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ABSTRACT

High throughput sequencing and discovery of novel bat viruses: insights for biosurveillance in an

important virus reservoir

Adrian Caroline Paskey, Doctor of Philosophy, 2020

Thesis directed by: Kimberly A. Bishop-Lilly, Ph.D., Adjunct Assistant Professor, Department

of Microbiology and Immunology

Bats are rich reservoirs of viruses, including viruses associated with several high-consequence
zoonoses. High-throughput sequencing and hybridization-based target enrichment sequencing
were used to characterize the virome of a captive colony of fruit nectar bats, lesser dawn bats
(Eonycteris spelaea) in Singapore through a longitudinal study, and a wild bat population of
cyclops roundleaf bats (Hipposideros cyclops) in Uganda. Through the use of viral RNA
extracted from bat swabs, we evaluated the utility of external and internal swab sites for
biosurveillance and discovered novel viruses by shotgun and enrichment sequencing. Several
viruses cataloged in this study are related to viruses that have previously crossed the species
barrier from bats to humans, or other incidental intermediate hosts. To our knowledge, this is the
first study that combined probe-based viral enrichment with high-throughput sequencing to
create a viral profile from multiple swab sites on individual bats as a cohort. It was necessary to
develop a new pipeline for the bioinformatic analysis of our samples, as well as a normalization

technique to make comparisons among samples.



We hypothesized that some viruses may persist within the captive colony of bats long-term, as
opposed to decreasing below the level of detection in the absence of migration and new, naive
bats. This work demonstrated distinct temporal patterns of the lesser dawn bat virome and also
led to the discovery of novel viruses in both lesser dawn bats and cyclops roundleaf bats. We
found that noninvasive surveillance methods that target the body of bats not only detected
viruses shed within the colony, but also represented viral populations dispersed throughout the
entire colony. This new knowledge of persistent viral families should inform future directions for
biosurveillance of viruses that have the potential to cross the species barrier from bats to humans
or other amplifying hosts.

Perhaps most immediately relevant, the knowledge that a rubella-like virus circulates in
equatorial African bats should be used to inform decisions with regard to the World Health
Organization’s plan to eliminate human rubella virus. Through this work, we evaluated and
developed new tools for use in wet-lab and computational components of biosurveillance, and

implemented them to generate a framework for future public health-related efforts.
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CHAPTER 1: Introduction

ONE HEALTH

Numerous emerging infectious diseases have been linked to bats, including
henipaviruses, filoviruses (i.e., Ebola and Marburg viruses), lyssaviruses, such as rabies, and
coronaviruses, such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (20; 181;
212). While most of these viruses can cause severe morbidity in humans and result in robust
immunity for survivors, bats are seemingly unaffected reservoir hosts (158). In fact, it is
unknown whether these viruses persist long term in bats or transiently circulate in wild bat
populations (147); this knowledge gap is increasingly being studied through the recently
developed movement of ‘One Health.’

One Health is the concept that the health of humans, animals and the environment are
intrinsically linked. This concept of One Health was first described in 2000 (34), and has since
become the basis of journals and supporting organizations, as well as an impetus for
interdisciplinary collaboration. The One Health movement has bridged interdisciplinary
communication by encouraging collaboration among veterinarians, public health officials,
analytical scientists and field scientists (33). An important aspect of One Health-framed research
is the consideration of the human impact on emerging infectious diseases. This framework
incorporates molecular research of pathogens as well as human behaviors and ecological
disruptions that may influence the emergence of zoonotic disease.

By applying the One Health lens to study viruses circulating in animal reservoirs, the
scientific community can obtain a more complete understanding of the risk of cross-species
transmission of viruses from bats to other hosts. One Health research has benefitted from the

advent of metagenomic sequencing, which increased laboratory capabilities to detect genomic
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evidence of viruses (53). An increased awareness of the ecological role of viruses, beyond as
being a cause of emerging diseases, has led to numerous metagenomic studies that found viruses
to be a necessary part of the global ecosystem. The nascent idea that some viruses may play a
nonpathogenic role in plant and animal health is reflective of a greater understanding of the
virosphere as a part of the global ecosystem. This is supported by research on the association of
functional redundancy and biodiversity with healthy ecosystems (53). The work presented in this
thesis follows an ecosystems perspective by including analyses of both viruses of known
zoonotic relevance and viruses that are currently regarded as “environmental.” The impact of
interdisciplinary collaboration among biologists through the One Health perspective has the
potential to lead to more comprehensive and effective approaches for the mitigation of viral

spillover.

BATS ARE A RICH, NATURAL RESERVOIR FOR MAMMALIAN VIRUSES
Bats and the ecosystem

There are more than 1,300 known bat species (order Chiroptera), classified as
Megachiroptera (megabats) and Microchiroptera (microbats) (201). Megabats include all
Pteropid species and are commonly called fruit bats (20). Microbats, such as the cyclops
roundleaf bats studied in this work, can echolocate and are known to roost in internal shelters
such as caves, tree cavities and man-made structures (96). Bats are crucial to the global
ecosystem because they consume arthropods and play a role in pollination and seed dispersal

(112).

Loss of biodiversity and ecosystem disruption are increasingly recognized as threats to global
bat populations (143). As human behavior influences the ecosystem, population dynamics in bats
continue to evolve. The geographic distribution of hosts and their intra- and interspecific

15



interactions influence viral abundance, as well as the potential for transmission of viruses from
one bat species to another or into a new mammalian host altogether (53). Bats are remarkably
speciose and are known to share more viruses among species than any other mammal (112).
While considerable effort has been invested to identify risks to human health by identifying and
classifying bat-borne viruses, there is a need to marry this information with serological and
human behavioral studies to properly anticipate risk to human or livestock populations in
locations such as South-eastern Asia (143). A One Health approach requires the identification of
human behaviors that influence bats, in addition to cataloging viruses that are carried by bat
species (143). Further considerations that should be taken into account to understand risk of a
virus crossing species barriers include receptor tropism and range of receptor distribution among
possible spillover hosts, conservation and physical location of receptors in different host tissues,

as well as the potential for cross-reactive antibodies that could protect from or enhance disease.

Rather than valuable ecological pollinators and seed dispersers, bats have been deemed
nuisances and even villains by numerous cultures. Portrayal of bats in such a negative light can
have dire consequences when reactive human behaviors (i.e., culling) influence the bat virome.
Culling of bat populations increases human contact with wild bats and has been shown to
ultimately increase viral prevalence within the targeted population (5). Effective interventions,
such as vaccines, that can be autonomously transferred among bat colonies have been presented
as viable alternatives to persecuting bat populations (8). Administration of vaccines that require
minimal contact between bats and humans is a safer approach than interventions that ultimately

kill or displace bat populations.

Potential intersections of virus transmission are illustrated in Figure 1. Scientists have

continued to accumulate knowledge about bat-borne zoonotic threats by sampling bats in the
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wild. Bats do not show symptoms of infection when carrying most zoonotic viruses (one
exception includes certain lyssaviruses), yet are capable of infecting humans or domestic
livestock (Figure 1D) (143). Additionally, bats are known to shed virus at intermittent levels
based on seasonal and birth pulse influences, further obscuring detection capabilities (145).
Despite growing awareness of the ecological role of bats and despite One Health approaches,
negative perceptions of Old World bats perpetuate in the wake of the detection of zoonotic-
related viruses and human outbreaks. Such examples include Hendra virus, Nipah virus and
Severe acute respiratory syndrome coronavirus, as well as agricultural outbreaks of viruses like
Porcine epidemic diarrheal virus (10; 36; 43; 110; 202; 210). It has been hypothesized that
viruses that coevolved with bats may use conserved receptors, increasing the likelihood of

spillover from bats to other mammals (20).

Anthropogenic and innate factors influence the risk of spillover from bats

Bats are necessary components of ecological health as providers of pollination, seed
dispersal, insect consumption and guano fertilizer production (95). Disruption of bat habitat and
declining natural food resources result in an increased probability of human-bat interactions,
increasing the risk of viral spillover from bats to humans (97). Bats adapt to urban human
environments, a process termed synanthropic adaptation, by living in or near human dwellings.
One example is the adaptation of flying foxes (Pteropus alecto) to favor urban flower gardens in
response to declining wild food sources in East Australia (71). Not only does a dietary change
such as this impact the physical health and immunity of the bats, but it has also been shown to
increase the risk of viral emergence from flying fox populations via increasingly common equine
or human interfaces (146). Individual bat behavior also plays a role in the likelihood of virus

spillover from bats to other mammals. For example, territorial behavior or diet (i.e., ability to
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seek out adequate nutrition in an urban environment) may impact which bats shed or transmit

viruses among a colony as compared to other individuals (53).

Unique immunological features of bats

Bats are the most widely distributed land animals and the only flying mammals (20; 188). It
is believed that bat-associated viruses evolved in ancient bats using receptors that are conserved
in later-evolving mammals (20). Unique immunological features and body regulation patterns,
such as torpor (hibernation) and a heightened body temperature that occurs during flight,
distinguish bats from other mammals. Interestingly, not all bat species are alike. Some bats do
not exhibit the reduced body temperature and metabolic rate of torpor, migrate, or remain in
warm climates year-round (73), which is the case for the lesser dawn bat and cyclops roundleaf
bat species discussed in this thesis. In addition to a heightened body temperature, flight also
causes the production of oxygen-free radicals, which damage DNA and result in inflammation.
In response to this unique physiology, bats have evolved mechanisms to avoid excess
inflammation, and as a result, can asymptomatically tolerate viral infections (26). The tightened
control of immune responses with constitutive expression of interferon and interferon-stimulated
genes is tempered by multiple mechanisms to avoid the over-induction of inflammatory genes
(26; 165; 169; 211). While bats do not display symptoms when infected with zoonotic viruses,

evidence of prior infection can be detected by serology (147).

Bats specific to this study

This study includes megabat lesser dawn bats (Eonycteris spelaea) that were caught in
the wild and sampled in captivity and microbat cyclops roundleaf bats (Hipposideros cyclops)
that were caught and sampled in the wild. Lesser dawn bats are a common nectar-feeding species
in Southeast Asia that produce one pup annually and breed throughout the year. This
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Figure 1. Possible intersections of viral transmission.

The schematic represents possible avenues for viral transmission among bats, intermediate
amplifying hosts and humans. Intersection A represents co-roosting and interspecies
transmission of viruses that have long been considered to evolve in bats. Examples of factors that
may influence transmission include migration and birth pulses. Intersection B illustrates
synanthropic adaptation of bats to human residencies, increasing the probability of bat-human
interaction. Intersection C represents possible direct or indirect contact between wild bats and
humans. This avenue could occur through the preparation or consumption of bat meat or
indirectly through consumption of contaminated produce such as fruit. Intersection D illustrates
transmission of viruses from bats to an intermediate amplifying host such as a palm civet, which
was the intermediate host for SARS-CoV. The final intersection of transmission, E, is via
human-to-human contact. In some primary cases of zoonotic spillover, viruses may not spread
efficiently among human hosts unless the virus spills into a human population with behaviors
that enhance viral transmission.
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understudied species exhibits docile behavior and typically roosts in colonies of thousands of
individuals, often with other bat species (74; 121). Constant gregarious behavior exhibited by
lesser dawn bats is thought to increase the transmission of viruses between animals. This species
does not hibernate, as the seasons in their hot tropical geographical territory are wet and dry. As
nectar-feeding mammals, lesser dawn bats consume primarily nectar from flowers and orchard
crops (160).

Lesser dawn bats are significant to One Health as a known host of zoonotic-related
viruses. The number of known zoonotic-related viruses detected in lesser dawn bats has recently
grown, perhaps as a result of increased surveillance of the species following predictive modeling
studies that named the species a potential host of filoviruses (70). Lesser dawn bat exposure to
filoviruses was also discovered in Singapore via serological methods (98). Furthermore, a
metagenomic study published in 2017 expanded the diversity of known viruses shed by wild
lesser dawn bats (124), and, as of January 2020, the Database of Bat-Associated Viruses listed
only 93 entries for viruses detected in this species. For comparison, 146 viruses are listed for
Leschenault’s rousette (Rousettus leschenaultii) (25). The continuing study of lesser dawn bat
behavior and their virome will help to determine the risk for spillover to humans and livestock
and, if necessary, effective public health interventions to prevent it from occurring.

Cyclops roundleaf bats, are microbats found in equatorial Africa and have an
insectivorous diet. They are named for their distinctive leaf-shaped nose and forehead opening
(cyclops) (38). This species roosts in colonies of up to twelve, or singly, and breeds once a year
in December. It is known to co-roost in hollow trees with other bat species and flying squirrels
(38). Cyclops roundleaf bats are not included in the Database of Bat-Associated viruses (25), but

have been evaluated as a potential host for filoviruses (70; 142). This bat species is difficult to
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study due to its roosting habits in deciduous forests and low roosting numbers, perhaps
accounting for the dearth of publications that include cyclops roundleaf bats. This bat species is
discussed further in Chapter Five and is significant to One Health as a host of viruses of

pandemic potential.

OUR AWARENESS OF THE VIROSPHERE IS INCREASING
Known and previously unknown viruses

The cataloged, or known, virosphere has rapidly expanded due to the metagenomic
revolution, clarifying the diversity of viral families and disrupting conventional viral taxonomy
classifications (208). Modern metagenomic research has been biased toward mammalian, avian
and invertebrate hosts (208). Other areas that have progressed in stride with metagenomic
advances include the fields of plant virology and bacteriophage biology, which have improved
human understanding of microbial landscapes (72). Plant viral metagenomics is a major focus of
virology research and has been a part of the developing ecological network through which
viruses are increasingly contextualized (104).

This work focused on RNA viruses and methods were optimized to capture RNA
genomic material because most emerging zoonotic viruses are RNA viruses (196). The sequence
for viral RNA-dependent RNA polymerase (RdRp) is typically used to define relatedness of
viruses at the genomic level because it is the only gene shared by all known RNA viruses (93).
Examining virus relatedness through the lens of genomics has caused a disruption in
conventional virus classification because observable replication strategies, genomic architecture,
such as segmentation, etc. do not translate to evolutionary relatedness as much as was previously

thought (189; 208). For example, human Rubella virus was classified in the Togaviridae viral
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family following its discovery in 1814 (50; 117), but a proposal was accepted in 2018 by the
International Committee for the Taxonomy of Viruses (ICTV) to classify Rubella virus within its
own viral family, Motonaviridae (152). In fact, the evolutionary relationship of the conserved
catalytic domain of RdRp of Motonaviridae viral sequences is evolutionarily closest to
Hepeviridae and Benyviridae families rather than Togaviride (189). As the virosphere continues
to be sequenced and better understood, reclassification of viral families is expected to continue
(159).

To date, the discovery of viruses has occurred through viral isolation, by sampling from
suspected viral hosts and subsequent sequencing of specifically amplified PCR products or via
unbiased metagenomic sequencing. There has been substantial effort by the scientific community
to identify areas of inherent bias in sampling and sequencing approaches (62; 118). Major areas
of recent progress include an increasing diversity of applied methodological approaches,
expansion of geographic regions of study, and breadth of organisms targeted for sampling. For
example, a massive effort to better define phage communities across multiple oceans was
recently published. Not only did this work demonstrate the power of metagenomics to discover
previously unknown viruses, but it also revealed unexpected population differences across
latitudes (67). Appreciation for geospatial elements impacting the virosphere will grow as more
studies are conducted globally and data are made publicly available.

As sequencing technology has improved over the past decade, read lengths and
throughput have increased. This resulted in improved data quality and expanded the number of
specimen types that could be readily sequenced using metagenomic sampling. One growing
problem now faced by the field of viral genomics is the inability to classify viral dark matter (92;

208). Despite the abundance of viral genomic data that has been generated, viruses are still
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underrepresented in publically available sequence databases. The remaining, unclassifiable
sequences constitute “dark matter” and can only be putatively labeled as derived from viral
domains based on negative evidence. Dark matter is defined as sequence data that do not align to
a known organism (92). In order to perform classification of viral sequences, database-reliant
methods such as alignments are typically performed using public databases. The most
commonly-used approach to classify viral sequence data is the Blast suite of methods, which
relies on homology to known sequences (3; 72; 92). Classification by this approach, particularly
for amino acid sequences, is computationally burdensome, but has been made easier by use of a
computational indexing system called DIAMOND, which was utilized in this thesis (18). While
it is cumbersome to perform these analyses at the amino acid level, it is often necessary to do so
because primary nucleotide sequence alignments alone are not enough to classify viral sequence.
We must take into special consideration the significance of conserved amino acid sequences in
regions that may not be conserved at the nucleotide level among viruses because they mutate
faster than cellular organisms.

The emphasis of this work is on mammalian viruses that are phylogenetic neighbors to
human pathogens, and therefore carry a concern in the realm of biosurveillance. Animals that are
sampled through biosurveillance programs are typically targeted based on extrapolated risk for
spillover, resulting in a bias toward previously known vectors and reservoir hosts such as bats
and rodents. Furthermore, animal surveillance is often biased toward unhealthy, stranded or
deceased animals (60). As high throughput sequencing (HTS) and computational power improve,
the ability to identify and characterize novel viruses will expand and ought to encompass a more
diverse set of animals. Efforts to sample more diverse insects, fish and aquatic mammals are

already underway (60; 208). For example, an unmanned aerial vehicle was used to sample the
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previously inaccessible virome of the Eastern Australian humpback whale by capturing exhaled
breath (blow), extracting RNA from collected water samples, and analyzing HTS results (60).
The better we understand the virome of a healthy ecosystem, the more clearly we can discern

imbalances in a disturbed ecosystem that may lead to viral emergence.

Publically available databases

The majority of existing viruses have not yet been identified or are not represented in
publically available sequence databases. One databank sponsored by the United States
government is the National Center for Biotechnology Information (NCBI), which provides
access to genomic information through databases of published genomes, known genes and amino
acid sequences. Authors who conduct metagenomic studies are encouraged to deposit raw
sequence data in NCBI’s Sequence Read Archive (SRA) (106). This resource is the most
accessible source for sequence data, and typically authors are required to submit their sequence
data for public availability through NCBI prior to publication in reputable journals. While NCBI
provides an indispensable breadth of data diversity, there is little incentive to provide accurate
and thorough metadata descriptors. Thus, corresponding metadata is fraught with errors and in
some cases sequencing data are misclassified (156).

The European Bioinformatics Institute (EBI) sponsors the European Nucleotide Archive
(ENA) sequence database through the European Molecular Biology Laboratory (EMBL) (163).
Both NCBI and EMBL databases face problems with misclassified data submitted by the
scientific community (177). These two publically available databases, in addition to the DNA
Data Bank of Japan, are synchronized according to the International Nucleotide Sequence
Database Collaboration. Effort has been made to curate known viral sequences into correctly-

classified databases (i.e., ViPR (144)), which reduces computational time required to perform
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classifications, but can also limit the potential for viral discovery if the database is not
comprehensive. Additionally, research facilities that maintain internal, unpublished databases

limit continuity of research among the global scientific community.

Challenges and approaches to virome characterization

Reference genomes are essential for virome characterization because computational pipelines
rely on comparison of the unknown query to previously described sequences. This can be
accomplished by aligning (i.e., Burrows-Wheeler Alignment, BLAST) reads or contiguous
sequences (contigs) that were generated by de novo assembly (contigs generated without the use
of a reference genome) to a database of reference sequences (3; 107). Thresholds of homology
are used to define the classification of the query to the reference sequence. The measurement of
homology between two sequences is called identity. According to the International Committee
for the Taxonomy of Viruses (ICTV), viruses with 80% amino acid sequence identity or higher
are typically of the same species (75). Cutoffs for individual viral families vary and must take
into consideration factors beyond genomic architecture, such as viral particle morphology.
Therefore, with no consistent cutoff for sequence identity, the definition of a truly novel virus
sequence can be ambiguous. While one challenge associated with novel virus identification is the
cutoff for a given viral family, another difficult challenge is the altogether lack of sequenced
near-phylogenetic neighbors (54). In instances where the sequence belongs to a novel virus, it
may be necessary to join separately assembled contigs together that may belong to the same
genome to create a longer, single contiguous sequence (called scaffolding). Another option is to
use clustering to identify original sequences among a complex metagenomic dataset (109).

Cross-assembly among large datasets has previously been used as an approach in viral

classification and enabled the discovery of crAssphage among sequenced dark matter (46; 47). In
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this approach, multiple sequence datasets from separate samples are utilized in de novo assembly
and compared to identify common sequences that compose longer, more broadly covered
contigs. Once a representative genome is obtained through cross-assembly, read mapping can be
utilized to determine if variants are present in certain samples. This approach was utilized for this
thesis in the initial discovery of Ruhugu virus and bat mumps-like virus. Virus discovery is a
difficult process because it is computationally burdensome, typically involves an unwieldly
amount of data, and lacks a standardized approach for the classification of dark sequence matter.
As more innovative bioinformatic approaches emerge, computational biologists can continue to
classify the previously unclassifiable sequences that are accumulating in publically available
databases.

