to an apparent increase in the frequency of encephalitis
per se, nor an automatic reporting event that resulted in de-
tection of the outbreak, but to the clinical acumen of Deborah
Asnis, an infectious diseases physician at Flushing Hospital
Medical Center, and Marcelle Layton, Assistant Commis-
sioner of the Communicable Disease Program at the New
York City Department of Health, and their associates.

In early September, serology for the presence of antibodies
to North American arboviruses yielded results consistent
with infection with St. Louis encephalitis virus (SLEV) (Asnis
et al. 2000). Although mosquito vectors competent for trans-
mission of SLEV were present, the virus had not been previ-
ously reported in the state. Early victims of the outbreak had
histories consistent with mosquito exposure; investigation of
the outbreak epicenter was consistent with the nearby exis-
tence of sites of active mosquito breeding. Thus, on Septem-
ber 3, the state and city of New York implemented a mosquito
eradication program.

Concurrently, wildlife observers independently noted in-
creased mortality of avian species including both free-ranging
crows and exotic birds housed in the Bronx Zoo. Tracy
McNamara, a veterinary pathologist at the Wildlife Conser-
vation Society, performed histologic analysis of the birds
and found meningoencephalitis, gross hemorrhage of the
brain, splenomegaly, and myocarditis (Steele et al. 2000).
Although 70% of emerging infectious diseases are zoonoses
and in this instance the coincidence between the human and
nonhuman outbreaks was striking, McNamara was unable to
persuade her colleagues in human infectious disease surveil-
lance to review materials. She forwarded tissue samples
from diseased birds to the US Department of Agriculture
(USDA) National Veterinary Service Laboratory in Ames,
Iowa, where a virus was cultured and electron micrographs
were consistent with the presence of either a togavirus or a
flavivirus. Only then was the avian virus forwarded from
USDA to the Centers for Disease Control and Prevention
(CDC) Division of Vector-Borne Infectious Diseases in Fort
Collins for molecular analysis (Lanciotti et al. 1999).

On September 13-15, the CDC Encephalitis Project
(comprising centers in California, New York, and Tennessee)
held its annual meeting in Albany, New York. Data from both
California and New York over an 18-month survey period
indicated that despite culture, serology, and molecular analy-
ses, 70% of cases of viral encephalitis remained without an
etiological agent. Sherif Zaki at CDC Atlanta had demon-
strated the presence of flavivirus protein in the brains of hu-
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man victims of the New York City outbreak, but efforts to
amplify SLEV or other flaviviral sequences by conventional
real-time (RT) PCR! had been unsuccessful.

Our group was invited to discuss methods for identifica-
tion of unknown pathogens and to consider their application
to project samples. Using several degenerate primer sets de-
signed to target highly conserved domains in the NS3, NS5,
and 3' untranslated regions of flaviviruses, we obtained posi-
tive results for four of the five New York patients in only a
few hours. Sequence analysis confirmed the presence of a
lineage 1 WNV (Briese et al. 1999; Jia et al. 1999). Concur-
rently, our colleagues at the CDC in Fort Collins reported
West Nile-like sequences in cell lines infected with homo-
genates from New York birds (Lanciotti et al. 1999). Both
findings confirmed that the outbreak in New York City was a
zoonosis due to West Nile virus.

Subsequently, we established quantitative RT-PCR as-
says for sensitive high-throughput detection of the virus in
clinical materials and mosquito pools. Although analysis of
blood samples from infected humans revealed the presence
of WNV sequences in late 1999 (Briese et al. 2000), the sig-
nificance of human-human transmission was not appreciated
until 2002, when transmission through organ transplants and
blood transfusion led to the implementation of blood screen-
ing by nucleic acid amplification tests (CDC 2003, 2004).

This outbreak underscores the significance of enhancing
communication between the human and comparative medi-
cine communities.

Human Rhinovirus C

During the 2004-2005 influenza season, the New York State
Department of Health received 166 samples through the CDC
Influenza Surveillance System. Samples were analyzed using
antigen detection and RT-PCR assays designed to identify
influenza viruses as well as conventional virus culture for
the detection of additional respiratory viral pathogens. These
analyses identified a candidate agent in 48% of samples
(some negative samples were collected more than 10 days
after onset of symptoms, when low microbial load at the time
of collection could have accounted for assay failures). How-
ever, many of the negative samples clustered during October
to December of 2004, an observation compatible with the
circulation of an unidentified agent during that interval.