Perhaps an underappreciated yet crucial element of the metagenomic revolution is the
accessibility of high-powered computing clusters. Metagenomic projects not only require intense
computational power to perform initial analyses, but also require terabytes of storage capacity for
metadata, raw data, intermediate products and finished analyses (129). The provision of relevant
metadata is crucial to include in publically available database entries, and in many cases samples
that lack methodological details cannot be used by the public without proper descriptors. A study
published in 2016, titled “Optimizing viral discovery in bats,” excluded results from HTS
experiments from a summary of known viruses detected in bats because sufficient details
associated with the data were not available (206). Careful cataloging of samples and their
associated metadata is necessary for metagenomic projects to fully benefit the wider scientific
community and should not be overlooked.

As experimental approaches shift from viral isolation to conventional or quantitative

techniques such as PCR, and most recently to HTS, sharing of pipelines for analysis and
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databases will be as crucial as having access to validated tools of the wet lab (i.e., primers).
Endeavors to expand publically available databases will provide scientists with access to a
greater body of information and further promote scientific curiosity. This will lead to new
discoveries and leaps in our understanding of basic biology, as well as of the threat of newly

emerging viral diseases (93).

ADVANTAGES AND LIMITATIONS OF VIRUS DETECTION METHODOLOGIES
Conventional biosurveillance methods

Biosurveillance has benefitted from the advancement of new methods that can be applied to
the characterization of viromes (defined as all of the viruses that exist within or on a specific
organism or niche — in the case of this study, a bat). Comprehensive biosurveillance methods are
listed in Table 1 and discussed in detail in this section. Typical surveillance involves the study of
known viruses through serological assays, conventional PCR or quantitative PCR (qPCR).
Assays must be designed and validated using known specimens in advance of screening
environmental samples to set a threshold by which to discern a “true positive.” While the
aforementioned assays are essential for biosurveillance and increasingly made more mobile for
field work, they are each met by limitations. Serological assays, for example, can be performed
in a high-throughput manner by using new technology such as MagPix, yet this assay does not
address current infection and there is also a known risk of cross-neutralization across targets.
Conventional PCR and qPCR suffer from primer drift, which can lead to false negatives.
Additionally, limited sample volumes can preclude the possibility of optimizing and validating

new (q)PCR assays for previously unknown viruses. Culture remains the gold standard in
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Table 1. Uses & limitations of biosurveillance methods

produced

. Approximate
Method Sample type | Computational time Limitation Product
example burden .
requirement
Urine or Requires known
Culture homogenized | None Days quires . Virus isolate
tissue permissive cell line

Low to Does not address

moderate current infection; Evidence of prior virus
Serology Blood Hours .

(throughput potential cross- exposure

dependent) neutralization
PCR Low Hours Primer drift; unrealistic Nucleic acid detection

PCR Low Hours to optimize with limited | Nycleic acid detection and
4 sample volumes semi-quantitation
Amplicon . . .
sequencin Variable Moderate Days Primer drift
q g (blood, urine,
T tissue, swab, Limi - ) ) )
argeted Moderate to 1rp1ted to near Nucleic acid detection up to
enrichment etc.) . Days neighbors or solely
. high . whole genome
sequencing known viruses o
characterization
Not quantitative; large

Shotgun' High Days amount of data
sequencing
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pathogen detection; however, this approach can fail due to sample and growth condition

limitations (54).

Serology and disease dynamics

Serological data provides a framework for understanding prior exposure to viruses, but are
insufficient to discern the transmission patterns of viruses among bats in the wild. This problem
has been discussed in detail by R. Plowright, who defined dynamics of virus transmission in the
wild as potentially following three patterns: susceptible-infectious-latent-infectious (SILI),
susceptible-infectious-recovered (SIR) or susceptible-infectious-recovered-susceptible (SIRS)
patterns (147). SIR refers to the notion that infection is not persistent within the colony of bats
and immunity is long-lasting. Periods with detectable viral infection would follow births or
migration of new bats that are naive to infection. Meanwhile, the second ‘susceptible’
component of SIRS implies that immunity is not long-lasting due to antibody decay in aging
hosts that were previously exposed to the virus. The SILI pattern of infection implies that the
virus persists within individuals and colonies long-term, even if shedding of the virus is below
the limit of detection by biosurveillance assays. It is possible that each of these dynamics exists
within a single community of bats in the context of different viruses (147).

The aforementioned concepts of disease dynamics are important to consider when addressing
approaches to mitigate viral spillover. Longitudinal studies of bat populations have been
proposed as a solution to understand pathogen dynamics in bat (147). By assessing viral
abundance and the nature of genetic variation at different time points for evidence of foreign
reintroduction of new strains and/or evolutionary mutations, the distinction between viral
reintroduction through migration versus long-term maintenance within a bat colony can be

discerned (Figure 2). If we do not completely understand viral dynamics within host populations,
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it will be difficult to appropriately determine protective measures. Intermittent shedding of virus
is a major hurdle for detection (expressed in Line 2, Figure 2), which complicates any attempts to
address the knowledge gap through noninvasive measures (147; 206). Serology and sequencing
data in complement could address more problems together than when either is applied alone.
Longitudinal HTS studies of bat populations, such as the studies presented in this thesis, can help
close the knowledge gap; however, the vast amount of sampling and data processing required to

fully understand disease dynamics will require extensive global contributions.

High throughput sequencing

Sequencing is becoming an increasingly portable and affordable approach for
biosurveillance. The footprint of a high-throughput sequencing platform such as Illumina’s
MiSeq occupies approximately the same space as a desktop computer. Technological advances
have resulted in smaller options such as Illumina’s iSeq, which is about the size of a toaster
oven. Yet smaller, Oxford Nanopore Technology’s MinION is approximately the size of a cell
phone. Despite concerns with regard to accuracy and throughput of newer devices, continued
advances in sequencing technology will continue to make HTS more mobile and affordable. New
methods are continually being developed that leverage the recent accessibility of sequencing
platforms to interrogate difficult-to-sequence samples or unculturable microbes, making
sequencing an adaptable approach that does not require a priori knowledge of the microbial

content within a sample.

Targeted sequencing

Targeted sequencing describes both amplicon sequencing and hybridization-based target
enrichment. While shotgun sequencing results in oversampling of the most abundant species,
targeted sequencing mitigates that problem by enriching for known viruses of biosurveillance
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Figure 2. Surveillance of wild-caught bats does not distinguish between two proposed
mechanisms of pathogen dynamics. 1) Viruses become extinct within a reservoir host
population (colony) but are reintroduced through migration and interaction with new
bats and 2) Viruses are maintained within a colony long-term (147). Definitive
evidence that bats are persistently infected with emerging viruses could come from
longitudinal studies of individual bats that are isolated from re-exposure.
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concern. Amplicon sequencing utilizes primers designed against a genome of interest, followed
by as many as 40 cycles of PCR. The target can be one conserved region of a genome at the
species or family level or can include numerous regions that span the entire genome. This is a
highly sensitive approach if the target sequence is conserved, but present at low levels in the
sample; however, this method is vulnerable to false negatives due to the potential for primer drift
that may hinder specific enrichment (54).

While amplicon sequencing is a useful approach for the detection of known viruses that are
present at low titer, one potential problem with this approach can arise if the target virus is prone
to high genetic variation. The use of conserved sequences across the genome, or specific
conserved sequences such as a viral untranslated region (UTR) or RdRp, can aid the
characterization of targeted viral species. For example, amplicon sequencing has been used to
discern Dengue virus subtypes and avoid viral passage that could potentially introduce laboratory
adaptions (30). This approach was highly sensitive; however, it failed to produce amplicons that
spanned complete genomes due to the genetic variability of samples. The need for complete
genomes depends on the research question and may not be necessary if the goal is simply virus
detection or strain identification.

Hybridization-based target enrichment involves the use of 50-120mer oligonucleotide probes
to pull down cDNA that corresponds to sequences of interest. Variations of this method can be
performed pre- or post-sequencing library preparation. This targeted sequencing approach is
more tolerant of primer mismatches due to the length of the oligonucleotide probes (16; 116;
127). We have demonstrated a tolerance for mismatches that is as low as 60-70% identity for
several species (140). Probes are designed to tile the entire genome of target viruses and can be

highly multiplexed. This method is highly effective and has been quickly implemented in recent

33



biosurveillance efforts, including the recent outbreak of Ebola in West Africa (16; 116) and of
Zika in the United States (68). In cases of metagenomic samples that may have low input DNA,
one approach is to pool as many as 12 samples (beyond the recommended four) (140).

While the initial approach for hybridization-based enrichment was developed as a technique
for human DNA exome sequencing, numerous variations for microbial sequencing protocols
have been developed during the past five years. Freely available software has been developed by
the Broad Institute that allow for the design of probes to suit unique research questions (126). In
fact, this approach has been proposed by researchers at Washington University as a clinical
diagnostic approach to supplement PCR assays (ViroCap) (200). Protocols vary by duration of
probe hybridization and enrichment pre- or post-library preparation. Disadvantages include that
PCR amplification is usually required for this approach, and protocols extend beyond one day of

work.

Shotgun sequencing

Shotgun sequencing is unbiased and does not involve any form of targeted enrichment or
specific primers for PCR during the preparation of a sequencing library. Unbiased HTS as used
in this thesis was performed using [llumina MiSeq and NextSeq platforms. This approach allows
for the detection of all domains of life, giving a full profile of microbiota. Output is typically 10-
15 gigabytes of data from a MiSeq run and 120-160 gigabases (Gb) from a NextSeq run. Read
lengths range from 150 to 600 base pairs. [llumina short read sequencing is the gold standard for
HTS and recent improvements in read length have improved accuracy and usefulness for
downstream analysis. The depth of sequencing provided by a NextSeq or HiSeq platform is

accompanied by increased computational burden.
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Data generated may be influenced by the choice of the sequencing platform and the
library preparation method, and thus should be carefully selected based on the question to be
answered by the study (161). Even for experiments that employ the state-of-the-art techniques,
microbial “noise” in complex samples continues to be a major challenge in viral sequencing (54).
An additional complication in viral sequencing is genome length. Preparation of samples for
sequencing requires fragmentation of nucleic acid that is performed mechanically, enzymatically,
or chemically to generate an average fragment size that is appropriate for the selected DNA
sequencing method. In the case of metagenomic samples, fragmentation leads to an
overrepresentation of nucleic acid fragments that originate from large genomes (i.e., from
bacteria) compared to fragments that originate from small genomes (i.e., from viruses) that are
then randomly sampled for sequencing (54). Viral genomes are typically thousands of base pairs
(bp) long, while much larger bacterial genomes range from .5 to 10 Mbp and are easily
overrepresented in the set of randomly sequenced nucleic acid fragments. In turn, smaller viral
genomes are typically underrepresented in number of reads because the genomes are represented
by fewer overall nucleic acid fragments (78). This problem can be accounted for by careful
bioinformatic normalization to give “semi-quantitative” results. Careful normalization during
bioinformatic analysis is essential to account for this preparation bias and results in output data

that can be compared across batches and time (i.e., data homogenization).

GOALS AND SPECIFIC AIMS

With the ongoing concern for emerging and re-emerging infectious diseases, the
overarching goal of this thesis was to determine the population persistence of viruses in bats that

are related to human pathogens, and thereby inform future biosurveillance efforts. The specific
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aims of this study were to evaluate the efficacy of probe-based target enrichment sequencing in
environmental samples, to characterize the virome of lesser dawn bats in Singapore and to
characterize the virome of wild-caught cyclops roundleaf bats in Uganda. Three current
insufficiencies in the field were identified and addressed through this thesis: 1) a lack of
validation of hybridization-based target enrichment of environmental samples (addressed by
methods characterization); 2) the unknown diversity of the virome of an understudied nectar-
feeding bat (addressed by virome characterization); and 3) the population persistence of viruses
related to human pathogens within a closed population of bats (addressed by colony-level trend
evaluation).

To test the performance of a target enrichment method for viruses of biosurveillance
concern, both mock spiked samples and environmental samples were studied. As will be
described in detail in Chapter Two, contrived mixtures containing combinations of viral strains
in a background of bat guano or human serum were evaluated by comparing results of target
enrichment and shotgun sequencing processed from aliquots of the same samples. Sensitivity of
the hybridization-based target enrichment was evaluated by calculating the fold-enrichment of
spiked-in virus as compared to shotgun sequencing. Limit of detection was evaluated by testing a
range of spiked-in genome equivalents of influenza A virus. Strain discrimination was evaluated
by spiking multiple serotypes of dengue virus into a background of human serum at varying
estimated genome equivalents. As described in Chapter Three, the utility of probes for the
characterization of unknown viruses was evaluated using environmental samples (bat swabs).
Shotgun and target enrichment data were generated using RNA extracted from head, body, oral

and rectal swabs. The efficacy of target enrichment in real world samples was compared by
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evaluating the number of detected zoonotic-related viruses in enriched data as compared to
shotgun data.

To characterize the virome of lesser dawn bats in Singapore (described in Chapter Three),
all detectable viruses were cataloged and semi-quantitatively evaluated for changes in abundance
within a captive colony of lesser dawn bats sampled at six time points over the course of 18
months (illustrated in Figure 3). Lesser dawn bats in South-eastern Asia were previously known
to host henipaviruses and were also predicted as a host for filoviruses (70). A deeper
investigation of one virus discovered in the colony (described in Chapter Four), an unusual
cross-family recombinant coronavirus, elucidated that there was very little genetic variation
within that particular virus. Orthogonal computational approaches were utilized to determine the
zoonotic-related taxonomic members of each sample. Internal (oral and rectal) as well as external
(head and body) swabs were collected for this study. External swab sites are illustrated in Figure
4. Semi-quantitative calculations using the normalized abundance of viral reads based on
classification by VirusSeeker (209), a virus discovery pipeline, were used for analyses in Chapter
Three. This approach not only allowed for the confident cataloging of known zoonotic-related
viruses, but also revealed longitudinal patterns within the colony. Furthermore, these data
provided support for the utility of external swab collection for biosurveillance purposes.

To determine the capacity for population persistence of viruses related to human
pathogens, and thus guide future biosurveillance efforts, the normalized abundance of viruses
detected in the captive colony was compared among time points. Multiple zoonotic-related
viruses, including several that have been associated with spillover from bats to humans, were
detected long-term within the colony. Unsupervised clustering was used to further investigate

common properties of the most frequently detected and longest-persisting zoonotic-related
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Figure 3. Study timeline. Head, body, oral and rectal swabs were collected every three or four months beginning on April 2016, when
wild-caught lesser dawn bats were brought into captivity in Singapore. Newly-caught bats that were captured from the same
original location were added to cages in close proximity to the colony in summer 2017.
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Family Pteropodidae

teris spelaea

Figure 4. External swab sites. Panel A shows the swab site for body swabs and panel B
shows the swab site for head swabs.
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viruses. These observations can be used to prioritize biosurveillance methods by
optimizing assays toward efficient sample collection that targets relevant viral species.
Chapter Five discusses the discovery of a novel Rubella-like virus, Ruhugu virus. This
discovery is a valuable addition to the body of knowledge surrounding Rubella viruses
due to potential interference with global eradication efforts of Rubella virus. The high
prevalence of Ruhugu virus in apparently healthy cyclops roundleaf bats suggests that
bats are reservoir hosts of Ruhugu virus and raises the possibly that bats could be hosts of
other ancient rubiviruses such as the progenitor of human Rubella virus.

This thesis shows that HTS is an efficient method for detecting and characterizing
both known and previously unknown viruses. The work explored customizable
approaches that can be adapted based on biosurveillance concern or research question. It
also catalogued 53 new zoonotic agent-related viruses, including multiple with significant
relevance to U.S. Department of Defense public health laboratories due to the

implications for disease prevention and control.
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CHAPTER 2: Enrichment post-library preparation enhances the
sensitivity of high-throughput sequencing-based detection and
characterization of viruses from complex samples

This work published as: Paskey, A.C., Frey, K.G., Schroth, G., Gross, S.,
Hamilton, T. and Bishop-Lilly, K.A., 2019. “Enrichment post-library preparation
enhances the sensitivity of high-throughput sequencing-based detection and
characterization of viruses from complex samples.” BMC genomics, 20(1), p.155.

The work presented here is the sole work of A.C.P. with the following exceptions:
G.S. and S.G. designed the probe set. K.G.F. and K.A.B.-L. selected viral targets and

assisted with experimental design.

ABSTRACT
Background:

Sequencing-based detection and characterization of viruses in complex samples
can suffer from lack of sensitivity due to a variety of factors including, but not limited to,
low titer, small genome size, and contribution of host or environmental nucleic acids.
Hybridization-based target enrichment is one potential method for increasing the

sensitivity of viral detection via high-throughput sequencing.

Results:

This study expands upon two previously developed panels of virus enrichment
probes (for filoviruses and for respiratory viruses) to include other viruses of biodefense
and/or biosurveillance concern to the U.S. Department of Defense and various
international public health agencies. The newly expanded and combined panel is tested

using carefully constructed synthetic metagenomic samples that contain clinically
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relevant amounts of viral genetic material. Target enrichment results in a dramatic
increase in sensitivity for virus detection as compared to shotgun sequencing, yielding
full, deeply covered viral genomes from materials with Ct values suggesting that
amplicon sequencing would be likely to fail. Increased pooling to improve cost- and
time-effectiveness does not negatively affect the ability to obtain full-length viral
genomes, even in the case of co-infections, although as expected, it does decrease depth

of coverage.

Conclusions:

Hybridization-based target enrichment is an effective solution to obtain full-
length viral genomes for samples from which virus detection would fail via unbiased,
shotgun sequencing or even via amplicon sequencing. As the development and testing of
probe sets for viral target enrichment expands and continues, the application of this
technique, in conjunction with deeper pooling strategies, could make high-throughput
sequencing more economical for routine use in biosurveillance, biodefense and outbreak

investigations.

BACKGROUND

High-Throughput Sequencing (HTS), also known as Next-Generation Sequencing
(NGS), has many advantages for pathogen detection as compared to traditional methods
such as Polymerase Chain Reaction (PCR), serological assays, and/or culture-based
methods. Metagenomic sequencing is the high-throughput sequencing of nucleic acid
from complex samples rather than from purified microorganisms. Metagenomic
sequencing is much less biased than other methods and allows for the detection of

fastidious or nonculturable organisms as well as multiple unrelated pathogens within a
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single sample (54). Moreover, detection via HTS is much less susceptible to false-
negative results caused by antigenic drift or signature erosion. Despite these advantages,
one of the technical challenges encountered with respect to metagenomic sequencing is
obtaining adequate depth and breadth of coverage from pathogens like RNA viruses that
1) typically have small genomes, and ii) are typically present at low titers amidst the
background ‘noise’ of the host and commensals (54). Genome size directly affects
sensitivity of detection by HTS because the sampling of sequence fragments within a
sample depends on the prevalence of those fragments and organisms with larger genomes
typically contribute more fragments, therefore being sampled more often than organisms
with smaller genomes. In other words, organisms with larger genomes have the potential
to contribute a larger proportion to the overall number of sequencing reads even when the
plaque-forming units (PFU), or colony-forming units (CFU) in the case of bacteria, are
equivalent to that of an organism with a smaller sized genome.

Although conventional shotgun sequencing allows for the detection of all domains
of life, it rarely returns robust coverage of a small viral genome when taken from a
very complex sample. A variety of possible strategies exist to enhance the sensitivity
of HTS for virus detection and characterization, including purification of specific viral
fractions by physical methods such as filtration and ultracentrifugation (170),
amplicon-based target enrichment, and hybridization-based target enrichment.
Purification of viral fractions is ideal in some cases, although it can be laborious, and
for certain sized samples (for instance clinical samples of very limited volume) it may
not be realistic. The use of hybridization-based target enrichment could be preferable

to the aforementioned technologies because it has the potential to yield sequence data
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covering the entire genome of multiple viruses with just one sequencing reaction by
using genome-wide probes designed against multiple viruses to specifically select for
viral cDNA prior to sequencing. Amplicon sequencing of viral genomes is a technique
that has been widely used, but it has some disadvantages, which were articulated by
Metsky et al. in a recent study of Zika virus (ZIKV) (125). First, traditional amplicon
sequencing typically requires technically challenging normalization and pooling of
individual amplicons to cover the entire genome of one specific virus. However,
recently a protocol was published for efficient amplicon primer design and multiplex
amplicon generation in a single tube for sequencing in the MinION or Illumina
platforms (150). Although this method obviates the amplicon normalization and
pooling steps and is effective for producing whole genome sequence data from a low
titer ZIKV sample, this method has not been demonstrated for production of whole
genome sequence data for multiple diverse viruses from a single complex sample.
Additionally, amplicon sequencing typically requires as much as 40 cycles of PCR
amplification (30; 105; 150), which can introduce sequence errors. Furthermore,
amplicon-based sequencing is vulnerable to false negative results caused by mutations
in primer binding sites, as was recently demonstrated for Dengue virus (DENV) (30) as
well as false positive variant results possibly caused by low and/or uneven coverage
(155). By contrast, the use of probes tiled along the entire length of a viral genome to
hybridize and select for virus-specific fragments has the potential to produce less false-
negative pathogen detection results by virtue of many more potential binding sites

along an individual genome and resulting more uniform coverage.
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Ebola virus (EBOV) is one specific example of a pathogen for which false-negative
PCR results can have devastating consequences and for which available PCR-based assay
effectiveness has been shown to be affected by drift (162). Therefore, a panel of 80-mer
oligonucleotide probes designed against eight Filovirus genomes was recently used for
post-sequencing library enrichment in a HTS-based study of a recent EBOV outbreak in
West Africa and in an investigation of potential genetic variation of EBOV in
experimentally infected nonhuman primates (16; 113; 116). In this protocol, viral
enrichment is coupled with the RNA Access kit, developed by Illumina, Inc. The
technical advancements of the RNA Access kit had already enabled the sequencing of
previously unsequencable materials such as those of low concentration and formalin-
fixed paraffin-embedded (FFPE) tissue (83), and now this protocol has been employed
not only for the detection and characterization of EBOV from clinical samples but also
for detection and characterization of respiratory viruses in clinical samples (133; 204). In
general, hybridization-based viral target enrichment has been successfully employed to
characterize viruses found within both contrived samples and clinical samples (16; 17;
32;39; 116; 125; 127; 133; 134; 200). The performance of the Respiratory Virus Panel
(RVP) version of this method (204), which uses probes for 34 common respiratory
viruses in conjunction with the TruSeq RNA Access protocol, was recently investigated
and it was demonstrated to work well overall when tested on human clinical samples
(133). Specifically, the authors reported successful enrichment for 30 of 33 human
clinical samples tested. Importantly, RT-PCR was conducted on those same samples and
Ct values of respiratory viruses in those clinical samples ranged from 21 to 33 (133),

which provides a framework for beginning to assess the limits of detection of
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hybridization-based enrichment sequencing. Herein, we extend this approach by 1)
expanding this viral probe panel to include viruses of biosurveillance and biodefense
concern and ii) employing carefully constructed mock clinical samples to systematically
assess this technique’s performance in a variety of conditions, such as deeper
multiplexing for cost effectiveness as well as more extensive co-infection scenarios. We
demonstrate the sensitivity and reproducibility of hybridization-based viral enrichment
sequencing despite virus divergence and we show that this sensitivity is maintained even
with extensive multiplexing of samples to decrease cost. Herein we demonstrate that
within one reaction tube, this technique can even be used to detect and discriminate
between multiple serotypes of a virus within a clinical sample or to detect and
discriminate amongst multiple unrelated viruses that present similar clinical symptoms,

and we demonstrate this performance at clinically relevant concentrations of virus.

METHODS

Preparation of contrived metagenomic samples and nucleic acid extraction and
quality control

IFV (HIN1) particles (A/Swine/lowa/15/30; ATCC, Manassas, VA), MERS-CoV
RNA (Jordan-N3/2012; NAMRU-3), HAdV nucleic acid extract from particles (RI-67
and Bom; ATCC, Manassas, VA), ZIKV RNA extract from particles (MR766 and
R116265; ATCC, Manassas, VA), CHIKV RNA (gift from LTC Richard Jarman, Walter
Reed Army Institute of Research), DENV-1 RNA extract from particles (TH-SMAN;
ATCC, Manassas, VA) and DENV-2 RNA extract from particles (New Guinea C;
ATCC, Manassas, VA) were spiked into relevant matrices to construct contrived

metagenomic samples for testing.
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To prepare guano samples five-gram quantities of commercial Jamaican bat
guano (Planet Natural; Bozeman, MT) were placed in 50 mL of sterile-filtered Hank’s
Balanced Salt Solution (HBSS), vortexed to mix, centrifuged at 3,100 x g for 10 min, and
filtered sequentially through 0.45 um and 0.22 um filters prior to spiking with IFV
particles. Post-addition of IFV, samples were centrifuged at 39,000 x g for three hours at
10°C to concentrate spiked and native virus particles, supernatant was removed, and total
RNA was extracted from the pellet using the QIAampViral RNA Isolation Kit (QIAGEN;
Valencia, CA). After elution in 30 pL buffer AVE, a second elution using 20 pL of the
eluate was performed.

To prepare cell culture matrix samples, a nucleic acid spiking approach was used.
In this case, decreasing amounts of IFV RNA were spiked into a constant mass of total
RNA that had been extracted from Vero cells infected with MERS-CoV. Aliquots of the
same Vero cell culture were used for each sample. Genome equivalents of IFV spiked
into samples were calculated based on RNA mass extracted from virus particles and
genome size.

For serum samples, RNA was extracted from Human Serum (BioIVT, Westbury,
NY) and mixed with viral RNA.Total nucleic acid was extracted from adenovirus
particles using the QTAGEN QiAMP MinElute Virus Spin Kit, omitting carrier RNA.
The samples were eluted in 24 pl buffer AVE. Viral RNA was extracted from virus
particles and human serum using the QIAampViral RNA Isolation Kit as described
above. The Qubit double stranded DNA Broad-Range Assay Kit and the Qubit RNA
Broad-Range Assay Kit (Thermo Fisher Scientific; Waltham, MA) were used to assay

extracts.
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Quantitative Reverse Transcription PCR

For quantitative reverse transcription PCR, SuperScriptlll RT/Platinum 7ag Mix
(Thermo Fisher Scientific; Waltham, MA), dNTP mix, MgSO4, ROX Reference Dye
(Thermo Fisher Scientific; Waltham, MA), and the primer and probes listed in Table 2
were used to assay in the CFX Connect Real-Time PCR Detection System (Bio-Rad;
Hercules, CA) using the following conditions: 50°C for 15 minutes, 95°C for two
minutes, and 40 cycles of 95°C for 15 seconds and 60°C for one minute. Standard curves
for DENV-1, DENV-2, CHIKYV and ZIKV were generated from titrated viral RNA

extract.

Library preparation, virus enrichment, and sequencing

For virus enriched sequencing, TruSeq RNA Access libraries were created as per
manufacturer’s protocol (Illumina; San Diego, CA), with the following two
modifications: 1) rather than the standard CEX oligonucleotides that are designed for
enrichment of human genes, a custom pool of oligonucleotides was used that includes
probes along the entire genome length of 84 viruses (Table 3) as well as probes specific
for several human house-keeping genes, and i1) in the second PCR amplification, 17
cycles were used rather than ten. Samples were probed singly or in pools of four or 12
and multiplexed for sequencing on the Illumina MiSeq platform using v3 chemistry,
2X75 bp read lengths.

For conventional HTS (shotgun) sequencing, TruSeq libraries were pooled and
sequenced on the MiSeq platform using v3 chemistry, 2X300 bp read lengths. For the
guano samples, these consisted of an aliquot of each of the TruSeq RNA Access libraries

from the step prior to virus enrichment. For the MERS-CoV-Vero cell matrix samples,
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these consisted of shotgun libraries made with the TruSeq RiboZero Gold Library

Preparation Kit (Illumina; San Diego, CA).

Virus enrichment probe design

A composite panel of 80-mer DNA probes was assembled using a previously
described panel for respiratory viruses (39; 133; 204), a previously described panel for
Filoviruses (16; 113; 116), plus an additional panel of newly designed probes for 41
viruses of biosurveillance and biodefense concern, for a total of 19,077 probes. The
methods employed for capture oligo design were essentially as described in O’Flaherty at
al (133), although the design varied somewhat across the target viral genomes. For
instance, in the case of the previously described respiratory virus panel, the design was
focused on coding regions (133). In general, genomes were tiled with capture oligos in a
way so as to avoid low-complexity sequences and repetitive sequences. Probe spacing
and overlap vary per virus due to attempts to design probes that cover multiple related
virus strains resulting in overlapping tiled design around more variable regions, whereas
regions more conserved among multiple strains resulted in probes more or less tiled end-
to-end. All probes were biotinylated on the 5° end. Sequences of viral capture probes are

provided in Additional File 5 of this published work.

Bioinformatic analyses

Quality control, de novo assembly, taxonomic classification, and reference-based
analyses were conducted using EDGE Bioinformatic software v 2.0 (108) with default
parameters and host removal of human reference GRCh38 and CLC Genomics

Workbench v11 (QIAGEN Bioinformatics; Redwood City, CA). The reference mapping
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Table 2. Primers and probes used for qRT-PCR

Virus Forward Primer Reverse Primer Referen
Probe Sequence
Sequence Sequence ce
CHIKV AGCTCCGCGTCC | GCCAAATTGTCC | Express One SYBR Green (176)
(181/Clone 25) TTTACCA TGGTCTTCCT I (Life Technologies)
FAM-
DENV-1 (TH- GACACCACACCC | CACCTGGCTGTC | AGAGGGTGTTTAAAG @1
SMAN) TTTGGACAA ACCTCCAT AGAAAGTTGACACGC
G-TAMRA
FAM-
GGGCCTCG-TAMRA
( A/ISFvyi;lé/I; 321 5/ CCAGTCACAATA | AAACCGGCAATG | Express One SYBR Green (55)
30) GGAGAGTG GCTCCAAA I (Life Technologies)
ZIKV (MR766 éﬁﬁzﬁgﬁiﬁéﬁg TCCRCTCCCYCT | Express One SYBR Green (49)
and R116265) GT* YTGGTCTTG I (Life Technologies)

*boldface T was modified from originally published R
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parameters in CLC were modified from defalt settings to 0.8 length fraction and 0.8
similarity fraction with global alignment and random mapping of non-specific matches.
BLAST (3) was also used to further investigate specific datasets. The ggplot2 R

package was used to generate depth of coverage plots (187).

RESULTS

Hybridization-based target enrichment enhances sensitivity of HTS for detection of
virus in complex environmental samples.

Enhanced detection of viruses from various clinical sample types using filovirus-
or respiratory virus-specific probes has recently been demonstrated (16; 116; 133). To
expand the range of viruses that could be detected, in this study those two probe panels
were combined with new probes for 41 additional viruses that are of biosurveillance and
biodefense concern, for a full panel targeting 84 diverse viruses (Table 3). In order to test
this newly expanded probe panel and to specifically assess the effect of hybridization-
based viral enrichment on the sensitivity of HTS for detection of a single virus within a
complex environmental sample, commercial bat guano was spiked with increasing
concentrations of Influenza virus (IFV). Spiked samples were split into two parts each,
with each part being processed in parallel with unbiased, shotgun sequencing versus
target enrichment sequencing using an expanded panel of probes.

As expected, a dose-dependent effect in the proportion of sequencing reads
derived from IFV was observed as the number of spiked genome copies increased (Figure
5A and Table 4), in both the unbiased shotgun sequence data as well as the virus enriched
sequence data. However, in this context, hybridization-based target enrichment resulted

in approximately 20- to 100-fold more sensitivity for detection of IFV as compared to
51



Table 3. Viruses included in target enrichment panel

NCBI
Genome accession(s) of
Virus size Genome type reference used Notes
(kb) in probe
design
. . Negative sense New addition to
Nipah virus 18,246 SRNA NC 002728.1 probe panel
. Negative sense New addition to
Bat Paramyxovirus 18,530 SRNA NC 025256.1 probe panel
. Negative sense New addition to
Cedar virus 18,162 SRNA JQO001776.1 probe panel
Hendra virus 18234 | Negativesense | o 519063 | New addition to
ssRNA - probe panel
Tioman virus 15,500 | Negativesense | o 4094 | New addition to
ssRNA - probe panel
. Negative sense New addition to
Menangle virus 15,516 SRNA NC 007620.1 probe panel
Middle East
Respiratory Positive sense New addition to
Syndrome 30,094 ssRNA KJ614529.1 probe panel
Coronavirus
Severe Acute Positive sense New addition t
Respiratory 29,751 NC_004718.3 Hon 1o
. ssRNA - probe panel
Syndrome virus
Luio virus 10352 Negative sense NC 012776.1, | New addition to
J ’ ssRNA NC 012777.1 probe panel
Lassa fever virus 10.681 Negative sense NC 004296.1, | New addition to
’ ssRNA NC 004297.1 probe panel
. Negative sense NC _005078.1, | New addition to
Machupo virus 10,635 ssRNA NC 005079.1 probe panel
Tunin virus 10.525 Negative sense NC _005080.1, | New addition to
’ ssRNA NC 005081.1 probe panel
o Negative sense | NC 005077.1, | New addition to
Guanarito virus 10,424 ssRNA NC 005082.1 probe panel
. Negative sense NC 010562.1, | New addition to
Chapare virus 10,464 ssRNA NC 010563.1 probe panel
. Negative sense NC 006313.1, | New addition to
Sabia virus 10,499 ssRNA NC 006317.1 probe panel
. NC_005218.1, ..
Hantaan virus 11,845 Neg:stg;;‘ense NC 005219.1, Nevfoiidltlr?nl to
NC 005222.1 probe pane
. NC_005223.1, .
Puumala virus 12,062 Negsg‘;g;iense NC 0052241, Nevrv abddltlonl to
NC 005225.1 probe pane
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Negative sense

NC 005215.1,

New addition to

Sin nombre virus 12,317 NC_005216.1,
ssRNA NC 005217.1 probe panel
. NC _003466.1, ..
Andes virus 12,104 | NOEUNESNSE | NC 0034671, | NV %ddltlgnl to
58 NC 003468.1 probe pane
Rift Valley fever Negative sense NC_014395.1, New addition to
iu 11,979 RNA NC 014396.1, b ol
VIS 5 NC 014397.1 probe pan
Crimean Congo . NC 005300.2, o\
hemorrhagic fever | 19,146 Neg:;g;iense NC 0053013, Ne"rvoi‘idlggg to
virus NC 005302.1 probep
Omsk hemgrrhaglc 10,787 Positive sense NC 005062.1 New addition to
fever virus ssRNA - probe panel
Kygsanur forest 10,774 Positive sense TF416958.1 New addition to
disease virus ssRNA probe panel
Alkhurma . .\
hemorrhagic fever | 10,685 | L OSIVESCNSe | e gog355, | New addition to
. ssRNA probe panel
virus
Eastern equine Positive sense New addition to
encephalitis virus 11,703 ssRNA KJ469643.1 probe panel
. Positive sense New addition to
Dengue type 1 virus | 10,721 SSRNA AF309641.1 probe panel
. Positive sense New addition to
Dengue type 2 virus | 10,723 SSRNA EF051521.1 probe panel
) Positive sense New addition to
Dengue type 3 virus | 10,707 SRNA AY 662691 probe panel
) Positive sense New addition to
Dengue type 4 virus | 10,653 SSRNA AY618989 probe panel
. . Positive sense New addition to
Chikungunya virus 11,826 SSRNA NC 004162 probe panel
Bat coronavirus Positive sense New addition to
CDPHEIS5 28,035 ssRNA NC_022103.1 probe panel
Bat coronavirus 1A | 28326 | ToSHVEsemse | o gygg37 | New additionto
ssRNA - probe panel
Bat coronavirus 1B | 28476 | [osivesense | yo gig436,1 | New additionto
ssRNA - probe panel
Bat coronavirus Positive sense New addition to
HKU2 27,165 ssRNA NC_009988.1 probe panel
Bat SARS iy ..
coronavirus HKU3- | 20704 | rosiivesense | on) 53559 | New addition to
4 ssRNA probe panel
Bat coronavirus Positive sense New addition to
HKU4 30,286 ssRNA NC_009019 probe panel
Bat coronavirus Positive sense New addition to
HKUS5-1 30,482 ssRNA NC_009020 probe panel
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Bat coronavirus

28,773

Positive sense

NC_010438.1

New addition to

HKUS8 ssRNA probe panel
Bat coronavirus Positive sense New addition to
HKU9-1 29,114 ssRNA NC_009021.1 probe panel
Bat coronavirus Positive sense New addition to
HKU10 28,494 ssRNA NC_018871.1 probe panel
Zika virus 10794 | POIVESENSE 1 Ne 012532 N;Vrvoi‘id;gg; to
Respiratory . .
Syncyt(iglz )virus B | 15190 | NEUBESNSE | NC 0018031 Prfnvggflly;;s)ed
Respiratory Negative sense Previously used
Syncytial virus A 15,225 ssRNA AY353550 in (39; 133)
NC_004905.2,
NC_004906.1,
NC_004907.1,
Influenza virus A 13.500 Negative sense NC _004908.1, | Previously used
(HON2) ’ ssRNA NC_004909.1, in (39; 133)
NC_004910.1,
NC_004911.1,
NC 004912.1
NC_007374.1,
NC_007375.1,
NC_007376.1,
Influenza virus A 13.460 Negative sense NC 007377.1, | Previously used
(H2N2) ’ ssRNA NC_007378.1, in (39; 133)
NC_007380.1,
NC_007381.1,
NC 007382.1
NC_007366.1,
NC_007367.1,
NC_007368.1,
Influenza virus A 13.630 Negative sense NC 007369.1, | Previously used
(H3N2) ’ ssRNA NC_007370.1, in (39; 133)
NC_007371.1,
NC_007372.1,
NC 007373.1
NC_002016.1,
NC_002017.1,
NC_002018.1,
Influenza virus A 13.590 Negative sense NC 002019.1, | Previously used
(HIN1) ’ ssRNA NC _002020.1, in (39; 133)
NC_002021.1,
NC_002022.1,
NC 002023.1,

54




NC_007357.1,

NC_007358.1,
NC_007359.1,
Influenza virus A 13.590 Negative sense NC 007360.1, | Previously used
(H5NT1) ’ ssRNA NC 007361.1, in (39; 133)
NC_007362.1,
NC _007363.1,
NC 007364.1
KC885955,
KC885956,
KC885957,
Influenza virus A 13.590 Negative sense KC885958, Previously used
(H7N9) ’ ssRNA KC885959, in (39; 133)
KC885960,
KC885961,
KC885962
NC _002204.1,
NC_002205.1,
NC _002206.1,
. Negative sense NC 002207.1, | Previously used
Influenza virus B 14,450 SSRNA NC 002208.1. |  in (39; 133)
NC_002209.1,
NC 002210.1,
NC 002211.1
Parainfluenza virus Negative sense Previously used
1 15,600 SSRNA NC _003461.1 in (39: 133)
Parainfluenza virus Negative sense Previously used
) 15,650 SRNA NC _003443.1 in (39: 133)
Parainfluenza virus Negative sense Previously used
3 15,460 SRNA NC _001796.2 in (39: 133)
Parainfluenza virus Negative sense Previously used
4 17,050 SRNA NC 021928.1 in (39: 133)
Human Negative sense Previously used
metapneumovirus 13,340 ssRNA NC_004148.2 in (39; 133)
Adenovirus C 35,937 dsDNA NC 001405, | Freviously used
- in (39; 133)
Adenovirus B | 35343 dsDNA NC 011203, | Freviously used
in (39; 133)
Adenovirus E | 35,994 dsDNA NC 0032662 | Freviously used
in (39; 133)
Human Coronavirus Positive sense Previously used
HKU1 29,930 sSRNA NC_006577.2 | 4 (39: 133)
Human Coronavirus Positive sense Previously used
NL63 27,550 sSRNA NC_005831.2 | 4 (30: 133)
Human Coronavirus Positive sense Previously used
229 27,320 sSRNA NC_002645.1 | 4 (39: 133)
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Human Coronavirus

30,738

Positive sense

AY391777.1

Previously used

0C43 ssRNA in (39; 133)
L Positive sense Previously used
Rhinovirus A 7,150 SRNA NC 001617.1 in (39: 133)
. Positive sense Previously used
Rhinovirus C 7,100 SRNA NC 001490.1 in (39: 133)
.. Positive sense Previously used
Rhinovirus B14 7,210 SSRNA NC 001490.1 in (39: 133)
Human Bocavirus 1 5,299 ssDNA NC 007455.1 Pr.eV1ou§1y used
- in (39; 133)
Human Bocavirus 2 | 5,196 ssDNA NC 012042.1 | Previously used
in (39; 133)
Human Bocavirus 3 5,242 ssDNA NC 012564.1 Prngusly used
- in (39; 133)
Human Bocavirus 4 5,104 ssDNA NC 012729.2 Prgvmusly used
- in (39; 133)
. Previously used
KI polyomavirus 5,040 dsDNA NC 009238.1 in (39; 133)
. Previously used
WU polyomavirus 5,229 dsDNA NC 009539.1 in (39; 133)
Human parechovirus Positive sense Previously used
type 1 7,296 ssRNA FM242866.1 in (39; 133)
Human parechovirus Positive sense Previously used
type 6 7,347 ssRNA AB252582.1 in (39; 133)
Human Enterovirus Positive sense Previously used
C104 7,408 ssRNA AB686524.1 in (39; 133)
Human Enterovirus Positive sense Previously used
C109 7,354 sSRNA GQBOSSIT.T 1 (30. 133)
. . Negative sense Previously used
Lloviu cuevavirus 18,927 SRNA NC 016144 in (16: 113; 116)
Bundibugyo Negative sense Previously used
ebolavirus 18,940 ssRNA NC_014373 in (16; 113; 116)
. . Negative sense Previously used
Zaire ebolavirus 18,959 SRNA NC 002549 in (16: 113; 116)
. Negative sense Previously used
Reston ebolavirus 18,891 SRNA NC 004161 in (16: 113; 116)
. Negative sense Previously used
Sudan ebolavirus 18,875 SRNA NC 006432 in (16: 113; 116)
Tai Forest Negative sense Previously used
ebolavirus 18,935 ssRNA NC_014372 in (16; 113; 116)
Marburg virus . .
. Negative sense Previously used
(1solat§ Marburg 19,111 SRNA NC 001608 in (16: 113; 116)
virus)
Marburg virus 19,114 Negative sense NC 024781 Previously used

(isolate Ravn virus)

ssRNA

in (16; 113; 116)
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detection via unbiased, shotgun sequencing. At the lowest concentration tested (1,250
genome equivalents (GE) per mL), only 0.5% of sequencing reads produced by unbiased
shotgun sequencing were derived from IFV (‘on target’ reads), whereas by stark contrast,
the majority of reads produced by target enrichment sequencing (54.4%) were derived
from IFV.