We pursued this hypothesis using a MassTag PCR panel
that targeted influenza viruses A and B; human respiratory
syncytial viruses A and B; human coronaviruses OC43, 229E,
and SARS; human parainfluenza viruses 1 through 3; human
metapneumovirus; human enterovirus (HEV); human adeno-
virus; and Mycoplasma pneumoniae, Legionella pneumophila,
Chlamydia pneumoniae, Streptococcus pneumoniae, Haemo-
philus influenzae, and Neisseria meningitidis. MassTag PCR
identified a pathogen in 26 (33%) of the previously negative
specimens (Lamson et al. 2006). The degenerate HEV primers
used in the MassTag PCR assay amplify conserved regions
in the 5' untranslated region (UTR) of picornaviruses that are
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also found in human rhinoviruses (HRV). When samples that
had tested positive with this primer pair were tested with a
specific diagnostic RT-PCR assay for HEV, 17 of the 18 cases
yielded a negative result. Reasoning that products represented
either novel HEV or HRV isolates, we cloned all MassTag
PCR amplification products. Sequence analysis identified 2
HEVs and 16 HRVs. More detailed phylogenetic analyses of
other gene regions indicated that eight cases represented a
novel rhinovirus clade distinct from the group A or B sero-
types. Follow-up studies in Europe, Australia, and Asia con-
firmed an international distribution of these viruses and
revealed that this novel genetic clade plays a major role in
pediatric asthma and pneumonia (Kistler et al. 2007; Lau et al.
2007; McErlean et al. 2007; Renwick et al. 2007). At the time
of writing there are no reports that a representative of this
novel clade has been in grown in culture.

These studies confirm the importance of novel multiplex
molecular methods for surveillance, outbreak detection, and
epidemiology.

Dandenong Virus

In December 2006 three patients in Melbourne, Australia,
received solid organ transplants on the same day from a sin-
gle donor (Palacios et al. 2008). The donor was reported to
be in good health until he died of a hemorrhagic stroke ap-
proximately 10 days after returning to Australia after a
3-month trip through Southeastern Europe. The three organ
recipients died 3 to 4 weeks after transplantation after a clin-
ical course marked by fever and encephalopathy. Extensive
pre- and postmortem workups with bacterial and viral cul-
tures as well as PCR for a wide range of bacterial and viral
pathogens were unininformative. When MassTag PCR and
GreeneChip microarray assays of RNA from the recipient
organs, plasma, and cerebrospinal fluid yielded no evidence
of infection, the same RNA was subjected to unbiased high-
throughput pyrosequencing, yielding a total of more than
100,000 nucleotide sequences. Using bioinformatic algo-
rithms, human sequences were subtracted, and nucleotide
and deduced amino acid sequences were compared with
genetic databases to identify related microbial sequences.
Whereas S-segment sequence was recognizable at the nucle-
otide level, footprints of the L-segment were detected only at
the amino acid level, consistent with a previously unknown
Old World arenavirus. Specific PCR analyses confirmed the
presence of the same virus in all recipients. Tissue homoge-
nates from organs with the highest viral RNA titer were used
to inoculate cell culture lines. Infected cells were used to
develop an indirect immunofluorescence assay for serology
and to obtain electron micrographs of the agent.

LuJo Virus

On September 1, 2009, a woman with recent onset of severe
headache, fever, chest pain, and pharyngitis was admitted to
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a hospital in Lusaka, Zambia. She rapidly deteriorated and
was transferred by air to Johannesburg, South Africa, for
specialized care. During the flight a physician and a para-
medic attended to her with pulmonary toilet and manual
ventilation. On arrival in Johannesburg she was comatose
with cerebral edema, acute respiratory distress syndrome,
and renal failure. She died shortly thereafter. No autopsy was
performed, and the body was returned to Zambia for crema-
tion. The physician and the paramedic who attended her
during the air evacuation, a nurse who cared for her in Jo-
hannesburg, and a custodian responsible for cleaning hospi-
tal rooms developed a similar clinical syndrome with fatal
outcomes.