Given the dramatic increase in sensitivity observed when complex samples were
spiked with an individual virus’s genetic material and subjected to target enrichment, we
next sought to evaluate whether these effects would still be observed in the presence of
an additional virus and at lower concentrations of IFV gRNA overall. Therefore, IFV
gRNA was spiked into total RNA derived from Middle Eastern Respiratory Syndrome
Coronavirus (MERS-CoV) cell culture lysate at an overall lower range of increasing
concentrations than IFV was spiked in the prior experiment. As before, the samples were
aliquoted into two parts that were processed by each method. In these synthetic co-
infection samples, target enrichment sequencing resulted in a simultaneous increase in
sensitivity for both viruses as compared to unbiased, shotgun sequencing (Figure 5B). As
expected, a constant high proportion of reads mapping to MERS-CoV was observed and
the proportion of reads mapping to IFV increased in a dose-dependent fashion with the

number of genome equivalents spiked (Table 4).

Detection and discrimination of related viruses in clinical samples.

We next tested the sensitivity for detection of three clinically-relevant viruses that

can co-circulate in tropical regions, can present with similar symptoms, and can be
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Figure 5. Hybridization-based enrichment enhances sensitivity of HTS for viral detection
from complex samples. Known concentrations of I[FV genomic RNA (gRNA)
were spiked into complex matrices. Samples were split into two parts and
processed in parallel via unbiased, shotgun sequencing or target enrichment
sequencing in pools of four. A IFV was spiked into bat guano at increasing
concentrations to simulate environmental-type samples. Shown here is the
percentage of IFV-specific reads. B Increasing concentrations of [FV gRNA
were spiked into total RNA derived from MERS-CoV cell culture lysate.
MERS-CoV genomic material was present at a constant, high level amongst all
samples. The average percentage of IFV and MERS-CoV virus-specific reads
derived from three biological replicates is shown. Black bars denote standard
error of the mean for each sample.

58



A

Percentage of pathogen-specific reads

Percentaae of pathoaen-specific reads

100
80- Il Without probes 79.4%
Il With probes
60+
54.4%
401
201
o0lo0.001%  0.1% 9.5%
» @o
oY o
o S
NV

Estimated Influenza A virus genome equivalents per mL (spiked-in)

Influenza A virus detected without probes
Influenza A virus detected by probes
MERS-CoV detected without probes
MERS-CoV detected by probes

91.83% 89.08%

Estimated Influenza A virus genome equivalents per mL (spiked-in)

59



Table 4. Number of reads mapped to [FV

Enriched Shotgun
Number of
Spike-in level (IFV GE) Number of Total reads Total
reads mapped | number of mapped to number of
0
to I[FV (%) reads IFV (%) reads
0 1,551 (0.1) 950,334 88 (0.0) 7,408,474
1,250 2’(()22’2)66 3,683,304 | 31,783 (0.5) | 6,295,476
2,828,992 160,727
3,750 (73.9) 3,825,462 2.0) 7,964,390
9,431,355 161,078
5,000 (79.4) 11,879,278 (4.2) 3,820,210
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Table 5. Number of reads mapped to MERS-CoV

Enriched Shotgun
S;l)lke-ln Number of reads Number of Number of reads Number of Total
evel . Total number . reads
(IFV GE) Replicate mapped to reads mapped of reads Replicate | mapped to MERS- mapped to number of
MERS-CoV (%) to IFV (%) CoV (%) IFV (%) reads
1 2,155 (0.6) 101 (0.0) 387,990 1 39 (0.0) 4 (0.0) 1,561,344
0 2 174 (0.3) 6 (0.0) 63,176 2 371 (0.0) 26 (0.0) 6,064,582
3 1,144 (0.4) 48 (0.0) 314,438 3 326 (0.0) 24 (0.0) 14,594,702
1 15,583,878 (91.3) | 395,920 (2.3) | 17,066,356 1 357,485 (4.9) 11,332 (0.2) | 7,365,006
750 2 2,827,898 (91.8) | 72,904 (2.4) 3,079,278 2 27,662 (4.2) 1,125 (0.2) 653,402
3 8,424,349 (92.4) | 170,642 (1.9) 9,117,676 3 555,541 (4.7) 19,697 (0.2) | 11,806,002
1 4,242.322 (89.4) | 223,553 (4.7) 4,745,628 1 489,512 (4.1) 33,170 (0.3) | 11,978,122
1,500 2 2,128,591 (89.4) | 111,979 (4.7) 2,381,744 2 330,164 (4.7) 25,037 (0.4) | 7,001,470
3 9,412,289 (88.5) | 447,424 (4.2) | 10,628,330 3 589,841 (4.1) 47,253 (0.3) | 14,386,164
1 4,639,964 (85.4) | 444,109 (8.2) 5,431,254 1 59,736 (3.5) 7,429 (0.4) 1,700,186
3,000 2 8,963 (26.3) 801 (2.4) 34,048 2 236,784 (4.9) 28,929 (0.6) | 4,876,586
3 7,762,432 (85.0) | 835,581 (9.2) 9,135,164 3 474,837 (3.5) 79,902 (0.6) | 13,480,476
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difficult to detect at low titers (137). Mock clinical samples were constructed containing
combinations of ZIKV, CHIKV, and DENV at loads that correlate with real clinical loads
from human specimens. Briefly, varying titers of ZIKV, Dengue virus 2 (DENV-2), and
Chikungunya virus (CHIKV) were spiked into RNA extracted from human serum, in
duplicate, to create synthetic co-infection samples. Negative control samples consisted
solely of RNA extracted from human serum. Viruses were spiked-in at concentrations
corresponding to Ct values from standard curves generated via RT-qPCR. The targeted
spike-in values were chosen based on reports in the literature for clinical samples
containing each virus to mimic a realistic co-infection scenario (29; 100; 138; 182).
Given that in the literature there is at least one report of clinical samples being probed
singly rather than pooled and probed (16) and it is not well known how pooling may
affect virus detection levels, in this experiment we also sought to evaluate whether
probing singly or within a pool would affect our ability to identify virus. Therefore, total
RNA extracted from these samples was probed singly (“pool of 1) and also pooled in
groups of four and 12 with singly-spiked and mock-spiked serum samples consisting of
the other components of the pool. The resulting sequence reads were mapped to the
reference genomes for each of these three viruses. In all cases, the three co-infecting
viruses were able to be detected in each sample at relatively consistent proportions
regardless of the number of samples within a pool (Figure 6A). Even DENV-2 was
detectable within each sample it was spiked, despite the low concentration of viral RNA
(estimated 100 genome equivalents per mL).

Although each targeted virus was represented by enough sequencing reads to be

easily detected, there were differences in the depth and breadth of genome coverage
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observed. Whereas the full CHIKV genome was recovered from all spiked samples at a
very high depth of coverage (Figure 6C), in the case of DENV-2, an average of 92.2% of
the genome was recovered from co-infected samples (Figure 6D) and the average ZIKV
linear genome coverage was lower, at 68.8% (Figure 6B). These patterns in coverage
were similar for both replicates (Figure 7). Overall, the proportion of reads mapping to a
given virus was consistent and reproducible regardless of whether a sample was probed
singly or probed within a group of four or 12.

In addition to evaluating whether sensitivity and reproducibility are maintained despite
multiplexing in pools of four and 12, we also sought to evaluate the probe panel’s
performance in the context of strain-level, and even species-level, genetic variation as
well as differing concentrations of viral genetic material. Specifically, synthetic clinical
samples were also constructed to contain a different strain of ZIKV than the strain the
probes were designed against (strain R116265 rather than strain MR766, which is the
strain whose reference genome was used for probe design; Figure 8A and 8B) and a
different species of HAdV than the probes were designed to target (HAdV-51, a member
of species D; as opposed to species C, B, and E, which the probes target specifically;
Figure 8G and 8H). These samples were also constructed to include biological replicates
and were probed singly or in pools of four or 12. In all cases, the spiked-in virus was
detectable, although there was some variation in depth of coverage among multiplexed
samples. As might be expected, samples that were multiplexed in sets of 12 yielded the
lowest depth of coverage compared to samples that were multiplexed in sets of four or
probed singly (Figure 8B, D, F). The target genomes were completely covered in the

majority of on-target samples. The exception to this rich, consistent coverage included
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Figure 6. Discrimination of ZIKV, CHIKV, and DENV in mock clinical samples at
clinically relevant titers. Sequencing libraries made from serum samples spiked
with ZIKV, DENV-2 and CHIKV were prepared in duplicate and either probed
singly or within pools of four or 12. A The percentage of pathogen-specific
reads detected within the synthetic co-infection samples is shown, along with
the standard error of the mean for the two replicates. B-D Coverage plots
demonstrating the number of reads that mapped to ZIKV, CHIKV, and DENV,
respectively, as well as the distribution of those reads along the length of each
genome.
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Figure 7. Replicates of ZIKV, CHIKV, and DENV in mock clinical samples at clinically
relevant titers
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both strains of ZIKV, which, although both were detectable, did not achieve 100% linear
coverage and exhibited lower depth of coverage than the other viruses that were spiked in
at similar levels (Figure 8B).

It should be noted that in this experiment, both purified RNA as well as total nucleic
acid samples containing HAdV-4 and HAdV-51 genetic material were processed and
sequenced (Figure 8G and 8H). The total nucleic acid samples were processed without a
DNase step to allow for potential detection of both the DNA viral genome as well as viral
transcripts. In the case of both HAdV-4 (species E) and HAdV-51 (species D, not
targeted specifically by probes), the vast majority of the resulting sequencing reads were
virus-specific and the reads were well-distributed along the length of the genome in
coding regions, and in the case of the total nucleic acid samples, noncoding regions as
well (Figure 8H), a phenomenon that was consistent between replicates (replicate

coverage data is shown in Figure 9).

Strain-specific detection of DENYV at titers below limit of detection by conventional
shotgun HTS or amplicon-based sequencing.

It can be difficult to detect DENV-1 and DENV-2 in clinical samples when the Ct
value crosses above 29 (30). Therefore, spiked samples were created using two serotypes
of DENV with Ct values corresponding to low titer, and the samples were subjected to
hybridization-based enrichment and sequencing. The resulting sequence reads were found
to cover the entirety of each target genome, even for the samples corresponding to Ct
value 32 (estimated 1000 genome equivalents per mL). A dose-dependent response was
observed in the percentage of DENV-specific reads as the Ct value decreased (Figure

10A). For each serotype, the depth of coverage was greater than 50x even when the Ct
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Figure 8. Detection of close relative viruses irrespective of extensive multiplexing.
Sequencing libraries made from serum samples spiked with ZIKV, DENV,
CHIKYV and/or HAdV were prepared in duplicate and probed singly or probed
in pools of four or 12. A, C, E, G The percentage of reads that map to each
strain of spiked-in ZIKV, DENV, CHIKYV, and HAdV, respectively. Each co-
infected sample is denoted with an asterisk (*). Estimated genome equivalents
per mL as extrapolated from RT-qPCR standard curves are listed along the top
of each graph. The standard error of the mean of two replicates is shown. B, D,
F, H Coverage plot for replicate one of each ZIKV-, DENV-2-, CHIKV-, and
HAdV-containing sample, respectively.
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Figure 9. Replicate detection of close relative viruses irrespective of extensive
multiplexing
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Figure 10. Recovery of full DENV genome at titers below limit of detection by
conventional shotgun HTS or amplicon-based sequencing. DENV-1 and
DENV-2 RNA were spiked into human serum RNA at a range of GE
corresponding to Ct 26-32, in duplicate, and libraries were prepared using target
enrichment in pools of four. Corresponding estimated genome equivalents per
mL as extrapolated from a standard RT-qPCR curve are listed below the axis.
Mock samples consisted of human serum RNA extract only. A The proportion
of total reads that map to DENV-1 or DENV-2 at each Ct value. Error bars
show standard error of two replicates. B-C The proportion of reads that map to
DENV-1 or DENV-2, respectively, at each spike-in level. Bubble size
corresponds to depth of coverage of the viral genome (average of two
replicates).
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value crossed 29 (Figures 10B and 10C). As expected, the remaining reads that did not
map to DENV-1 or DENV-2 were derived from human genes in spiked-in human serum
RNA extract that were pulled down by the control probes, as well as the sequencing

control library for PhiX.

DISCUSSION

A major challenge faced in virus detection as well as virus sequencing is the difficulty
to detect divergent strains of viruses typically present at low titers amongst a robust host
or environmental background. Small viral genomes present at low concentrations are
effectively drowned out by signal from host nucleic acid and from commensal
microorganisms. A variety of methods have been employed to increase the viral signal in
high-throughput sequence data, including amplicon sequencing, but for viruses like
DENYV, with its genome of less than 11 kb in size, even amplicon sequencing is regarded
as an inefficient approach for samples with Ct values of 29 or higher (30). Such
limitations have been of particular concern for U.S. Department of Defense (DoD)
laboratories tasked with biosurveillance and biodefense activities in regions with limited
material resources and human expertise. Part of the motivation for this effort was to
provide DoD laboratories operating in austere environments new tools aimed at
enhancing on-site sequencing capacity when engaged in Force Health Protection (FHP)
activities.

We demonstrate here that hybridization-based viral target enrichment yields robust
coverage of small genomes from clinical samples, even yielding full-length, deeply
covered genomes at concentrations whereby current amplicon sequencing protocols may
be expected to fail. Moreover, we demonstrate that hybridization-based target enrichment
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can allow for not only detection, but also genetic characterization such as strain-level
discrimination, even at very low concentrations of virus. The capability to detect and
discriminate between multiple serotypes of a virus within a complex sample at clinically
relevant concentrations by using this enrichment method increases the utility of high
throughput sequencing for biosurveillance and for infectious disease diagnostics. For
both biosurveillance and clinical sequencing, assay cost and time are important
considerations. We have demonstrated that more extensive pooling and multiplexing can
be performed to reduce cost and time without sacrificing the assay’s ability to detect at
least two strains of related virus and a variety of unrelated viruses in one sequencing
reaction.

To date, the published viral target enrichment studies vary in focus and include
characterization of EBOV during a recent outbreak in West Africa (16; 116) and
detection of multiple viral families within clinical samples (32; 133). While the probes
employed in the studies published to date vary in length from 50- to 120-mers,
enrichment methods also can differ by the number of probes and target viruses included
in a set. An additional potential protocol difference is the number of samples pooled,
which ranges from a single sample to 12 (16; 116; 127). The current recommendation by
[llumina for viral enrichment is to pool four samples (204).

The experiments described here systematically test enrichment of a single library as
well as pools of four or 12 libraries and include a variety of titers of as many as three
viruses within a single sample and as many as 12 samples within an enriched pool. For all
conditions, even with more extensive pooling and multiplexing, we observed a dose-

dependent response to varying Ct values even in co-infected clinical samples. A dose
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dependent response was also observed by O’Flaherty ef al. in two co-infected samples
containing Respiratory Syncytial virus and human Coronavirus OC43 spiked-in each at
Ct 28 or 32 (133). Interestingly, although there was the expected dose-dependent effect
on the proportion of sequencing reads derived from IFV as the concentration of spiked
IFV gRNA increased, there was a slight decrease in the proportion of MERS-CoV-
derived sequencing reads in samples at the upper end of the IFV gRNA concentration
range. This was not expected given that MERS-CoV was present in each replicate at a
constant, high level. We hypothesize that this may be due to saturation of the streptavidin
beads used to capture probe-cDNA hybridized fragments. Further experimentation will
be required to test that hypothesis.

Efficacy of probes varies by homology to the viral target, as evidenced by our results
and those in the literature (127; 133). For example, the reference sequence used to design
the probe set for DENV-1 exhibits 74% nucleotide identity over 35% of the length of the
closest sequenced reference for the DENV-2 strain that was spiked. It is possible that this
overlap, which is not shared by the DENV-2 probes and DENV-1 spike-in, contributed to
an overrepresentation of DENV-1 reads in the experiments presented in Figures 3 and 4.
Additionally, by comparison to the other richly covered strains of virus tested in
multiplexed samples, there was an underwhelming coverage for both strains of ZIKV. It
is possible that the quality of RNA from these viruses was less than the other RNA spike-
ins, or that the probe panel for ZIKV is less efficacious when used in combination with
the entirety of the probe set. The probes for ZIKV were synthesized and added later after

all the other probes were combined (in response to the recent outbreak) and therefore it is
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possible that the comparatively lower performance of the ZIKV probes is due to a
difference in quantitation of the ZIK'V probe set.

We observed that HAdV-51 (species D) genetic material was efficiently enriched
even though the only adenoviruses used to design the probe panel were species B, C, and
E. This experiment indicates that the protocol works as well for this particular DNA virus
as it does for RNA viruses. Limits of detection may vary by viral target, which may
explain why previously published experiments showed differences between DNA and
RNA viruses (133). Nucleotide identity between human adenovirus species D (the
species to which HAdV-51 belongs) and the other human adenovirus species HAdV-A,
B, C, and E was reported by Kaneko et al. to range from 58.73% to 69.35% (86). In our
study, the probe panel containing probes for species HAdV-B, C, and E effectively
enriched for the entirety of the HAdV-D genome. This suggests that when using long
(80-mer) probes designed against several species of virus, related non-targeted species
may also be enriched without being specifically included in the panel, if the nucleotide
identity among them is at least 60-70%, and if multiple related species are targeted by the
probes in the panel (in this case three species). This cross-reactivity for related human
pathogens could prove to be a useful feature, by allowing for enrichment of more relevant
viruses without added cost spent to increase the number of probes.

Our findings demonstrate that breadth of coverage does not suffer from extensive
pooling but that deeper depth of coverage is gained by limiting the number of samples
pooled. Extensive pooling makes hybridization-based enrichment sequencing more
economical. Viral target enrichment could be applied as an economical approach to

sequencing viruses known to mutate quickly and therefore evade other assays, fastidious
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organisms, or complex samples of limited volume. For example, this method could be
prescribed to a scenario in which multiple serotypes of a virus such as DENV are
expected to be present in a sample but detection is prohibited via conventional methods
such as amplicon sequencing due to low titers. Viral target enrichment designed for a
broad panel of targets could also be useful to the infectious disease field by enabling
detection of low-titer viruses present in clinical samples taken from patients suffering
from symptoms of unknown etiology. Another applicable use of a broad probe panel
could be to perform environmental sampling. The aforementioned applications often
involve complex samples of limited volume, for which this method is ideal. An important
caveat to this approach is that while viral target enrichment is an economical method by
which to reduce background noise in a metagenomic sample, probe design requires prior
knowledge of the closest-sequenced genome for each viral target. Amplicon sequencing
may be the best approach for previously known samples and unbiased whole shotgun
sequencing may be more appropriate for a virus-rich sample. None of these approaches
obviates the use of amplification by polymerase chain reaction or the potential
introduction of sequence errors, and so standard quality analyses by computational
methods should always be employed. As the development and testing of probe sets for
viral target enrichment expands and continues, the application of this technique could
make HTS more economical for routine use in Force Health Protection activities

including biosurveillance, biodefense and outbreak investigations.
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CHAPTER 3: The temporal RNA virome patterns of a lesser dawn bat
(Eonycteris spelaea) colony revealed by deep sequencing
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ABSTRACT

The virosphere is largely unexplored and the majority of viruses are yet to be
represented in public sequence databases. Bats are rich reservoirs of viruses, including
several zoonoses. In this study, high throughput sequencing of viral RNA extracted from
swabs of four body sites per bat per timepoint is used to characterize the virome through
a longitudinal study of a captive colony of fruit nectar bats, species Eonycteris spelaea in
Singapore. Through unbiased shotgun and target-enrichment sequencing, we identify
both known and previously unknown viruses of zoonotic relevance and define the
population persistence and temporal patterns of viruses from families that have the
capacity to jump the species barrier. To our knowledge, this is the first study that

combines probe-based viral enrichment with high-throughput sequencing to create a viral
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profile from multiple swab sites on individual bats and their cohort. This work
demonstrates temporal patterns of the lesser dawn bat virome, including several novel
viruses. Given the known risk for bat-human zoonoses, a more complete understanding of
the viral dynamics in South-eastern Asian bats has significant implications for disease
prevention and control. The findings of this study will be of interest to U.S. Department
of Defense personnel stationed in the Asia-Pacific region and regional public health

laboratories engaged in emerging infectious disease surveillance efforts.

INTRODUCTION

One Health, or the concept that humans, animals and environmental health are
intrinsically linked, has provided a lens to study possible cross-species transmission of
viruses from bats to humans or other amplifying hosts. The majority of viruses is
previously unknown or not represented in public sequence databases, making virome
characterization a particularly challenging task. Approximately 263 viruses from 25
families are known to infect humans (23; 61), but viruses of 40,000 species are estimated
to infect mammals. Of those viruses, approximately 10,000 are estimated to have
zoonotic potential (22). Innovative advancements in unbiased high throughput
sequencing, coupled with increased computational power, have broadened the capacity
for viral discovery in recent years (93). Describing and classifying previously unknown
viruses and sharing them in public sequence databases not only helps the scientific
community to better understand basic biology, but can ultimately improve detection and
facilitate the prediction of viral emergence, and hence help prevention or mitigate future
disease outbreaks (93).
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More than half of all human infectious diseases result from zoonotic pathogens,
and of those, 75% have emerged from wildlife reservoirs (197). Bats are the most widely
distributed land animals (20), represent the second-most speciose mammalian order at
1,300 species, and harbor a significantly higher proportion of zoonotic viruses (136; 178).
As the number of bats that roost in urban areas continues to increase due to
anthropogenic land changes bringing bats closer into contact with livestock and humans,
spillover from bats globally, especially in South-eastern Asian, has gained recognition as
a potential source of pandemic infections (143). In particular, phylogenetic data suggests
that bats host the progenitor strains of alpha- and beta-coronaviruses that infect humans
or other incidental hosts, such as severe acute respiratory syndrome coronavirus (SARS-
CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), porcine epidemic
diarrheal virus (PEDV) and swine acute diarrhea syndrome coronavirus (SADS-CoV),
with the latter two being agriculturally important (36; 110; 210). Bats are also the natural
reservoir for other medically important viruses, including henipaviruses, lyssaviruses and
filoviruses (10; 43; 202).

Bats are ecosystem service providers, acting as pollinators, seed dispersers, and
insect consumers as well as producing guano that is used for fertilizer (95).
Unfortunately, the displacement of bats through agricultural land conversion and
urbanization increases the probability of human-bat interactions and increases the risk of
zoonotic spillover via amplifying hosts (97; 145). The recognition of bats as a reservoir
of infectious diseases, initially driven by the SARS-CoV outbreak, has led to an increase

in bat-borne virus surveillance (70; 180). A comprehensive understanding of the viral
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dynamics in South-eastern Asian bats would have significant implications by informing
pathogen surveillance, prevention and intervention.

While the majority of viral surveillance has focused on the detection of known
emerging threats or their near-neighbors, there is a recent history of broadly
characterizing the bat virome with high throughput sequencing (HTS). The bat virome
can be defined as all of the viruses that exist within a single bat or a population of bats.
Surveillance often focuses on viruses of zoonotic potential. However, a significant
proportion of previously-reported viruses detected in virome studies of bats are not
known to infect humans. For example, it has been reported that a high proportion of
viruses detected in the bat virome reflect diet-associated viruses (13; 154). Phage-related
sequences have also been explored in the literature (205) but are excluded from this
work. Additionally, family-specific PCRs often focus on conserved internal genes (such
as the RNA-directed-RNA polymerase) and are unable to provide information on surface
proteins which are responsible for cellular entry and can be used to predict receptor usage
(147).

Viral persistence and shedding in bats are, in part, driven by birth pulses, social
contact, roost size, flight and migration (147). As the only truly flying mammals, bats
possess a suite of characteristics that includes unique immunological factors to
accommodate for the physiologically taxing nature of flight. These mechanisms may
have evolved to minimize inflammation from the production of oxygen free radicals
during flight, which in turn reduces damage to DNA (26; 169). Bats tolerate most viral
infections without displaying symptoms due to a tighter control of immune responses that

have a higher basal expression of certain defense genes (such as interferon and
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interferon-stimulated genes), and at the same time have multiple mechanisms to control
for over-induction of inflammatory genes (165; 211). It is heretofore unknown whether
bats serve as viral reservoirs, maintaining persistent infection at the population level by
repeated viral infection of naive individuals (juveniles with waning maternal antibodies)
or through long-term persistence of virus within individual bats (165). In response to
conflicting reports in the literature with regard to the persistence of viruses, longitudinal
studies on captive colonies provide a controlled environment to fill the knowledge gap
(145).

This longitudinal study of a captive bat colony presents a unique opportunity to
study the viral genomes that persist or circulate within a closed community. Herein, we
present a comprehensive RNA virome analysis and longitudinal evaluation of viral
population persistence in a captive colony of lesser dawn bats where we characterized the
virome by addressing population-level viral dynamics over time. We collected head,
body, oral and rectal swabs from each bat (excluding pregnant and newborn bats) at three
or four month intervals over the course of 18 months. RNA was extracted from each
swab to perform shotgun and target enrichment sequencing from six time points from
April 2016 to September 2017. These datasets were analyzed to ascertain the RNA
virome diversity and how it changed over the study course in both individuals and
cohorts. The aim of this study was to characterize the RNA virome by addressing
population-level viral dynamics. Herein, we present a comprehensive RNA virome
analysis and longitudinal evaluation of viral population persistence in a captive colony of

lesser dawn bats.
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MATERIALS AND METHODS
Bat colony structure and sampling strategy

To establish a breeding colony of lesser dawn bats, wild-caught bats were brought
into captivity in April 2016. Sixteen bats resided in the colony throughout the study, two
were euthanized and four were born or added to the colony after April 2016 (Figure 1).
New bats were introduced to the colony in July 2017 and housed in separate cages
situated approximately one meter apart. Head, body, oral and rectal swabs were collected
from each individual bat every three or four months over the course of 18 months while
the bats were kept in captivity.

Bats were housed in stainless steel mesh cages with ample room for roosting and
flight. Each set of cages housed a maximum of 25 bats. The top of the cage consisted of
wire meshing, allowing the bats to hang without obstruction. Burlap was strategically
placed at the corner of the cage to provide seclusion. Bats were fed a liquid diet mixture
of water, apple juice, glucose powder, low fat milk powder, powdered pollen, Wombaroo
and slices of watermelon, mango or papaya daily at dusk. Swabs were collected quarterly
for health screening purposes. Head, body, oral and rectal swabs were obtained using
polyester tipped swabs and stored in 2 ml screw cap micro tubes (Sarstedt, Germany)
containing 500 pl viral transport media (VITM, 10% Bovine Serum Albumin, 20%
Antibiotics-Antimycotic in milli-Q water) at -80°C. Prior to head, body and rectal sample
collection, swab tips were soaked in phosphate buffer saline (PBS).

Each swab site is defined as follows: oral and rectal swabs were collected by
inserting a polyester tipped swab into the mouth or rectum of each bat, body swabs were
collected from the fur spanning under the left wing of each bat and head swabs were

collected from the fur between the ears on top of each bat’s head. Internal (oral and
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rectal) swabs were used to characterize potential shedding of viruses and external (head
and body) swabs were used in conjunction with internal swabs to characterize colony-

level detection of viruses.

Nucleic acid extraction and sequencing

Total RNA was extracted from head, body, oral and rectal swabs of each bat using
a QIAGEN RNeasy Kit with on-column DNase digestion (Qiagen; Valencia, CA). RNA
was eluted twice with RNase-free water. RNA was extracted with the aim to sequence
genomic RNA and transcripts from RNA viruses, as well as transcripts from
nonencapsidated DNA viruses. A maximum of 18 pl of the extract was used as input to
prepare RNA TruSeq libraries. [llumina’s recommendations for the RNA TruSeq
protocol were followed with a modification of fragmentation time to four minutes as
described by Blackley et al. to account for potentially degraded RNA samples (Illumina;
San Diego, CA) (16). Conventional HTS (shotgun) libraries were multiplexed in pools of
24 for sequencing on the NextSeq 500 platform using v2 chemistry with 2x150 bp read
lengths. Post-library enrichment probe targets and preparation methods were previously
described by Paskey et al.; samples were probed in pools of 12 and multiplexed for

sequencing on the MiSeq platform using v3 chemistry with 2x300 bp read lengths (140).

Bioinformatic analyses

Each sample was processed both by using VirusSeeker (virus discovery pipeline
(209)) and MetaSPAdes assembler v3.11.1 (132). The Eonycteris spelaca genome was
removed from each sample by read mapping to assembly GCA 003508835 (186) using
bbmap v37.78 (19) prior to MetaSPAdes assembly or by VirusSeeker (209). VirusSeeker

is a virus discovery pipeline that stitches paired reads together into a single read in
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addition to performing assembly using Newbler. Paired reads and contigs are then
classified as potentially viral or discarded after being compared with viral databases using
BlastX and BlastN algorithms (cutoff < e-5). False positives are then removed by
comparing the candidate viral sequences to the complete nucleotide and non-redundant
protein databases (cutoff < e-10). Viral reads as determined by VirusSeeker were
normalized by number of reads per sample (formula below) and taxonomic assignments
were filtered to exclude the possibility of sample carryover and only include assignments

based on more than one read to semi-quantitatively evaluate abundance among samples.

# reads for one viral taxa in one sample
total # QC reads in that sample

Normalized reads = x 1000

virus genome length (nt)

Quality-controlled (QC) reads are defined as trimmed, deduplicated reads that did
not map to bacterial and eukaryotic reference sequences with greater than 70% nucleotide
identity using the tools described as follows. Quality control and removal of non-viral
reads was performed using fastqc v0.11.5, bbmap and bbduk v37.78 (6; 19). De novo
assembly was performed using MetaSPAdes (average contig length 198.65 bp); reads
were mapped back to contigs for validation and sequenced relatives were determined by
DIAMOND using the BlastX algorithm against RefSeq viral protein sequences from
NCBI as of 4 December 2018 (3; 18; 132). Results were visualized using MEGAN 6
(81). Phage-related sequences are excluded from this work. Detailed analysis of contigs
and reads was performed with CLC Genomics Workbench V11 (QIAGEN

Bioinformatics; Redwood City, CA).
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The International Committee for the Taxonomy of Viruses (ICTV) defines viral
species as “a monophyletic group of viruses whose properties can be distinguished from
those of other species by multiple criteria” and identity cutoffs vary by genus and are
determined by natural and experimental host range, cell and tissue tropism, pathogenicity,
vector specificity, antigenicity and the degree of relatedness of genomes (82). In this
study, cutoffs of 90% or higher at the amino acid level and 95% or higher at the
nucleotide level for the definition of a virus were used in viral classification. Sequences
that were not sufficiently related to known species were classified using the following

naming convention: “novel [name of viral family] virus.”

Taxonomic assignments were grouped as zoonotic-related, dietary-associated or
“other” based on the literature. Zoonotic-related viruses were defined as having a near-
neighbor that was previously known to cause disease in vertebrates. Dietary-associated
viruses were defined as plant-associated taxa that were associated with components of the
bats’ diet. “Other” viruses included species that could have been detected in the
environment, were not previously associated with human infection or could have possibly
existed as misclassified host material due to the possibility of integration (i.e.,

retroviruses) or similarity to mammalian genomes.

The evolutionary history of a novel filovirus-like nucleotide sequence detected in
the sample was inferred by using the Maximum Likelihood method based on the General
Time Reversible model (130) with 100 bootstrap replications. The tree with the highest
log likelihood (-39135.14) is shown. The percentage of trees in which the associated taxa
clustered together is shown next to the branches. Initial tree(s) for the heuristic search

were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
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of pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. The analysis
involved ten full-length filovirus genome sequences (NC 014373, NC 014372,
NC_002549, NC 004161, NC 006432, NC 016144, KX371887, NC_ 024781,

NC 001608, NC 03945) and one filovirus consensus sequence from Swab 340. There
were a total of 3588 nucleotide positions in the final dataset. Evolutionary analyses were

conducted in MEGA7 (94).

Principal component analysis

Data for 29 zoonotic-related viruses that persisted for more than three collection
dates were evaluated by principal component analysis. Evaluated elements included the
number of collection dates for which the virus was detected, the total number of times the
virus was detected, the length of the virus genome and binary code for the following
parameters: human infectivity, cytoplasmic replication, segmented vs. non-segmented
genome, vector-borne, single-stranded genome, RNA vs. DNA genome and enveloped
vs. non-enveloped virion. The data was clustered using kmeans, k=4. The number of
clusters was determined by using factoextra to evaluate the optimal k for the first three
components by the Silhouette and Elbow methods (88). The first three principal
components represented 65% of the variance and the first two principal components
represented 48% of the variance. This analysis was performed using built-in statistical

packages in R v3.4.1 (167).

Rarefaction curves

Rarefaction curves were produced using zoonotic-related reads as classified by

VirusSeeker (209) to evaluate the extent at which mammalian viral diversity was
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recovered by using zoonotic-related species detected in each sample. The vegan package

was utilized in R v3.4.1 for this analysis (40).

Statistical evaluation of potential confounders

To evaluate the potential for confounding influences on this analysis, we
evaluated analysis of variance (ANOVA) for viral abundance. Features of concern
include NextSeq 500 batch grouping, bat ID number, length of sample storage time and
virus genome length. No statistically significant difference was found among groups
(p>0.1). Taken together, these analyses suggest that taxonomic classifications of viruses
were not biased by potentially confounding features of the study. We performed a two-
way ANOVA to evaluate the impact of changing the collection month or number of
samples sequenced on the number of taxa detected. The p-value for collection month was
0.06 and 0.018 for the number of samples sequenced per time point. There was no
significant synergistic effect for collection month and number of samples sequenced
(p>0.1). We interpret these results to indicate that a change in the number of sequencable
samples would impact the number of detected viral taxa.

This analysis was performed using built-in statistical packages in R v3.4.1 (167).

RESULTS
Colony structure and sampling strategy.

To establish a breeding colony of lesser dawn bats, wild-caught bats were brought
into captivity in April 2016. Head, body, oral and rectal swabs were collected from each
individual bat every three or four months over the course of 18 months while the bats
were kept in captivity. Total RNA was extracted from each swab and 210 swabs were

successfully sequenced by shotgun sequencing. Among them, 134 swabs were also
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sequenced using target enrichment sequencing, resulting in 0.027% of QC target-enriched
reads to be classified as viral (Figure 11, Table 6).

Figure 12 provides an overview of whole-colony level data, including all swab
sites (head, body, oral, rectal). The most frequently detected zoonotic agent-related
viruses belong to Orthomyxoviridae, Coronaviridae, Astroviridae, Reoviridae,
Picornaviridae, and Paramyxoviridae. The most abundant and consistently-detected
zoonotic-related viruses were unclassified betacoronaviruses, Rousettus bat coronavirus
GCCDCI and influenza A virus. Ubiquitous viruses that are native to bats but not of
concern to humans such as unclassified herpesvirus, bat retroviruses and anelloviruses
were classified as other or host-specific, and were frequently detected (52; 58; 139; 151).
Dietary-associated viruses such as watermelon silver mottle tospovirus, an unclassified
totivirus, unclassified crinivirus and potyvirus were frequently detected.

There was no significant difference in total number of viruses detected at each
time point between zoonotic-related, other or dietary viruses (Figure 13, Table 7).
Normalized abundance varied among time points. Among individual bats, there was
variation in both abundance and distribution. Few complete or nearly-complete viral
genomes were recovered through this study due to the complexity and microbial “noise”
of metagenomic samples. The complete genome for Rousettus bat coronavirus GCCDC1
was recovered, as well as a nearly-complete genome for a novel bat mumps virus and
partially complete novel bat paramyxovirus. All other zoonotic-related taxonomic
assignments were made using partial gene coverage. Overall, data obtained from these
210 swabs represent massive virus diversity and broad variability in abundance among

swab types and taxa. Analysis was limited to viruses determined by abundance and
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Figure 11. Colony structure and sample overview. Total RNA from head, body, oral and
rectal swabs was sequenced using two different, complementary methods:
unbiased shotgun sequencing for broad detection of all organisms including
potentially very divergent viruses, and target enrichment sequencing for more
sensitive detection of 84 viruses of concern to human health and/or
biosurveillance as well as their near neighbors (140). The green bar represents
the original resident bat colony, the blue bar represents births and additions to
the bat colony and the red bar represents 14 new bats that were introduced to the
colony in July 2017. Samples from the 14 new bats are not included in this
study. Solid circles represent samples that were sequenced by shotgun and/or
target enrichment. Open circles represent samples that were not sequenced due
to RNA input constraints.
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Table 6. Sequencing statistics

# Swabs sequenced # QC reads % QC viral reads
Date
Enriched | Shotgun Enriched Shotgun Enriched Shotgun

Apr-16 21 41 2,349,630 | 229,356,123 | 0.041% | 0.000208%
Jul-16 27 28 2,067,041 | 315,310,157 | 0.004% | 0.000261%
Oct-16 73 77 7,147,206 | 961,825,033 | 0.017% | 0.000325%
Jan-17 1 14 202,706 50,295,480 0.226% | 0.000560%
May-17 2 24 431,291 22,940,899 0.011% | 0.000466%
Sep-17 10 26 3,102,742 | 129,229,830 | 0.046% | 0.000337%

Total 134 210 15,300,616 |1,708,957,522| 0.027% | 0.002157%
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Figure 12. Classifiable members of the lesser dawn bat virome from unbiased shotgun
sequencing data were arranged by virus source (red, Zoonotic-related; gold,
Other; green, Dietary) and collection date. A dot representing each taxon
detected is scaled to normalized abundance.
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Figure 13. There was no significant difference in number of viruses detected over time
(2-way ANOVA).
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Table 7. The number of viruses detected using VirusSeeker at each time point in unbiased
shotgun sequencing data are listed, parsed by date and virus source.

Virus source

N =# viruses detected at each time point

Apr-16 July-16 Oct-16 Jan-17 May-17 Sept-17
Zoonotic-related 22 12 22 7 10 11
Other 5 5 5 4 3 4
Dietary 38 29 50 19 19 19
Total 63 46 74 30 32 34
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significance with a known sequenced relative, therefore excluding unmatched reads.

Comparison of two different sequencing strategies.

Target enrichment for known viruses of biosurveillance concern resulted in a
simplified dataset consisting of primarily zoonotic-related taxonomic classifications. Data
from target enrichment sequencing was used to guide bioinformatic analysis of shotgun
sequencing data.

The number of zoonotic-related taxonomic assignments was compared between
matched swabs sequenced both by shotgun and by target enrichment sequencing. Of 317
taxa assigned by VirusSeeker to shotgun data, 33.1% of assignments were zoonotic-
related. Conversely, 72.1% of 44 target-enriched assignments were zoonotic-related, a
result which is expected as the probe panel used here for target enrichment intentionally
biases our dataset toward known viruses of biosurveillance concern (Figure 14). It is
important to note that the number of taxonomic assignments was limited to previously
known, classifiable references and cannot account for unknown sequences. For reference,
approximately 5.3 million base pairs (Mbp) of sequence were unequivocally classified as
viral. 293 giga base pairs (Gbp) of sequence were identified as potential viral sequence,
including unclassifiable viral reads or “dark matter” that did not match any sequence in
GenBank (92).

Previously we demonstrated binding tolerance as low as 79% nucleotide identity
in a contrived, complex sample containing human adenovirus strains 4 and 51, as well as
89% nucleotide identity for Zika virus strains MR766 and R11265 in contrived samples
(140). Therefore, the capacity for target enrichment probes to bind slightly off-target but
related (near-neighbor) sequences in the current samples was evaluated. In a subset of

98



Shotgun Enriched

0000000000 0000000000 == Zoonotic-related
0000000000 0000000000 == Environmental
0000000000 0000000000

Number of detectable viral taxa
Total=317 Total=44

Figure 14. The proportion of zoonotic-related taxonomic assignments made for 134
matched sample sets (unbiased shotgun sequencing data matched with target
enriched sequencing data derived from same swab) is illustrated in maroon.
VirusSeeker made 317 taxonomic assignments using conventional HT'S
(shotgun) data and 44 taxonomic assignments using target-enriched data.
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enriched reads classified by VirusSeeker as belonging to Filoviridae, Orthomyxoviridae,
Paramyxoviridae, Picornaviridae and Pneumoviridae, the lowest percent identity at the
nucleotide level between probe and captured sequence was 88%. Taken together, these
data demonstrate that target enrichment probes exhibit a binding tolerance that could
permit the enrichment from environmental samples of previously unknown near-

neighbors that have yet to be represented in public sequence databases.

Evaluation of a dynamic virome in a captive colony of bats.

We considered whether trends in detected viruses could be observed despite the
condition of captivity, where drivers of infection dynamics such as contact rates, food
abundance and quality, environmental perturbations, reproduction and population density
were partially controlled or minimized (147). While numerous zoonotic-related viruses
such as bat orthoreovirus, mumps-like bat paramyxovirus, unclassified polyomavirus,
unclassified sapovirus, and unclassified bat rotavirus did not persist over time, several
viruses were detectible at five or six out of six collection dates (Figure 15). Persistence
within the colony could only be measured to the fifth collection date because new, wild-
caught bats were introduced to the colony in July 2017, prior to the final swab collection
date. Thus, new viruses could have been introduced or reintroduced to the original
colony. Notable zoonotic-related viruses that were detectable at multiple collection dates
belonged to the families Astroviridae, Orthomyxoviridae, Picornaviridae,
Paramyxoviridae, Reoviridae and Coronaviridae. Other and dietary-associated viruses
were detected more consistently, as expected, due to frequent reintroduction from food
and environmental sources, with the exception of notable diet changes in the first year of
the study.
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Figure 15. Selected zoonotic-related viruses that were detected at two or more time points
in unbiased shotgun sequencing data are graphed with swab collection date on
the x-axis and the normalized abundance on the y-axis. The gray line displays
the average normalized abundance and the positive and negative standard
deviation about the mean is represented by a dotted line. Normalized abundance
for individual swabs, with type coded by shape, is represented by points. The
size of the point corresponds to the normalized abundance, which is scaled to be
consistent across all line graphs despite the free-y-axis for each individual line
graph. There are few significant differences in normalized viral abundance over
time for each virus.
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Table 8 summarizes biosurveillance-related viruses detected in this study and
reported in the literature, listing viral family, sampling country, references, virus, and

total reads if the result is from this study (25).