When initial workup of clinical materials failed to iden-
tify a causative agent for this outbreak, the World Health Or-
ganization coordinated a multicenter diagnostic effort at the
National Institute for Communicable Diseases in South Africa,
the CDC, and Columbia University. Immunohistochemistry re-
vealed footprints of an arenavirus and cPCR confirmed its
presence. Within 72 hours of sample receipt, unbiased high-
throughput pyrosequencing yielded nearly complete ge-
nomic information of a novel arenavirus that was named
LuJo virus (after Lusaka and Johannesberg) (Briese et al.
2009; Paweska et al. 2009). Based on these data, a fifth case
of acute illness (a nurse who cared for one of the secondary
victims) was identified through contact tracing and treated
with the antiviral drug ribavirin. She recovered.

The time course of the LuJo outbreak and the rapidity
with which the agent was identified and characterized illus-
trate the power of the sequencing technologies for public
health and personalized medicine.

Future Perspectives

Many of the tools described above are available in only a few
specialized laboratories in the industrial world. While it is
unlikely that the full complement of technologies will be
broadly available in the near future, it is essential to establish
the capacity for differential diagnosis of infectious diseases
in the developing world, where the risk and burden of hem-
orrhagic fevers are most prominent. Toward this end we are
encouraged that academicians, public health practitioners,
and corporate partners are beginning to focus on smaller
footprint solution phase and microarray platforms that prom-
ise to perform in resource-poor environments. Investment in
the surveillance of bush meat, wildlife, domestic animals,
and humans in geographic hot spots at increased risk for
emerging infectious disease emergence is long overdue.
Here, too, we are encouraged by recent increases in support
of these proactive efforts.

Detection technologies will continue to evolve, allowing
faster, more sensitive, and less expensive methods for patho-
gen surveillance and discovery. Multiplex PCR assays are
already widely implemented, but microarray technology
is less advanced. Improvements in development include
microfluidic sample processing and direct measurement of
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conductance changes associated with hybridization. Al-
though we have not addressed proteomics and host response
profiling, investigators may yet discover biomarkers that ei-
ther are specific for classes of infectious agents or provide
insights that can guide clinical management.

Active collaboration between clinicians and laboratori-
ans is key to success in diagnostics. The most advanced tech-
nology will fail if samples are collected without attention to
nucleic acid lability; data will be uninterpretable without ac-
curate information on clinical course and sample provenance.
In chronic diseases, where complex mechanisms such as
early exposure and/or genetic susceptibility may contribute
to pathogenesis, the most substantive advances in linking
microbes to disease are likely to come from investments in
prospective serial sample collections and an appreciation
that many diseases reflect intersections of genes, species,
and environment in a temporal context.

Acknowledgments

Work in the Center for Infection and Immunity at Columbia
University Mailman School of Public Health is supported by
National Institutes of Health awards AI051292 and AI57158
(Northeast Biodefense Center; WIL), the Department of De-
fense, the Bill and Melinda Gates Foundation, and Google.
org.

References

Asnis DS, Conetta R, Teixeira AA, Waldman G, Sampson BA. 2000. The
West Nile virus outbreak of 1999 in New York: The Flushing Hospital
experience. Clin Infect Dis 30:413-418.

Briese T, de la Torre JC, Lewis A, Ludwig H, Lipkin WI. 1992. Borna dis-
ease virus, a negative-strand RNA virus, transcribes in the nucleus of
infected cells. Proc Natl Acad Sci U S A 89:11486-11489.

Briese T, Schneemann A, Lewis AJ, Park Y-S, Kim S, Ludwig H, Lipkin WI.
1994. Genomic organization of Borna disease virus. Proc Natl Acad Sci
U S A 91:4362-4366.

Briese T, Jia XY, Huang C, Grady LJ, Lipkin WI. 1999. Identification of a
Kunjin/West Nile-like flavivirus in brains of patients with New York
encephalitis. Lancet 354:1261-1262.

Briese T, Glass WG, Lipkin WI. 2000. Detection of West Nile virus se-
quences in cerebrospinal fluid. Lancet 355:1614-1615.

Briese T, Palacios G, Kokoris M, Jabado O, Liu Z, Renwick N, Kapoor V,
Casas I, Pozo F, Limberger R, Perez-Brena P, Ju J, Lipkin WI. 2005.
Diagnostic system for rapid and sensitive differential detection of patho-
gens. Emerg Infect Dis 11:310-313.

Briese T, Paweska JT, McMullan LK, Hutchison SK, Street C, Palacios G,
Khristova ML, Weyer J, Swanepoel R, Egholm M, Nichol ST, Lipkin
WI. 2009. Genetic detection and characterization of LuJo virus, a new
hemorrhagic fever-associated arenavirus from southern Africa. PLoS
Pathog 5:¢1000455.

Brunstein J, Thomas E. 2006. Direct screening of clinical specimens for
multiple respiratory pathogens using the genaco respiratory panels 1
and 2. Diagn Mol Pathol 15:169-173.

Casas I, Tenorio A, Echevarria JM, Klapper PE, Cleator GM. 1997. Detec-
tion of enteroviral RNA and specific DNA of herpesviruses by multi-
plex genome amplification. J Virol Meth 66:39-50.

CDC [Centers for Disease Control and Prevention]. 2003. Detection of
West Nile virus in blood donations: United States, 2003. MMWR 52:
769-772.

252

CDC. 2004. Update: West Nile virus screening of blood donations and
transfusion-associated transmission: United States, 2003. MMWR 53:
281-284.

Challoner PB, Smith KT, Parker JD, MacLeod DL, Coulter SN, Rose TM,
Schultz ER, Bennett JL, Garber RL, Chang M, Schad PA, Stewart PM,
Nowinski RC, Brown JP, Burmer GC. 1995. Plaque-associated expres-
sion of human herpesvirus 6 in multiple sclerosis. Proc Natl Acad Sci
U S A 92:7440-7444.

Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, Moore
PS. 1994. Identification of herpesvirus-like DNA sequences in AIDS-
associated Kaposi’s sarcoma. Science 266:1865-1869.

Chiu CY, Rouskin S, Koshy A, Urisman A, Fischer K, Yagi S, Schnurr D,
Eckburg PB, Tompkins LS, Blackburn BG, Merker JD, Patterson BK,
Ganem D, DeRisi JL. 2006. Microarray detection of human parainfluen-
zavirus 4 infection associated with respiratory failure in an immuno-
competent adult. Clin Infect Dis 43:e71-e76.

Chiu CY, Alizadeh AA, Rouskin S, Merker JD, Yeh E, Yagi S, Schnurr D,
Patterson BK, Ganem D, DeRisi JL. 2007. Diagnosis of a critical respi-
ratory illness caused by human metapneumovirus by use of a pan-virus
microarray. J Clin Microbiol 45:2340-2343.

Chizhikov VE, Spiropoulou CF, Morzunov SP, Monroe MC, Peters CJ,
Nichol ST. 1995. Complete genetic characterization and analysis of iso-
lation of Sin Nombre virus. J Virol 69:8132-8136.

Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW, Houghton M. 1989.
Isolation of a cDNA clone derived from a blood-borne non-A, non-B
viral hepatitis genome. Science 244:359-362.

Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, Moran NA,
Quan PL, Briese T, Hornig M, Geiser DM, Martinson V, vanEngelsdorp
D, Kalkstein AL, Drysdale A, Hui J, Zhai J, Cui L, Hutchison SK,
Simons JF, Egholm M, Pettis JS, Lipkin WI. 2007. A metagenomic
survey of microbes in honey bee colony collapse disorder. Science
318:283-287.

Cubitt B, Oldstone C, Valcarcel J, de la Torre JC. 1994. RNA splicing con-
tributes to the generation of mature mRNAs of Borna disease virus, a
non-segmented negative strand RNA virus. Virus Res 34:69-79.

de la Torre JC. 1994. Molecular biology of Borna disease virus: Prototype
of a new group of animal viruses. J Virol 68:7669-7675.

Deem S, Karesh W, Weisman W. 2001. Putting theory into practice: Wildlife
health in conservation. Conserv Biol 15:1224-1233.