Variation of viral abundance at both the colony and individual level.

Data from oral and rectal swabs were used as an indicator of potential replication in
and shedding from particular bats, while data from head and body swabs (presumably
derived from contact with other, shedding, bats but not necessarily indicating shedding
from the particular bat on whose head or body it is identified) were used to characterize
the overall diversity of viruses present within the colony. Bat coronavirus was previously
found in the small intestine of experimentally infected Leschenault’s rousettes (Rousettus
leschenaultii (183)); therefore, we hypothesized that coronaviruses would be frequently
detected from rectal swabs. In fact, rectal swabs contained the greatest proportion of all
coronaviruses detected (30.3%), followed by body swabs (28.3%), head swabs (23.7%)
and oral swabs (17.8%). We hypothesize that the generally high abundance of viruses on
the skin of bat bodies is due to the gregariousness of lesser dawn bats.

Fractional abundance was used to evaluate detection of viruses on the colony level and
is graphed in Figure 16. The zoonotic agent-related viruses detected within the colony
are consistent with the literature (Figure 16A) and many dietary-associated viruses have
been associated with elements of the colony’s diet (Figure 16B) (122-124; 205). Results
are biased toward RNA viruses due to our technical approach and it is likely that DNA
virus diversity is not fully represented in these analyses. This dataset does, however,
represent RNA from multiple related viruses that were detected at various time points
throughout the study. Figure 17 displays the sporadic detection of even the most
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Table 8. Overview of biosurveillance-relevant virus detection as compared to the

literature
. . Sampling . Total Reads
Viral family country References Virus (this study)
.. . Viruses 2019, Adenoviridae sp. DNUS-
ddenoviridae Singapore 11(3):pii: E250 Bat-Polymerase-Esp NA
[ Arenaviridae Singapore [This study Mammarenavirus 2
Asfarviridae Singapore [This study Asfivirus 6
Astroviridae Singapore [This study Bat astrovirus 294
Astroviridae Singapore ggiggalth 2017, Mamastrovirus sp. INA
Mamastrovirus sp.
.. Infect Genet Evol
Astroviridae Laos b016, 47:41-50 PREDICT MAstV-13  |[NA
strains
Caliciviridae Singapore [This study unclassified sapovirus 42
Circoviridae Singapore [This study unclassified circovirus |8
.. . . Rousettus bat
Coronaviridae Singapore [This study - oronavirus GCCDC1 2765
Coronaviridae Singapore (This study unclassified : 84
Betacoronavirus
. . . unclassified
Coronaviridae Singapore [This study Alphacoronavirus 6
Transbound Emerg Bat betacoronavirus
Coronaviridae Singapore [Dis 2017, 64(6):1790- . INA
1800 Es/Singapore/2014
.. . [Infect Genet Evol Bat coronavirus RK
Coronaviridae Cambodia b016, 48:10-18 strains INA
Bat coronavirus
. . Virol Sin 2018, GCCDCI1 BatCoV
Coronaviridae China 33(1):87-95 Eonycteris INA
spelaea/Mengla/2016
Coronavirus PREDICT
. Infect Genet Evol CoV-22
Coronaviridae  L.aos D016, 48:10-18 PREDICT CoV- NA
22/LAP11-D0063
Rousettus bat
. . |Infect Genet Evol .
Coronaviridae Cambodia b016, 48:10-18 coronavirus HKU9 INA
strains
Rousettus bat
Coronaviridae Laos ir(l)f{egt 2}8(?1118‘[ F?;/ ol coronavirus HKU9 INA
e PREDICT-LAP strains
Filoviridae Singapore [This study unclassified filovirus 22

104




Emerg Infect Dis

Bat filovirus Eonycteris

Filoviridae China h017, 23(3):482-486 spelaea/Chlna/2009, INA
2015 strains
. . Viruses 2019, Flaviviridae sp. DNUS-
Flaviviridae Singapore 11(3):pii: E250 Bat-E-Esp INA
[Hepeviridae Singapore [This study unclassified Hepeviridae |2
.. . . unclassified
Herpesviridae Singapore [This study Herpesviridae 609
Herpesviridae Singapore [This study Percavirus 30
Herpesviridae Singapore [This study Cytomegalovirus 4
Herpesviridae Singapore [This study Mardivirus 2
.. . . unidentified herpesvirus
Herpesviridae Malaysia |[Unpublished acc AB125970 INA
Nodaviridae Singapore [This study [Nodamura virus 43
Orthomyxoviridae |Singapore [This study Influenza A virus 36
Orthomyxoviridae |Singapore [This study Influenza B virus 6
Papillomaviridae |Singapore |[This study Betapapillomavirus 1 4
Papillomaviridae |Singapore |[This study Gammapapillomavirus |6
Puvillomaviridae Sineapore Viruses 2019, Papillomaviridae sp. NA
P 8APOTC 11 1(3):pii: E250 DNUS-Bat-E1-Esp
[Paramyxoviridae |Singapore |[This study Mumps 248
[Paramyxoviridae |Singapore [This study novel bat paramyxovirus |112
[Paramyxoviridae |Singapore |[This study Respirovirus 2
.. . Viruses 2014, Henipavirus
Paramyxoviridae - \China 6(5):2138-54 YN12069/CHN/2012 [N
.. . Viruses 2019, Paramyxoviridae s.
[Paramyxoviridae [Singapore 11(3):pii: E250 DNUS-Bat-L-9, N INA
[Parvoviridae Singapore [This study Bocaparvovirus 16
.. . Viruses 2019, Parvoviridae sp. DNUS-
Parvoviridae Singapore 11(3):pii: E250 Bat-VP1, VP2 INA
Picornaviridae  |Singapore [This study unclassified Picornavirus |222
) Picornaviridae sp.
Picornaviridae  [Singapore Vlruses”2 019, DNUS-Bat-3D-Esp, INA
11(3):pii: E250 .
Polyprotein-Esp
Pneumoviridae  |Singapore [This study unclassified pneumovirus|2
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Figure 16. The proportion of reads from unbiased shotgun RNA sequencing data
representing viral families in each virus source are graphed. 4A includes
zoonotic agent-related viruses and 4B includes dietary-associated viruses.
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frequently detected zoonotic-related viruses. Notably, this inconsistency is in contrast to
the more consistent detection of other and dietary viruses over time. One should note that
bat 7634D86 was born into the colony and first sampled in 2017. Additionally, bat

763576F was euthanized between the October 2016 and January 2017 time points.

Persistence of certain viral populations at the colony level.

Figure 17 highlights four zoonotic-related and two dietary viruses, which were
“more persistent” than other viruses detected. Individual bats rarely shed specific viruses
during consecutive time points. Overall, viruses were not restricted to individual bats, but
rather were detected in multiple bats at numerous time points. Dietary virus shedding was
more consistent and detected at the overall highest normalized abundance. We observed
that bat astrovirus was not detected beyond the October 2016 time point. Influenza A
virus was detected sporadically, and never in the same shedder swab type from the same
bat at subsequent time points. This pattern could reflect intermittent shedding or cycles of
infection, transmission and reinfection or persistent virus replication at levels near or
slightly below the limit of detection for our assay. In this study, we observed read support
in 24 swabs for an influenza A-like virus by both shotgun and enrichment sequencing. No
full sequences for all eight segments were detected, preventing unequivocal strain typing.

Rousettus bat coronavirus GCCDC1 and unclassified Betacoronavirus were
detected most frequently of all zoonotic-related viruses and display remarkable
population persistence (Figures 15 and 17). Although coronaviruses are commonly
detected in South-eastern Asian bats, to our knowledge, this is the first time the cross-
family recombinant Rousettus bat coronavirus GCCDC1 has been detected outside of
China (80; 135). Overall, we observed that each of these viruses was
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Figure 17. Abundance of select taxa detected from unbiased shotgun sequencing data
derived from shedding sites is displayed in a heat map. Individual bat
identification numbers are listed along the y-axis, parsed by oral and rectal swab
types. Sample collection date is listed along the x-axis, divided by specific viral
taxa and virus source. Figure 5A includes zoonotic-related viruses bat
astrovirus, influenza A, Rousettus bat coronavirus GCCDCI1 and unclassified
betacoronavirus. Figure 5B includes dietary viruses potyvirus and watermelon
silver mottle tospovirus. Reads were normalized to virus size and total number
of reads in each sample.
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detected in multiple bats and subsequently detected in different bats at later time points.

To investigate the inherent qualities that contribute to population persistence, 29
zoonotic-related viruses that persisted at the population-level for more than three
collection dates were evaluated by principal component analysis of multivariate
characteristics (human infectivity, cytoplasmic replication, segmented vs. non-segmented
genome, vector-borne, single-stranded genome, RNA vs. DNA genome and enveloped
vs. non-enveloped virion).

We hypothesized that there is an association between the frequency of detection
of a virus and known capacity to infect humans (coded 0 if not known to infect humans
or 1 if known to infect humans as defined by EcoHealth Alliance), therefore indicating a
propensity for spillover (136). In fact, cluster one had a higher known average capacity to
infect humans (0.92) and also included the most frequently detected viruses as compared
to clusters two through four (0.5, 0.44, 0.2, respectively). The hypothesis was supported
by unsupervised clustering and we further analyzed the clustering results to make several
observations (Figure 18).

Cluster one (13 members; gold points) was composed of single-stranded RNA
viruses. Significantly more of these viruses are known to infect humans, and none of
these viruses is vector-borne. Cluster two (2 members; red points) was composed of the
enveloped, double-stranded DNA viruses: asfivirus and unclassified bat poxvirus. This
group had the largest genomes. Cluster three (9 members; grey points) is represented by
segmented RNA viruses. Cluster four (5 members; green points) was composed of
nonenveloped DNA viruses. Overall, the viral members of the largest cluster, Cluster

one, also included the largest number of human-infecting viruses that are associated with
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multivariate characteristics that are prone to zoonotic spillover such as those possessed by
orthomyxoviruses, paramyxoviruses, and coronaviruses (181).

In addition to the vast complexity of each swab type, we observed a surprisingly
even distribution of detection among swab types. As shown in Figure 19, many viruses
are detected in all four swab types. As previously discussed, there is a consistent pattern
of dietary and other viruses that contrasts with the sporadic detection of zoonotic-related
viruses. Some individual bats appear to shed or carry a larger number of zoonotic-related
taxa as compared to other individuals. We hypothesize that this is influenced by both the

immunological predispositions and behavior of each bat.

DiScUSSION

To our knowledge, this is the first comprehensive, longitudinal study to evaluate
virome dynamics in a colony of old world bats. Beyond the challenge of limited known
viral sequences, it can be difficult to detect viral genomes amidst the “noise” of bacterial
commensals in a complex environmental sample (54). Computational methods for virome
characterization rely on database-independent analyses such as de novo assembly to
obtain scaffolded or complete viral genomes that share little homology but can be
compared to distantly-related, published references. In particular, Meta-SPAdes is an
effective tool for de novo assembly of virome data (132; 166). With limited tools to
classify viruses from complex samples, in addition to the diversity of previously
unknown viral genomes, the full characterization of a virome requires extensive manual
analysis.

Two sequencing methods, unbiased shotgun sequencing and viral target
enrichment, were utilized to evaluate the extent of viruses of biosurveillance concern.
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In so doing, we were able to evaluate the strengths and limitations of target enrichment,
while also obtaining informative data with regard to the colony-level virome in a captive
colony of bats. Our results showed that there is sufficient binding tolerance to enrich for
near-neighbors of probe targets. This flexibility enabled for the detection of viruses of
biosurveillance concern in our samples, however, unbiased shotgun sequencing was
necessary for characterization of all known viruses. Despite the improvement in detection
of classifiable reads gained by the use of target enrichment, less than 1% of target-
enriched or shotgun reads that were possibly viral could be unequivocally classified. This
is consistent with reports that viral dark matter can represent as much as 90% of
sequences (92). Nevertheless, approximately 5.3 Mbp of 293 Gbp of viral sequence were
unequivocally classified. Coverage of detectable taxonomic groups varied in breadth and
depth, as is typical in sequencing of metagenomic samples (54). To address the challenge
of low coverage depth in data including viruses with varied genome lengths, a
normalization approach that takes into account the nucleotide length of the virus genome
was used and with a requirement of both forward and reverse read coverage.

Virus detection rates vary with several factors, including specimen type, cold
chain logistics, date of sampling, host age and taxonomy. Common surveillance
methodologies include culture/isolation, serological assays, conventional and quantitative
polymerase chain reaction (PCR) assays, high throughput sequencing (HTS) and target
enrichment sequencing (206). Each of the aforementioned methods has advantages and
disadvantages with regard to portability and necessary prior knowledge about the viruses
present within a given sample. Rarefaction curves were produced using VirusSeeker data

to evaluate the extent at which mammalian viral diversity was recovered by using
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zoonotic-related species detected in each sample (Figure 20). The rarefaction curves
illustrate that some samples were more completely sampled by comparison and that there
is variation in the detection of zoonotic-related species per sample. One caveat to this
study is that there is a correlation between the number of detected taxa and the number of
samples successfully prepared for sequencing. Multivariate factors may contribute to the
failure of samples that were unable to be sequenced, including low concentration or
quality RNA, decreased shedding of certain viral taxa, behavior changes in the bat or
technical error in preparation.

Consistently detected dietary-associated viruses such as watermelon silver mottle
tospovirus could be attributed to the bat’s diet being supplemented with watermelon as
part of their enrichment regime. For this reason, dietary-associated viruses that were
consistently reintroduced by the diet or environment were used as a comparison alongside
zoonotic-related viruses that are not found in dietary sources. Interestingly, several
relevant zoonotic agent-related viruses that were detected at four or more time points
have been associated with prior viral spillover (Coronaviridae, Reoviridae,
Paramyxoviridae) from bats to humans. Our findings are consistent with the existing
literature (122-124), in that Pteropodidae family bats have been previously demonstrated
to be associated with viruses of the following: Paramyxoviridae, Adenoviridae,
Herpesviridae, Astroviridae, Coronaviridae, Rhabdoviridae, Polyomaviridae,
Flaviviridae, Iflaviridae, Hepadnaviridae, Bunyavirales, Togaviridae, Caliciviridae,
Orthomyxoviridae, Papillomaviridae, Reoviridae, Retroviridae, Filoviridae,

Parvoviridae and Circoviridae (206).
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Figure 20. Classified viruses detected in unbiased shotgun sequencing data are arranged
by zoonotic, other and dietary source along the y-axis. Within each group, taxa
are arranged by descending frequency of detection. The x-axis marks sample
collection dates and is parsed by individual bat identification number (top x-axis
label). Points are color-coded to frequency of detection, with the most
frequently detected taxa plotted in red.
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We observed population persistence of the following viral families: Astroviridae,
Orthomyxoviridae, Picornaviridae, Paramyxoviridae, Reoviridae and Coronaviridae. Of
these families, Paramyxoviridae, Reoviridae and Coronaviridae are each known to be
associated with spillover from bats to humans (7; 43; 181). This knowledge should
inform future directions for biosurveillance of viruses within each of the aforementioned
families that have the potential to cross the species barrier from bats to humans or
amplifying hosts.

The circulation of orthomyxoviruses and filoviruses in wild reservoirs is relevant
to public health and these viruses were sporadically detected in the colony. Although
influenza A virus has previously been detected in South American bats (171; 172), the
capacity for old world bats to serve as a reservoir for influenza A-like viruses was only
recently discovered (85). Questions have been raised with regard to the geographic range
of bat-borne influenza viruses and the capacity for reassortment of bat-borne
orthomyxoviruses with known human influenza A viruses (198). Serologic evidence of
filoviruses has been reported in lesser dawn bats (98) but, to our knowledge, sequence
data has not been previously reported. It is apparent from both target enrichment and
shotgun sequence data that a novel filovirus was present in one rectal swab and two body
swabs, but there was not significant breadth of coverage as compared to any previously
known filovirus reference genomes. The closest sequenced relative is Mengla virus,
which was recently isolated from Rousettus bats in China (202) (Figure 21).

Zoonotic-related viruses were intermittently detected in samples from individual
bats. One caveat of this study lies within the variability of nucleic acids that could be

sequenced. Results with regard to individual bats should be interpreted with caution
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because it is unknown whether this phenomenon was observed due to intermittent
shedding below the limit of detection or cycles of recurrent infection (susceptible-
infectious-recovered-susceptible [SIRS] or susceptible-infectious-latent-infectious [ SILI]
models of infection (147)). However, one compelling finding of this study was that
multiple viruses exhibited population persistence despite the isolation from contact with
new, wild bats for 20 months. We interpret these results to indicate that persistent viruses
possess a propensity for spillover due to their comparatively higher recurrence in shedder
sites at high enough abundance for detection. These viruses share multivariate qualities
with viruses known to infect humans (Figure 22) and could represent viruses that are
most likely to cross the species barrier to humans or intermediate hosts in the manner that
henipaviruses and SARS-CoV caused outbreaks in the past. The persistence of
Paramyxoviridae, Reoviridae and Coronaviridae family viruses without external
reintroduction to this captive community indicates that lesser dawn bats may serve as a
maintenance host. As changing human factors such as urbanization impact the potential
for disease interface by increasing urban-adapted (synanthropic) animal populations (71),
targeted assays such as PCR, for these persisting viruses should continue to be conducted
by regional public health laboratories engaged in emerging infectious disease surveillance
efforts.

Furthermore, viruses that were detected less frequently may be of a lesser concern
for biosurveillance as they did not exhibit robust, colony-level persistence. In particular,
this study utilized swabs of the exterior of the bat (head and body) to evaluate the virus
population. This could be a useful sample site for future surveillance to extrapolate

population-level infection and recapitulates the observation that host-microbiome
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dynamics of gregarious species such as bats should be observed on the colony rather than
an individual level (90). Taken together, we conclude that noninvasive surveillance
methods that target the body of bats not only detect viruses shed within the colony, but
can also represent viral populations dispersed throughout the entire colony. As shown in
Figure 7, the results across internal (oral and rectal) and external (head and body) swabs
are homogeneous and reflect the viral populations for the entire colony. External swabs
could be informative targets for sample collection. In conclusion, we have provided novel
insight to the virome of South-eastern Asian bats that should be used to inform future

surveillance methods in the region.
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Figure 21. Rarefaction curves were produced using VirusSeeker data to evaluate the extent at which mammalian viral diversity was
recovered by using zoonotic-related species detected in each sample. The rarefaction curves illustrate that some swabs were
more completely sampled by comparison and that there is variation in the detection of zoonotic-related species per sample. It
is probable that with deeper sequencing or greater starting concentrations of RNA, more mammalian viruses could be

detected.
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Figure 22. Phylogenetic analysis of a novel bat filovirus demonstrates that the unclassified bat filovirus is most closely related to
Mengla dianlovirus. A maximum likelihood phylogeny using a consensus sequence of reads from a body swab was
generated using MEGA7 based on the General Time Reversible model (94; 130).
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CHAPTER 4: Detection of recombinant Rousettus bat coronavirus
GCCDC1 in lesser dawn bats (Eonycteris spelaea) in Singapore

This work is in preparation for publication as: Adrian C. Paskey, Justin H. J.
Ng, Gregory K. Rice, Wan Ni Chia, Casandra W. Philipson, Randy J.H. Foo,
Regina Z. Cer, Kyle A. Long, Matthew R. Lueder, Xiao Fang Lim, Kenneth G.
Frey, Theron Hamilton, Danielle E. Anderson, Eric D. Laing, Ilan H. Mendenhall,
Gavin J. Smith, Lin-Fa Wang, Kimberly A. Bishop-Lilly. 2020. “Detection of
recombinant Rousettus bat coronavirus GCCDCI in lesser dawn bats (Eonycteris
spelaea) in Singapore.”

The work presented here is the sole work of A.C.P. with the following exceptions:
JHJN, WN.C,RJ.HF., X.F.L,D.EA. LHM., and G.J.S. were responsible for the
maintenance and origination of the captive bat colony. G.K.R., C.W.P., R.Z.C. and
M.R.L. contributed bioinformatic scripts that were modified to perform analyses or
generate figures. K.A.B-L., L-F.W., T.H., K.G.F. and E.D.L. provided valuable guidance

for the analyses of these data and assisted with manuscript preparation.