Hagiwara M, Sasaki H, Matsuo K, Honda M, Kawase M, Nakagawa H.
2007. Loop-mediated isothermal amplification method for detection of
human papillomavirus type 6, 11, 16, and 18. J Med Virol 79:605-615.

Han J, Swan DC, Smith SJ, Lum SH, Sefers SE, Unger ER, Tang YW. 2006.
Simultaneous amplification and identification of 25 human papilloma-
virus types with templex technology. J Clin Microbiol 44:4157-4162.

Heid CA, Stevens J, Livak KJ, Williams PM. 1996. Real time quantitative
PCR. Genome Res 6:986-994.

Hofstadler SA, Sannes-Lowery KA, Hannis JC. 2005. Analysis of nucleic
acids by FTICR MS. Mass Spectrom Rev 24:265-285.

Hubank M, Schatz DG. 1994. Identifying differences in mRNA expression
by representational difference analysis of cDNA. Nucleic Acids Res
22:5640-5648.

Jabado OJ, Palacios G, Kapoor V, Hui J, Renwick N, Zhai J, Briese T,
Lipkin WI. 2006. Greene SCPrimer: A rapid comprehensive tool for
designing degenerate primers from multiple sequence alignments.
Nucleic Acids Res 34:6605-6611.

Jahrling PB, Geisbert TW, Dalgard DW, Johnson ED, Ksiazek TG, Hall
WC, Peters CJ. 1990. Preliminary report: Isolation of ebola virus from
monkeys imported to U S A. Lancet 335:502-505.

Jayawardena S, Cheung CY, Barr I, Chan KH, Chen H, Guan Y, Peiris JS,
Poon LL. 2007. Loop-mediated isothermal amplification for influenza a
(H5N1) virus. Emerg Infect Dis 13:899-901.

Jia XY, Briese T, Jordan I, Rambaut A, Chi HC, Mackenzie JS, Hall RA,
Scherret J, Lipkin WI. 1999. Genetic analysis of West Nile New York
1999 encephalitis virus. Lancet 354:1971-1972.

Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, Daszak
P. 2008. Global trends in emerging infectious diseases. Nature 451:990-
993.

ILAR Journal



Kistler A, Avila PC, Rouskin S, Wang D, Ward T, Yagi S, Schnurr D, Ganem
D, DeRisi JL, Boushey HA. 2007. Pan-viral screening of respiratory
tract infections in adults with and without asthma reveals unexpected
human coronavirus and human rhinovirus diversity. J Infect Dis 196:
817-825.

Lamson D, Renwick N, Kapoor V, Liu Z, Palacios G, Ju J, Dean A, St
George K, Briese T, Lipkin WI. 2006. MassTag polymerase-chain-reac-
tion detection of respiratory pathogens, including a new rhinovirus
genotype, that caused influenza-like illness in New York state during
2004-2005. J Infect Dis 194:1398-1402.

Lanciotti RS, Roehrig JT, Deubel V, Smith J, Parker M, Steele K, Crise B,
Volpe KE, Crabtree MB, Scherret JH, Hall RA, MacKenzie JS, Cropp
CB, Panigrahy B, Ostlund E, Schmitt B, Malkinson M, Banet C, Weissman
J, Komar N, Savage HM, Stone W, McNamara T, Gubler DJ. 1999. Ori-
gin of the West Nile virus responsible for an outbreak of encephalitis in
the northeastern United States. Science 286:2333-2337.

Lau SKP, Yip CCY, Tsoi H, Lee RA, So L, Lau Y, Chan K, Woo PCY, Yuen
K. 2007. Clinical features and complete genome characterization of a
distinct human rhinovirus genetic cluster, probably representing a previ-
ously undetected HRV species, HRV-C, associated with acute respira-
tory illness in children. J Clin Microbiol 45:3655-3664.

Lerche NW, Osborn KG. 2003. Simian retrovirus infections: Potential con-
founding variables in primate toxicology studies. Toxicol Pathol 31
Suppl:103-110.

Li H, McCormac MA, Estes RW, Sefers SE, Dare RK, Chappell JD, Erdman
DD, Wright PF, Tang YW. 2007. Simultaneous detection and high-
throughput identification of a panel of RNA viruses causing respiratory
tract infections. J Clin Microbiol 45:2105-2109.