ABSTRACT

Rousettus bat coronavirus GCCDC1 (RoBat-CoV GCCDC1) is a cross-family
recombinant coronavirus that has previously only been reported in wild-caught bats in
Yunnan, China. We report the persistence of a related strain in a captive colony of lesser
dawn bats captured in Singapore. Genomic evidence of the virus was detected using
targeted enrichment sequencing and further investigated using deeper, unbiased high
throughput sequencing. RoBat-CoV GCCDCI1 Singapore shared 96.52% similarity with

RoBat-CoV GCCDCI1 356 (NC _030886) at the nucleotide level and had a high
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prevalence in the captive bat colony. It was detected in five of six sampling time points
across the course of eighteen months. A partial segment 1 from an ancestral Pteropine
orthoreovirus makes up the recombinant portion of the virus, which shares high similarity
with previously reported RoBat-CoV GCCDCI strains that were detected in Yunnan,
China. RoBat-CoV GCCDCI is an intriguing, cross-family recombinant virus with a
geographical range that expands farther than was previously known. The discovery of
RoBat-CoV GCCDCI in Singapore indicates that this recombinant coronavirus exists in

a broad geographical range and can persist in bat colonies long-term.

INTRODUCTION

Human coronaviruses have been studied for just over half a century and are a
priority for research as a consequence of recent high-profile disease outbreaks (119; 173).
The first coronavirus detection from bats was reported in 2005 following increased
surveillance of wildlife in response to the SARS-CoV outbreak (148). Since then, 3,796
coronavirus variants have been detected in feces, swabs, tissue, blood, and urine of wild
collected bats from surveillance research spanning 58 countries (Database of Bat-
Associated Viruses as of November 2019) (25). Of the seven known human
coronaviruses (HCoVs), four are regarded to cause mild to limited disease and circulate
endemically: HCoV-NL63, HCoV-229E, HCoV-OC43 and HKU1 (31). Of the remaining
HCoVs, severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle Eastern
respiratory syndrome coronavirus (MERS-CoV) are WHO R&D Blueprint priority
pathogens that represent potential epidemic threats lacking effective on-hand
countermeasures (119; 174). The most recently discovered human coronavirus, SARS-
CoV-2, was first detected in December 2019, is known to cause mild to severe respiratory

125



disease in humans, and is most similar to a bat SARS-like CoV (111). SARS-CoV and
MERS-CoV are transmitted to humans through palm civets and camels, respectively,
where the terrestrial mammals act as amplifying intermediate hosts (97). Phylogenetic
reconstructions suggest that the putative ancestor of both viruses are both bat
coronaviruses (9(1). pii: E41.; 28; 110). Although members of the coronavirus genus
have been found to infect a wide diversity of animal hosts, alpha- and betacoronaviruses
are thought to have bat origins, whereas gamma- and deltacoronaviruses are thought to be
of avian origin (191; 193).

The viral family Coronavridae is so named due to the morphology of the virion,
which resembles a crown; thus, the name is derived from the Greek word for crown
(191). Coronavirus genomes undergo a high frequency of recombination, particularly in
the spike gene, which is responsible for viral entry into host cells (164). This potentially
leads to an increase in the capacity to infect a wider range of hosts and/or altered
virulence (164). Coronaviruses are enveloped positive-sense, single-stranded RNA
viruses with nonsegmented genomes approximately 30 kb in length (64). Subgenomic
RNA generated during viral replication increases the likelithood for homologous
recombination with coinfecting viruses by way of template switching, resulting in novel
variants (164). Recombination between caliciviruses and retroviruses, which belong to
different virus families but infect the same avian host, has been implicated in the
generation of novel avian and porcine circoviruses (35). Viral recombinants that emerge
from animal reservoirs may have the potential to infect a broader spectrum of

intermediate hosts or spill over into human populations. For this reason, recombination of
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potentially zoonotic viruses has been studied extensively with the intent to predict the
emergence of virulent, recombinant coronaviruses (164).

SARS-CoV, SARS-CoV-2, MERS-CoV and Rousettus bat coronavirus HKU9
(RoBat-CoV HKUY) are ancestrally related as bat-borne betacoronaviruses (111). RoBat-
CoV HKU9 was first reported in 2007 and is one of numerous betacoronaviruses
discovered during biosurveillance sampling in the wake of the SARS-CoV outbreak to
identify the animal source (195). In addition to hosting coronaviruses, bats are regarded
as the primary animal hosts of an exceptionally diverse level of viruses, including
paramyxoviruses (e.g. Nipah virus), filoviruses (e.g. Marburg virus) and orthoreoviruses
(4; 43; 69; 136). Orthoreoviruses are nonenveloped, viruses with ten genome segments
comprised of double-stranded RNA. Multiple fusogenic orthoreoviruses, defined by their
ability to cause cell syncytia, circulate in Southeast Asian bats and are known to cause
disease in humans (190). As animal reservoirs for diverse families of viruses, bats
represent a mammalian host in which co-infecting viruses potentially recombine. A cross-
family recombinant virus was discovered in a population of wild Leschenault’s rousette
(Rousettus leschenaultii) bats in 2016 in China (80). This virus, Rousettus bat
coronavirus GCCDCI1 (RoBat-CoV GCCDC1), possesses a partial segment 1 from
Pteropine orthoreovirus incorporated into the backbone of Rousettus bat coronavirus
HKU9 between the N and NS7a genes (195).

Following the discovery of RoBat-CoV GCCDCI in Leschenault’s rousette in
2016, in Yunnan, China, this virus was further detected in an lesser dawn bat (Eonycteris
spelaea) population known to co-roost with Leschenault’s rousette (114). It is thought

that the dense population of bat roosts and gregarious behavior contribute to the
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persistence of RoBat-CoV GCCDCI1 (135). In an analysis of viral families, coronaviruses
were found to have a level of topological distance from known hosts that suggests
frequent cross-species transmission among mammals and host switching (59). In this
study, we conducted longitudinal virome analysis of a wild-caught, captive colony of
lesser dawn bats in Singapore. We have previously reported the virome analysis of this
colony (Paskey et al. 2020 Virus Evolution), which was captured from a wild colony
known to host a lineage D betacoronavirus (122). Using a hybridization-based targeted
enrichment sequencing approach (140), we detected genomic evidence of RoBat-CoV
GCCDCIl in this colony of lesser dawn bats and then performed unbiased shotgun
sequencing. This is now the third report of this recombined coronavirus/orthoreovirus in
a bat host, and the first report of the persistence of this virus in bats beyond the
geographical region of Yunnan, China. The findings of this study are of significant
relevance to Asia-Pacific regional public health laboratories due to the implications for

disease prevention and control.

RESULTS
Prevalence of GCCDCI1 in the captive colony

RoBat-CoV GCCDCI1 was observed in 72 of 206 samples that were collected
from a captive colony of lesser dawn bats in 2016 and 2017 and characterized via
shotgun sequencing. The virus was detected in five of six sampling dates in head, body,
oral and rectal swabs (Table 9). Previous longitudinal studies that evaluated the
persistence of RoBat-CoV GCCDCI1 in wild bats in Yunnan province, China reported a

prevalence of 39.3% in 2014, 35.6% in 2015 (135), as well as another report of 5.26% in
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Table 9. Summary of prevalence of RoBat-CoV GCCDCI1 in swabs collected over the
course of 18 months.

Sampling date # Swabs # Swabs positive # Bats # Bats positive
sequenced | for GCCDCI (%) sampled for GCCDC1 (%)

April 2016 41 11 (26.8%) 18 8 (44.4%)
July 2016 28 4 (14.3%) 19 4 (21.1%)
October 2016 75 55 (73.3%) 20 20 (100%)
January 2017 14 1 (7.1%) 11 1(9.1%)
May 2017 21 0 (0%) 15 0 (0%)
September 2017 27 1 (3.7%) 13 1 (7.7%)
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2015 and 18.87% in 2016 (114). The average prevalence among sequenced swabs in this

study of captive bats was 38.1% in 2016 and 3.6% in 2017.

Comparison to previously discovered cross-family recombinant coronaviruses

The genome of RoBat-CoV GCCDCI includes a p10 gene from segment S1 of an
ancestral orthoreovirus inserted between the RoBat-CoV HKU9 nucleocapsid (N) and
NS7a genes (Figure 23A). The same transcription regulatory sequence (TRS) motif, 5°-
ACGAAC-3’, is shared between RoBat-CoV GCCDCI1 and RoBat-CoV HKU9, with the
identical alteration of one nucleotide to “TCGAAC’ in the intergenic TRS before the
envelope gene in both RoBat-CoV GCCDC1 and HKU9 (80; 195). Previously reported
RoBat-CoV GCCDCI sequences detected in China share a high identity (114). The
nucleotide similarity between the full genome detected in Singapore and RoBat-CoV
GCCDCI1 356 is 96.52%. We report notable similarity between strains despite host and
geographic differences. RoBat-CoV GCCDC1 was first detected in China where the
geographic range of E. spelaea and R. leschenaultii overlap (triangles, Figure 23B-C).

Next, we investigated viral genes that would reflect host adaptation or interspecies
codon usage bias (11; 165). Dinucleotide analysis of each gene and rho value calculation
was utilized to evaluate any host replication biases reflected among E. spelaea and R.
leschenaultii species. A dinucleotide bias among strains of RoBat-CoV GCCDCI1 has not
been previously investigated and we hypothesized that such a bias, if detected, may result
from circulation in distinct bat host species. Upon investigation, we detected no
significant difference in rho value or notable variation at the nucleotide level in the
reovirus-derived segment p10 (Figure 24). Furthermore, we detected a high level of
conservation for p10 at the amino acid level between E. spelaea (Singapore), E. spelaea
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Figure 23. RoBat-CoV GCCDCI Singapore is genetically similar to the strain detected in
China and its host is found in a wide geographic range. (A) The distribution of
orthoreovirus p10 gene across three strains of RoBat-CoV GCCDCI1: 346, 356
and Singapore, as well as a putative parental relative, RoBat-CoV HKU9-1.
Note the presence of the p10 gene insertion (dark pink) and NS7c¢ (purple) only
in the RoBat-CoV GCCDCI strains. The geographic distribution of (B) E.
spelaea and (C) R. leschenaultii across Southeast Asia, respectively (51).
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Figure 24. Dinucleotide usage analysis among RoBat-CoV GCCDCI strains. By two-way
ANOVA, the rho-difference for the spike gene is significantly different from all
other genes (alpha .05, p <.0001). It is not surprising that the spike gene is the
region with the greatest variation. This may indicate that while RoBat-CoV
GCCDCI1 356 and Singapore may be highly related, they function differently.
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(China) and R. leschenaultii RoBat-CoV GCCDCI1 (Figure 25). The p10 amino acid
sequence of the Singapore strain is 98.6% similar at the nucleotide level to previously
published strains 346 and 356, falling within the ‘Group A’ categorization of p10

sequences described by Obameso et al. (135).

Detection of the recombinant genome despite geographic and host differences

We did not detect the putative parental strain (RoBat-CoV HKU9) of this
recombinant in the sampled cohort of captive lesser dawn bats. We extrapolate from our
observations that the recombinant is circulating in wild lesser dawn bats and did not arise
as a recombinant in the captive colony because the backbone of RoBat-CoV GCCDCI1 is
distinct at the nucleotide level from RoBat-CoV HKU9. Moreover, the p10 segment is
genetically distinct from known orthoreoviruses. The phylogenetic analysis of the full
nucleotide sequence as compared to previously published references for strains of
GCCDCI and RoBat-CoV HKU?9 (Figure 26) illustrates the relatedness of RoBat-CoV
GCCDCI1 sequences. The paired reads and contigs that span both junctional regions of
p10 provides evidence that the sequence data represent a true recombinant virus.
Furthermore, we detected the shedding of RoBat-CoV GCCDC1 using both NextSeq500

and MiSeq platforms by shotgun and targeted enrichment sequencing, respectively.

DISCUSSION

The evolution of viruses of pandemic potential, such as bat-borne coronaviruses, is
significant to public health due to the risk of spillover. Viral recombination in host
reservoirs is a concern for public health, as these events can increase the potential for
spillover. Here, we report genomic evidence of the recombinant RoBat-CoV GCCDCI1 in

a population of lesser dawn bats in Singapore. Interestingly, this recombinant virus strain
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Figure 25. Multiple sequence alignment (MSA) of the amino acid sequence for p10 from
RoBat-CoV GCCDCI of the strain detected in this study and p10 sequences
reported from Yunnan province, China (80; 114; 135). The colored bars to the
right of the MSA indicate that the sequence was detected in R. leschenaultii
(dark blue) or E. spelaea (pink). Groups A (black) and B (grey) were previously
defined in the literature (135).
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KU762338 Rousettus bat coronavirus isolate GCCDC1 356 complete genome.

100

KU762337 Rousettus bat coronavirus isolate GCCDC1 346 partial genome.
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Figure 26. Phylogenetic analysis of RoBat-CoV GCCDCI1 Singapore strain as compared
to previously published references and related RoBat-CoV HKU9. Nucleotide-
level analysis was performed using full genome alignments and the maximum
likelihood method based on the General Time Reversible model in MEGA7
with 100 bootstrap replicates (94).
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exhibits genetic conservation as compared to strains initially detected in Ytnnan, China.
WTherefore, we have demonstrated that a cross-family recombinant coronavirus persists
in a captive colony of bats and is similar at the nucleotide level to previously discovered
strains, despite geographic and host differences. There is high similarity between RoBat-
CoV GCCDCI Singapore and previously reported strains by gene arrangement (Figure
23A), high conservation at the amino acid level within the p10 insertion (Figure 24), and
across the whole genome at the nucleotide level (Figure 25). One unusual element of the
backbone of RoBat-CoV GCCDCl is the presence of nonstructural protein-encoding
gene NS7c at the 3’ end of the genome.

This genome arrangement is most similar to that of deltacoronaviruses, which can
infect humans but are typically found in birds or pigs (192; 194). The betacoronavirus
related to HKU9-1 is found in bats and does not possess NS7c¢ (102). Taken together, it is
possible that RoBat-CoV GCCDCl1 is the product of two or more historical
recombination events.

The virus was detected less frequently in the second year of the longitudinal
study. It is unclear if prevalence of RoBat-CoV GCCDCI1 was impacted during the first
year of the study by unknown confounding factors. We hypothesize that RoBat-CoV
GCCDCI was able to persist in this lesser dawn bat colony but, with no immigration or
emigration, it was not continually shed at levels that were detectable by our methods.
This work indicates the ability for the virus to persist long-term within a captive colony
of lesser dawn bats. It is important to note that this study evaluated the population
persistence of RoBat-CoV GCCDCI in a captive colony, which is unique from previous

longitudinal reports in wild-caught bats that are exposed to variables such as weather
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changes or the ability to exchange genetic viral variants via dispersal and migration. The
geographic distance and genetic similarity between strains provide insight to the
possibility that this strain likely exists in the geographical region between Yunnan
province and Singapore. Additionally, unbiased biosurveillance assays could detect other,
yet-to-be-discovered cross-family recombinants.

Evidence of coronavirus infection has been detected in 198 bat species by a
variety of methods such as conventional PCR, quantitative PCR, serology, and HTS (25).
Coronaviruses are of high priority for biosurveillance due to their propensity to evolve
quickly, prior history of zoonotic spillover, and subsequent high mortality rates in
humans (164). Surveillance for coronaviruses of pandemic potential often targets the
polymerase gene by screening noninvasive samples via PCR assays. Inmunoassays are
also invaluable in detecting previous exposure of viruses of zoonotic potential in
reservoirs but they do not provide information with regard to current virus infection
(145). One shortcoming of these approaches is the inherent bias toward known viruses,
specifically highly conserved genomic regions, which can be circumvented with HTS.
Progenitor coronavirus strains related to SARS-CoV or SARS-CoV-2 may exist in a
cohort of diverse viral variants in reservoirs (120) and this depth of information can be
discovered via an unbiased approach like HTS. Genetic diversity of viruses within a
single host reservoir may permit frequent transmission to incidental hosts that becomes
problematic when a genetic variant capable of infecting the new host population spills
over (79). Given the propensity of coronaviruses to recombine, unbiased HTS, as used in
this study, provides insight to the diversity of coronavirus genomes circulating in bat

reservoirs.
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A continuation of sampling from Leschenault’s rousette and lesser dawn bat
colonies in other geographic regions could reveal deeper insight into the circulation of
RoBat-CoV GCCDCI1 variants in wild bats. These bats inhabit regions between
Singapore and Yunnan province, China and may also carry RoBat-CoV GCCDC1 based
upon similarities in viruses detected among groups of the same species. For example,
recent serological biosurveillance of lesser dawn bat populations in Singapore and
Northeast India demonstrated that both populations had similar exposure to Asiatic
filoviruses (42; 98). The geographic range of the lesser dawn bat extends across
Southeast Asia and it is unknown whether these populations are panmictic. As RoBat-
CoV GCCDCI continues to circulate in co-roosting populations of multiple bat species,
the spike gene will be under pressure as demonstrated in Figure 24. While the cellular
receptor for RoBat-CoV GCCDC1 and HKU9 is unknown, surveillance for adaptation
and mutation of the spike gene should be performed to estimate risk of tropism for
receptors found in intermediate amplifying hosts or humans.

Coronaviruses may emerge following random mutations permissive to infection
of intermediate amplifying hosts and/or recombination events that result in a large pool of
variants that could infect humans, potentially without an intermediate host (120). Due to
the knowledge gap with regard to the circulation of recombinant viruses, an
understanding of the prevalence of unique, recombinant viruses will provide an
advantage to predict the innate features of a virus with greater propensity for spillover.
RoBat-CoV GCCDCI is an intriguing, cross-family recombinant virus with a

geographical range that expands farther than was previously known.
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METHODS
Bat colony structure and sampling strategy

Sampling was previously described in Chapter Three. In summary, bats were
housed in stainless steel mesh cages with ample room for roosting and swabs were
collected quarterly for health screening purposes. Head, body, oral and rectal swabs
were obtained using polyester tipped swabs and stored in 2 ml screw cap micro tubes
(Sarstedt, Germany) containing 500 pl viral transport media (VTM, 10% Bovine Serum

Albumin, 20% Antibiotics-Antimycotic in milli-Q water) at -80°C.

Nucleic acid extraction and sequencing

Extraction and sequencing methods were previously described in Chapter Three.
In summary, RNA was extracted from head, body, oral and rectal swabs of each bat
using a QIAGEN RNeasy Kit with on-column DNase digestion (Qiagen; Valencia, CA).
RNA was eluted twice with RNase-free water. A maximum of 18 pl of the extract was
used as input to prepare RNA TruSeq libraries. Conventional HTS (shotgun) libraries
were multiplexed for sequencing on the NextSeq500 platform using v2 chemistry with
2x150 bp read lengths. Post-library enrichment probe targets and preparation methods
were previously described by Paskey et al; samples were probed in pools of 12 and
multiplexed for sequencing on the MiSeq platform using v3 chemistry with 2x300 bp

read lengths (140).

Bioinformatic analyses
Rousettus bat coronavirus GCCDC1 was first detected in target-enrichment
samples by read-mapping to Rousettus bat coronavirus isolate GCCDC1 356

(NC _030886) using CLC Genomics Workbench V11 (QIAGEN Bioinformatics;
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Redwood City, CA). Further analysis for prevalence of the related strain was performed
using shotgun data mapped using bbsplit with parameter adjustment of minid = .75 (19).
Results were filtered to require both forward and reverse reads covering more than 100
bases. Multiple sequence alignments, as well as variant analysis of contigs and reads
were performed with CLC Genomics Workbench V11 (QIAGEN Bioinformatics;
Redwood City, CA). Dinucleotide variation was evaluated by calculating Rho using

seqinr package for R (24; 167).

Phylogenetic analysis

Molecular phylogenetic analysis was performed with 100 bootstrap replicates
using the Maximum Likelihood method based on the General Time Reversible model in
MEGAT7 (94). The tree with the highest log likelihood (-74447.85) is shown. The
analysis involved 4 nucleotide sequences: the genome sequence generated from this
study (RoBat-CoV GCCDCI Singapore), GCCDC1 356 (KU762338), GCCDC1 346
(KU762337) and HKU9-1 (NC_009021). All positions containing gaps and missing data

were eliminated. There were a total of 28,712 positions in the final dataset.