Liang P, Pardee AB. 1992. Differential display of eukaryotic messenger
RNA by means of the polymerase chain reaction. Science 257:967-971.

Lipkin WI, Travis GH, Carbone KM, Wilson MC. 1990. Isolation and char-
acterization of Borna disease agent cDNA clones. Proc Natl Acad Sci
U S A 87:4184-4188.

Lipkin WI, Hornig M, Briese T. 2001. Borna disease virus and neuropsychi-
atric disease: A reappraisal. Trends Microbiol 9:295-298.

Lisitsyn N, Lisitsyn N, Wigler M. 1993. Cloning the differences between
two complex genomes. Science 259:946-951.

Mansfield KG, Kemnitz JW. 2008. Introduction: Challenges in microbial
quality control for nonhuman primates. ILAR J 49:133-136.

Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA,
Berka J, Braverman MS, Chen YJ, Chen Z, Dewell SB, Du L, Fierro JM,
Gomes XV, Godwin BC, He W, Helgesen S, Ho CH, Irzyk GP, Jando
SC, Alenquer ML, Jarvie TP, Jirage KB, Kim JB, Knight JR, Lanza JR,
Leamon JH, Lefkowitz SM, Lei M, Li J, Lohman KL, Lu H, Makhijani
VB, McDade KE, McKenna MP, Myers EW, Nickerson E, Nobile JR,
Plant R, Puc BP, Ronan MT, Roth GT, Sarkis GJ, Simons JF, Simpson
JW, Srinivasan M, Tartaro KR, Tomasz A, Vogt KA, Volkmer GA, Wang
SH, Wang Y, Weiner MP, Yu P, Begley RF, Rothberg JM. 2005. Genome
sequencing in microfabricated high-density picolitre reactors. Nature
437:376-380.

McErlean P, Shackelton LA, Lambert SB, Nissen MD, Sloots TP, Mackay
IM. 2007. Characterisation of a newly identified human rhinovirus, HRV-
QPM, discovered in infants with bronchiolitis. J Clin Virol 39:67-75.

Miro G, Galvez R, Mateo M, Montoya A, Descalzo MA, Molina R. 2007.
Evaluation of the efficacy of a topically administered combination of
imidacloprid and permethrin against phlebotomus perniciosus in dog.
Vet Parasitol 143:375-379.

Morse SS. 1995. Factors in the emergence of infectious diseases. Emerg
Infect Dis 1:7-15.

Nichol ST, Spiropoulou CF, Morzunov S, Rollin PE, Ksiazek TG, Feldmann
H, Sanchez A, Childs J, Zaki S, Peters CJ. 1993. Genetic identification
of a hantavirus associated with an outbreak of acute respiratory illness.
Science 262:914-917.

Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N,
Hase T. 2000. Loop-mediated isothermal amplification of DNA. Nucleic
Acids Res 28:E63.

Palacios G, Briese T, Kapoor V, Jabado O, Liu Z, Venter M, Zhai J, Renwick
N, Grolla A, Geisbert TW, Drosten C, Towner J, Ju J, Paweska J, Nichol

Volume 51, Number 3 2010

ST, Swanepoel R, Feldmann H, Jahrling PB, Lipkin WI. 2006. MassTag
polymerase chain reaction for differential diagnosis of viral hemor-
rhagic fever. Emerg Infect Dis 12:692-695.

Palacios G, Quan PL, Jabado OJ, Conlan S, Hirschberg DL, Liu Y, Zhai J,
Renwick N, Hui J, Hegyi H, Grolla A, Strong JE, Towner JS, Geisbert
TW, Jahrling PB, Buchen-Osmond C, Ellerbrok H, Sanchez-Seco MP,
Lussier Y, Formenty P, Nichol MS, Feldmann H, Briese T, Lipkin WI.
2007. Panmicrobial oligonucleotide array for diagnosis of infectious
diseases. Emerg Infect Dis 13:73-81.

Palacios G, Druce J, Du L, Tran T, Birch C, Briese T, Conlan S, Quan
PL, Hui J, Marshall J, Simons JF, Egholm M, Paddock CD, Shieh WJ,
Goldsmith CS, Zaki SR, Catton M, Lipkin WI. 2008. A new arenavirus
in a cluster of fatal transplant-associated diseases. N Engl J Med
358:991-998.

Paton NI, Leo YS, Zaki SR, Auchus AP, Lee KE, Ling AE, Chew SK, Ang
B, Rollin PE, Umapathi T, Sng I, Lee CC, Lim E, Ksiazek TG. 1999.
Outbreak of Nipah-virus infection among abattoir workers in Singa-
pore. Lancet 354:1253-1256.

Paweska JT, Sewlall NH, Ksiazek TG, Blumberg LH, Hale MJ, Lipkin WI,
Weyer J, Nichol ST, Rollin PE, McMullan LK, Paddock CD, Briese T,
Mnyaluza J, Dinh TH, Mukonka V, Ching P, Duse A, Richards G, de
Jong G, Cohen C, Ikalafeng B, Mugero C, Asomugha C, Malotle MM,
Nteo DM, Misiani E, Swanepoel R, Zaki SR. 2009. Nosocomial out-
break of novel arenavirus infection, Southern Africa. Emerg Infect Dis
15:1598-1602.

Peiris JS, Lai ST, Poon LL, Guan Y, Yam LY, Lim W, Nicholls J, Yee WK,
Yan WW, Cheung MT, Cheng VC, Chan KH, Tsang DN, Yung RW, Ng
TK, Yuen KY. 2003. Coronavirus as a possible cause of severe acute
respiratory syndrome. Lancet 361:1319-1325.

Relman DA, Loutit JS, Schmidt TM, Falkow S, Tompkins LS. 1990. The
agent of bacillary angiomatosis: An approach to the identification of
uncultured pathogens. N Engl J Med 323:1573-1580.

Relman DA, Schmidt TM, MacDermott RP, Falkow S. 1992. Identification of
the uncultured bacillus of Whipple’s disease. N Engl J Med 327:293-301.

Renwick N, Schweiger B, Kapoor V, Liu Z, Villari J, Bullmann R, Miething
R, Briese T, Lipkin WI. 2007. A recently identified rhinovirus genotype
is associated with severe respiratory-tract infection in children in Ger-
many. J Infect Dis 196:1727-1728.

Roberts JA, Andrews K. 2008. Nonhuman primate quarantine: Its evolution
and practice. ILAR J 49:145-156.

Rott R, Herzog S, Fleischer B, Winokur A, Amsterdam J, Dyson W,
Koprowski H. 1985. Detection of serum antibodies to Borna disease
virus in patients with psychiatric disorders. Science 228:755-756.

Sampath R, Russell KL, Massire C, Eshoo MW, Harpin V, Blyn LB, Melton
R, Ivy C, Pennella T, Li F, Levene H, Hall TA, Libby B, Fan N, Walcott
DJ, Ranken R, Pear M, Schink A, Gutierrez J, Drader J, Moore D, Metzgar
D, Addington L, Rothman R, Gaydos CA, Yang S, St George K, Fuschino
ME, Dean AB, Stallknecht DE, Goekjian G, Yingst S, Monteville M, Saad
MD, Whitehouse CA, Baldwin C, Rudnick KH, Hofstadler SA, Lemon
SM, Ecker DJ. 2007. Global surveillance of emerging influenza virus
genotypes by mass spectrometry. PLoS One 2:e489.

Saunders NJ, Jeffries AC. 2000. The growing utility of microbial genome
sequences. Genome Biol 1:reports410.1-410.3.

Schneemann A, Schneider PA, Lamb RA, Lipkin WI. 1995. The remarkable
coding strategy of Borna disease virus: A new member of the nonseg-
mented negative strand RNA viruses. Virology 210:1-8.

Schneider PA, Schneemann A, Lipkin WI. 1994. RNA splicing in Borna
disease virus, a nonsegmented, negative-strand RNA virus. J Virol 68:
5007-5012.

Schwemmle M, Jehle C, Formella S, Staeheli P. 1999. Sequence similarities
between human Bornavirus isolates and laboratory strains question hu-
man origin. Lancet 354:1973-1974.

Shieh WJ, Guarner J, Layton M, Fine A, Miller J, Nash D, Campbell GL,
Roehrig JT, Gubler DJ, Zaki SR. 2000. The role of pathology in an in-
vestigation of an outbreak of West Nile encephalitis in New York, 1999.
Emerg Infect Dis 6:370-372.

Shirato K, Nishimura H, Saijo M, Okamoto M, Noda M, Tashiro M, Taguchi
F. 2007. Diagnosis of human respiratory syncytial virus infection using

253



reverse transcription loop-mediated isothermal amplification. J Virol
Meth 139:78-84.

Simmons JH. 2008. Development, application, and quality control of serol-
ogy assays used for diagnostic monitoring of laboratory nonhuman pri-
mates. ILAR J 49:157-169.

Smith AL. 2010. Management of rodent viral disease outbreaks: One insti-
tution’s (r)evolution. ILAR J 51:127-137.

Steele KE, Linn MJ, Schoepp RJ, Komar N, Geisbert TW, Manduca RM,
Calle PP, Raphael BL, Clippinger TL, Larsen T, Smith J, Lanciotti RS,
Panella NA, McNamara TS. 2000. Pathology of fatal West Nile virus
infections in native and exotic birds during the 1999 outbreak in New
York City, New York. Vet Pathol 37:208-224.

Strand K, Harper E, Thormahlen S, Thouless ME, Tsai C, Rose T, Bosch ML.
2000. Two distinct lineages of macaque gamma herpesviruses related to
the Kaposi’s sarcoma associated herpesvirus. J Clin Virol 16:253-269.

Templeton KE, Scheltinga SA, Beersma MF, Kroes AC, Claas EC. 2004. Rapid
and sensitive method using multiplex real-time PCR for diagnosis of infec-
tions by influenza A and influenza B viruses, respiratory syncytial virus, and
parainfluenza viruses 1, 2, 3, and 4. J Clin Microbiol 42:1564-1569.

Tokarz R, Kapoor V, Samuel JE, Bouyer DH, Briese T, Lipkin WI. 2009.
Detection of tick-borne pathogens by MassTag polymerase chain reac-
tion. Vector Borne Zoonotic Dis 9:147-152.

Tyagi S, Kramer FR. 1996. Molecular beacons: Probes that fluoresce upon
hybridization. Nat Biotechnol 14:303-308.

254

Van Ert MN, Hofstadler SA, Jiang Y, Busch JD, Wagner DM, Drader J7J,
Ecker DJ, Hannis JC, Huynh LY, Schupp JM, Simonson TS, Keim P.
2004. Mass spectrometry provides accurate characterization of two ge-
netic marker types in bacillus anthracis. Biotechniques 37:642-644,
646, 648 passim.

VandeWoude S, Richt JA, Zink MC, Rott R, Narayan O, Clements JE. 1990.
A Borna virus cDNA encoding a protein recognized by antibodies in
humans with behavioral diseases. Science 250:1278-1281.

Wang D, Coscoy L, Zylberberg M, Avila PC, Boushey HA, Ganem D,
DeRisi JL. 2002. Microarray-based detection and genotyping of viral
pathogens. Proc Natl Acad Sci U S A 99:15687-15692.

Wang D, Urisman A, Liu YT, Springer M, Ksiazek TG, Erdman DD, Mardis
ER, Hickenbotham M, Magrini V, Eldred J, Latreille JP, Wilson RK,
Ganem D, DeRisi JL. 2003. Viral discovery and sequence recovery us-
ing DNA microarrays. PLoS Biol 1:e2.

Wolfe ND, Heneine W, Carr JK, Garcia AD, Shanmugam V, Tamoufe U,
Torimiro JN, Prosser AT, Lebreton M, Mpoudi-Ngole E, McCutchan
FE, Birx DL, Folks TM, Burke DS, Switzer WM. 2005. Emergence of
unique primate t-lymphotropic viruses among central African bushmeat
hunters. Proc Natl Acad Sci U S A 102:7994-7999.

Wong CW, Albert TJ, Vega VB, Norton JE, Cutler DJ, Richmond TA,
Stanton LW, Liu ET, Miller LD. 2004. Tracking the evolution of the
SARS coronavirus using high-throughput, high-density resequencing
arrays. Genome Res 14:398-405.

ILAR Journal