Geographic range of bats

Rousettus leschenaultii and Eonycteris spelaea range data was obtained in
shapefiles format from the International Union for Conservation of Nature and Natural

Resources (ICUN) (51). Ranges were mapped using ‘tmap’ in R (167; 168).
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VERTEBRATE ANIMAL CARE AND SAFETY

All bats were housed and handled by Duke-National University of Singapore
Medical School animal facilities. Trained laboratory personnel provided daily care for the
animals according to the guidelines agreed upon by Duke-NUS Institutional Animal Care
and Use Committee (2015/SHS/1088) and the Agri-Food and Veterinary Authority of

Singapore. All samples were noninvasive.
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CHAPTER 5: Relatives of rubella virus in diverse mammals portend
challenges for global rubella eradication
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ABSTRACT

We describe the first known close relatives of rubella virus (Matonaviridae:
Rubivirus) in apparently healthy cyclops leaf-nosed bats (Hipposideros cyclops)in
Uganda (ruhugu virus), in an acutely encephalitic donkey (Equus asinus), and in a
Bennett’s tree-kangaroo (Dendrolagus bennettianus) in a German zoo (rustrela virus).
Ruhugu and rustrela viruses share identical genomic architecture with rubella virus and
are near phylogenetic outgroups to all known human rubella genotypes. Surprisingly, an
important neutralizing epitope of rubella virus’s primary antigenic protein E1 is almost
completely conserved in the homologous ruhugu virus E1 protein, suggesting serological
cross-reactivity between the two viruses. Furthermore, modeling of E1 homotrimers in
the post-fusion state predicts similar membrane fusion capacity for ruhugu virus and
rubella virus. These functionally relevant similarities, and the ability of rustrela virus to

infect both placental and marsupial mammals, raise concerns about ongoing global efforts
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to control and eliminate rubella. Such efforts may have to reassess the specificity of
diagnostic tests, consider monitoring bats and other wildlife for rubella and rubella-like
viruses, evaluate cross protection of rubella virus vaccines for novel members of the
Matonaviridae, and potentially vaccinate populations in “interface” environments where

zoonoses most often occur.

INTRODUCTION

Rubella, first described in 1814 (117) is an acute, contagious human infectious
disease typically characterized by rash, low-grade fever, adenopathy, and conjunctivitis
(99). Research during the 1940s to 1960s revealed that rubella (at the time also referred to
as “German measles”) contracted during the first-trimester of pregnancy is directly
associated with severe congenital birth defects, miscarriage, and stillbirth. Rubella virus
(RuV), currently the sole member of the riboviriad family Matonaviridae (genus
Rubivirus), s the etiologic agent of rubella and causes fetal pathology after transplacental
transmission. Extensive rubella epidemics have occurred worldwide due to the high
transmissibility of RuV (R0 = 3.5-7.8)(48). Safe, efficacious, live-attenuated RuV
vaccines, including the measles/mumps/rubella (MMR) vaccine, are now deployed
worldwide and have successfully decreased global rubella incidence. However, ~100,000
cases of congenital rubella syndrome still occur annually (99) and RuV can persist in the
human body for years (41). Furthermore, RuV infection of adults is generally
underreported, as 30—-50% of adult cases are subclinical (66). High priority areas for
rubella vaccination include countries in Sub-Saharan Africa, where rubella virus
circulates widely and primarily infects young children. RuV eradication is considered

rapidly achievable because of the effectiveness of available vaccines and the lack of
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known animal reservoirs.

RESULTS AND DISCUSSION

Here we report the discovery of ruhugu virus (RuhV) and rustrela virus (RusV),
the first close relatives of RuV. RuhV was found in oral swabs of 50% of apparently
healthy cyclops leaf-nosed bats (Hipposideridae: Hipposideros cyclops Temminck, 1853)
inhabiting tree roosts (hollow cavities in trees) in Kibale National Park, western Uganda.
RusV was found in tissues from an encephalitic donkey (Equus asinus Linnaeus, 1758)
and a tree-kangaroo (Dendrolagus bennettianus de Vis, 1886) in a zoo in Germany
(Figure 27). Infected bats in Uganda all appeared healthy at the time of sampling, but the
zoo animals in Germany had died or were humanely euthanized after rapid onset of

unresponsiveness, convulsions, and other severe neurologic signs.

In Uganda, bat roosts ranged in size from 1-8 bats, and all bats in 5 roosts were
captured and sampled. Using molecular and metagenomic methods, RuhV RNA was
detected in 5/9 (55.6%) males and 5/11 (45.5%) females in 4 of 5 (80%) of roosts
(prevalence 50%; 95% CI 29.9-70.1%). This high prevalence and frequency of positive
roosts suggest that apparently healthy cyclops leaf-nosed bats are reservoir hosts, rather
than incidental hosts, of RuhV. In Germany, both the donkey and the Bennett’s tree-
kangaroo were submitted for pathology and diagnostic testing after succumbing to severe
neurologic disease, and histopathological analysis revealed a non-purulent

meningoencephalitis in both animals.

Using molecular and metagenomic methods, the presence of RusV was confirmed
in brain samples of both animals and in the liver of the donkey (Data Table 11). The acute

and severe nature of RusV infection in these two very different animals at the same
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Figure 27. Geographic locations of rubiviruses and their hosts. a) Summary map of

estimated cyclops leaf-nosed bat distribution in Africa (red) and Uganda (blue
box). b) Male cyclops leaf-nosed bat in Kibale National Park, Uganda (photo
credit: Caley Johnson). c¢) Location of bat sample collection and discovery of
ruhugu virus (Kibale National Park, Uganda, green). d) Location of zoo animals
and discovery of rustrela virus in Germany (southern Baltic Sea region, green
star).
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location suggests that they were not natural hosts, but rather spill-over hosts, of RusV.

The genome organizations of RuV, RuhV and RusV are identical (Figure 28a),
consisting of two large open frames (ORFs). In RuV, the longer (5') of the two ORFs
encodes nsPP/p200, a nonstructural polyprotein that is post-translationally cleaved into
two proteins, p150 (methyltransferase and protease) and p90 (helicase and RNA-directed
RNA polymerase). RuhV nsPP/p200 is 6,146 nt long and shares 56.6% nucleotide and
58.6% amino acid identity with RuV nsPP/p200. RusV nsPP/p200 is 6,158 nt long and
shares 52.5% nucleotide and 45.2% amino acid identity with RuV nsPP/p200. InRuV,
the smaller (3") of the two ORFs is transcribed as a subgenomic RNA that encodes sPP,
the structural polyprotein. RuV sPP is processed into 3 structural proteins: CP (capsid
protein) and E1 and E2, the two envelope proteins (2). RuhV sPP is 3,296 nt long and
shares 53.8% nucleotide and 51.5% amino acid identity with RuV sPP, whereas RusV
sPP is 3,129 nt long and shares 52.5% nucleotide and 40.1% amino acid identity with
RuV sPP. Genetic similarities among the viruses vary across the sequences of endpoint
protein products and are generally lowest in a hyper-conserved region within the Y

domain of P150 (Table 10, Figure 28).

RuhV (named for Ruteete Subcounty, Uganda, and the Tooro word for
insectivorous bat, obuhuguhugu) is an outgroup to all known RuV genotypes (Figure
29b). RusV (named for its rubivirus-like genome and the Strela Sound of the Baltic Seain
Germany) is a close outgroup to the RuV/RuhV clade of viruses (Figure 29b). This
topology is consistent with the higher similarity of RuhV to RuV in each of the five
mature peptides of the protein-coding viral genome (Extended Data Table 1, Figure 29).

A phylogeny including outgroups from other viral families (Figure 30) shows that the
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Table 10. Genetic similarities among ruhugu, rustrela and rubella viruses

Nucleotide position (5'-3')

Amino acid residues

Amino acid identity (%)

GC content (%)

Genome feature RuhV RusV
Complete genome 1-9622 1-9755
Non-structural polyprotein ~ 44—6190 59-6217
p150 protease 44-3751 59-3775
p90 replication complex 3752-6190 37766217

Structural polyprotein® 6266-9562 ~6542-9672

Capsid protein® 6266-7216 =~6542-7269
E2 envelope protein 7217-8101  7270-8211
E1 envelope protein 8102-9562 82129672

RuhV

N/A

2049

1236

813

1099

317

295

487

RusV

N/A

2053

1239

813

1042

242

314

487

RuhV?

56.2

58.6

48.2

75.7

51.5

52.5

43.2

55.8

RusV?

43.0

45.2

333

65.5

40.1

394

26.4

50.9

RuhV—-RusV

36.9

46.6

34.4

66.4

20.0

20.6

19.1

20.2

RuhV RusV RuV?®

62.1

61.1

61.4

60.8

64.3

60.3

67.1

65.5

70.4

70.1

72.0

67.7

71.5

75.1

72.2

69.2

69.6

70.0

71.4

67.8

69.4

73.1

71.0

66.3

8Ruhugu and rustrela virus amino acid identities compared to rubella virus strain F-Therien (RefSeq accession numberNC_001545).

DGC content for rubella virus strain F-Therien (RefSeq accession number NC_001545).

CThe rustrela virus genome contains two gaps: p150 =413 nt and capsid=102 nt.
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Figure 28. Average substitution rates at non-synonymous (dN; dashed lines) and
synonymous (dS; grey lines) sites, and the ratio of dN/dS (solid lines), for
aligned, concatenated amino acid sequences comparing RuV and RuhV (a),
RuV and RusV (b) and RuhV and RusV (c) using sliding window analysis (100
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Amino acid position
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matonavirids are only distantly related to viruses of any other family, and that no

congenerics of RuV have previously been identified.

El, a receptor-binding, class II fusion protein (44), is the primary RuV antigen
Elcontains a well-characterized, immune-reactive region (amino acid residue positions
202-283) that includes dominant linear B- and T-cell epitopes (Figure 31a) An important
neutralizing epitope maps to amino acid positions 223—-239 of this region at E1 disulfide
bond 8 (DB8). In humans, antibodies to the DBS8 epitope appear to protect against
congenital rubella syndrome following intrauterine infection (44; 149), whereas a lack of
antibodies to this epitope in newborns is associated with congenital rubella syndrome,
which can lead to persistent RuV infection for up to 13 months (27). The mechanism of
neutralization appears to involve blocking of E1 trimerization, which is necessary for
virion fusion with the host cell plasma membrane. Surprisingly, the RuhV DBS epitope
differs from that of RuV by only 1 amino acid residue (R237Q) near the C-terminus of
the 17-residue linear epitope (Figure 31a), despite greater amino acid-level divergence
across E1 (Figure 31b). By contrast, RusV differs from RuV at 5 amino acid residues

within the same region (Figure 31a).

The modeled secondary structures of trimeric RuhV and RusV E1 are
homologous to RuV E1 with 100% confidence, and homology-based modeling of
RuhVE]1 quaternary structure predicts with high confidence that RuhV and RusV El
proteins form homotrimers in the post-fusion state (44) (Figure 31c and 31d). RuhV E1
fusion loops (FL1:residues 87-92; FL2: residues 130—136) are predicted to support the
unusual metal ioncomplex necessary for El-mediated RuV membrane fusion due to

presence of Asn 87and Asp 135 (homologous to RuV Asn 88 and Asp 136, respectively,
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Figure 31c . By contrast, FL2 of RusV is predicted to be less similar to RuV, due to two
amino acid replacements, P134A and T135A, the latter being a transition from a polar to
anon-polar residue (Figure 31d). Across the RuV, RuhV, and RusV genomes, regions of
markedly stabilizing selection are evident immediately upstream of the putative
methyltransferase domain of P150, in the RdRp domain of P90, and proximal to the

aforementioned DBS epitope of Elfor RuhV and RuV (Figure 29).

Whether RuhV infects animals other than cyclops leaf-nosed bats remains
unknown. However, the discovery of RusV in an acutely ill donkey and Bennett’s tree-
kangaroo indicates that rubella-like viruses can infect animals as divergent as placental
and marsupial mammals. This observation also suggests that RusV in these hosts was
likely transmitted from an animal of another species, which, given the likely bat reservoir
host of RuhV, may be a bat or another small mammal. An important step in determining
the potential risk that RuhV, RusV and related viruses might pose to global rubella
eradication efforts will be to assess their ability to infect humans, bats, and non-
chiropteran animals. If rubiviruses capable of zoonotic transmission exist, such viruses
could conceivably fill the niche left empty after RuV eradication in humans. Surveys of

cyclops leaf-nosed bats and other mammals for rubiviruses are therefore exigent.

Cyclops leaf-nosed bats are insectivorous microbats primarily found in lowland
rainforests from Senegal to Tanzania, but they also inhabit coastal, montane, and swamp
forests and disturbed and agricultural landscapes where they could contact people (Figure
27). Surveys of these forest-dwelling bats would not be trivial because of their wide
geographic range, spatially distributed populations, and small roost sizes. Moreover, the

near identity of the RuV and RuhV DBS epitope suggests that serologic methods to
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Figure 31. Comparisons of the rubella, ruhugu, and rustrela viruses E1 envelope
glycoproteins. a) Amino acid alignment of an 85 amino acid residue-long
immunoreactive region of E1 for RuhV, RusV, and 13 RuV genotypes. b)
Maximum likelihood phylogeny of complete RuhV and RusV E1 amino acid
sequences with representatives of all RuV genotypes, rooted based on the
position of outgroup taxa. Numbers beside nodes represent bootstrap values
(%); only values > 50% are shown. The scale bar indicates amino acid
substitutions per site. ¢) Homology-based model of RuhV E1 homotrimer
quaternary structure in post-fusion state (with inset, top-down view of fusion
surface). Global model quality estimates (QMEAN) indicates a good model fit
for the structure as a whole relative to the crystal structure of the RuV El in
post-fusion form (Protein Data Bank biological assembly 4adg.1). Local
structural similarity between RuV and RuhV (estimated as QMEAN) is depicted
by color, ranging from orange (low) to blue (high). d) Homology-based model
of RusV E1 homotrimer quaternary structure in post-fusion state, as described
above for RuhV. Key differences are seen in the modeled fusion loops (FLI,
FL2): RuhV FLI1 and FL2 are highly similar to those of RuV, whereas RusV
FL2 residues differ considerably from those of RuV FL2.
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diagnose rubivirus infection may prove non-specific in bats and other animals, including
humans. Implicating RuhV as a zoonotic agent is currently speculative, but since bats are
now widely recognized as hosts to many zoonotic viruses, we advise that this scenario
ought not to be dismissed. The ability of RusV to infect both placental and marsupial
mammals and to cause clinical disease resembling severe forms of rubella in humans (14;
56) reinforces such a precautionary stance. The World Health Organization’s (WHO’s)
Global Measles and Rubella Strategic Plan aims to control or eliminate rubella and

congenital rubella syndrome in 5/6 WHO regions by 2020 (65).

For this effort to succeed, accurate data on the host range and epidemiology of
RuV, RuhV, RusV, and other as-yet undiscovered rubiviruses is paramount. Molecular
and serologic tests that accurately distinguish RuV from its relatives may therefore be
necessary. The discoveries of RuhV and RusV strongly suggest that other relatives of
RuV exist in bats or other reservoir hosts and are able to infect mammals across wide
taxonomic distances. Thus, our findings portend challenges for rubella eradication but

also open doors to comparative studies of RuV that were heretofore not possible.

METHODS
Animal sampling and pathology

In Uganda, cyclops leaf-nosed bats were captured and released in Kibale National
Park in June and July of 2017. Kibale is a 795-km? mid-altitude semideciduous forest
park (0°13'-0°41"N, 30°19'-30°31"E) within the Albertine Rift, which is a region of
exceptional biodiversity (Figure 28c). Bats were caught in mist nets (Avinet Portland,
ME, USA) set in their flight path as they exited tree roosts at dusk and were kept in cloth

bags until processing. Oral swabs were collected from each bat using sterile rayon-
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polyester-tipped swabs and preserved in 500 ul of TRI Reagent (Zymo Research, Irvine,
CA, USA). Swabs were frozen at -20 °C within 3 h of sample collection and transported
on ice for storage at -80 °C prior to further analyses. Animal collection and handling
protocols were approved by the Uganda Wildlife Authority, the Uganda National Council
for Science and Technology, and the University of Wisconsin-Madison Animal Care and
Use Committee. Samples were shipped in accordance with international law and imported
under PHS permit number 2017-07-103 issued by the US Centers for Disease Control and

Prevention, Atlanta, GA, USA.

In Germany, a Bennett’s tree-kangaroo and a donkey were submitted for general
diagnostics and pathology in July 2018 and March 2019, respectively, after presenting
with acute and severe neurologic signs. Both animals lived in the same small zoo close to
the Baltic Sea coast in the northeast of Germany (Figure 27d). Histopathological analysis
revealed a non-purulent meningoencephalitis in both animals and diffuse fatty liver cell
degeneration and hemosiderosis in the donkey. Standard diagnostics, including exclusion
diagnostics (e.g. for rabies virus, bornaviruses, West Nile virus, herpesviruses, Listeria,
Salmonella or Toxoplasma) did not detect any specific viral, bacterial, or protozoan

pathogens.

Metagenomic, molecular and bioinformatic analyses

RNA was purified from bat oral swabs using the Direct-zol RNA MicroPrep kit
(Zymo Research, Irvine, CA, USA). lllumina RNA TruSeq libraries were then prepared,
evaluated for quality, multiplexed, and sequenced with Illumina NextSeq 500 v2
chemistry and using 2x150-bp read lengths (Illumina, San Diego, CA, USA). After RuhV

was first identified using the VirusSeeker virus discovery pipeline (209), deeper
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sequencing of two individual bat swab libraries was performed on an Illumina MiSeq
sequencer using v3 chemistry and 2x300-bp read lengths. The cyclops leaf-nosed bat
genome was removed in silico by mapping reads to assembly PVLB01000001 using
bbmap (19) and discarding mapped reads. De novo assembly was then performed using
MetaSPAdes following quality control and removal of non-viral reads using fastqc,
bbmap, and bbduk (6; 19), reads were mapped back to contigs for validation, and
sequenced relatives were determined by DIAMOND using the BlastX algorithm (3; 18).
Results were visualized using MEGAN 6 (81). Detailed analyses of contigs and reads
were performed with CLC Genomics Workbench V12 (QIAGEN Bioinformatics;

Redwood City, CA).

Bennett’s tree-kangaroo and donkey tissues were processed using published
methods for metagenomic pathogen detection (199). Briefly, tissues were first disrupted
using the Covaris cryoPREP system (Covaris, Woburn, MA, USA) and subsequently
lysed in buffer AL (Qiagen, Hilden, Germany), followed by addition of TRIzol Reagent
(Life Technologies, Darmstadt, Germany). After centrifugation, the aqueous phase was
then transferred to RNeasy Mini Kit columns (Qiagen, Hilden, Germany) and processed
according to the manufacturer’s instructions. Total RNA from the cerebrum of the donkey
and the Bennett’s tree-kangaroo was used for library preparation (199) and sequencing on
an lon Torrent SSXL instrument with a 530 chip (Thermo Fischer Scientific, Waltham,
MA, USA). Subsequently, the RIEMS software pipeline (157) wasused for initial

taxonomic assignment of reads.

After RusV was identified in the donkey using the methods described above,

deeper sequencing was performed on the Ion Torrent SSXL and an Illumina MiSeq. The
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donkey genome was removed in silico by mapping reads to assembly ASM130575v1
using BWA (107), and unmapped reads were filtered and retained. Read data quality
trimming, adapter removal, and quality control were performed using the 454 software
suite (v3.0; Roche) and FastQC (6). De novo assembly was performed using SPAdes

(132).

RusV-specific contigs were then identified by DIAMOND using the BlastX
algorithm (3; 18) followed by an iterative mapping and assembly approach using the 454
software suite (v3.0; Roche), SPAdes, and Bowtie2 (101) for contig extension and
verification. Results were visualized using Geneious (v11.1.5, Biomatters Ltd, Auckland,
New Zealand). ORFs were identified by ORF Finder (implemented in Geneious).
Conserved elements were identified by translated amino acid sequence alignment to RuV
genomes using MUSCLE and subsequent annotation of p150, p90, and E1. The 5’end of
E2 was identified by similar hydrophobicity and sequence pattern of the E2 signal peptide
of RuV (77) located at the C terminus of CP using ProtScale (179) (window size: 3;

relative weight for window edges:100 %; weight variation model: linear).

The presence of RusV was confirmed in formalin-fixed paraffin-embedded
(FFPE) brain tissue samples from both the donkey and the Bennett’s tree-kangaroo, and
in the liver of the donkey, using an original RT-qPCR (Table 11). Total RNA from FFPE
tissues was extracted using a combination of the Covaris truXTRAC FFPE total NA Kit
and the Agentcourt RNAdvance Tissue Kit (Beckman Coulter, Indianapolis, IN, USA).
RT-qPCR was then performed using the SensiFAST Probe No-ROX One-Step Kit
(Bioline, Luckenwalde, Germany) with forward-primer (1063—1082,

CGAGCGTGTCTACAAGTTCA), reverse-primer (12101228,
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GACCATGATGTTGGCGAGG), and 5" nuclease probe (11521171, FAM-
CCGAGGAGGACGCCCTGTGC-BHQ-1) on a Bio-Rad CFX96 qPCR Instrument (Bio-
Rad, Hercules, CA, USA). Primer and probe specificity were verified by BLASTN36 in
silico analyses and Sanger sequencing (Eurofins Genomics Germany GmbH, Ebersberg,

Germany). B-actin was used as an internal inhibition control.

Phylogenetic analyses and protein functional domain predictions

Phylogenetic trees of aligned amino acid sequences were inferred using [Q-TREE
software (v. 1.6.12) (131), with automated model selection (JTTDCMut+F+R3) and

250,000-500,000 ultrafast bootstrap replicates (76).

RuhV and RusV protein functional domain prediction and annotation were
performed using the InterPro webserver , and the confidence of E1 structural homology
was estimated using Phyre2 (89). Homology modeling of the quaternary structure of the
post-fusion E1 homotrimer (Figures 31c and 31d) was performed using the SWISS-
MODEL (184) workspace with model view by PV (15) and residue color corresponding
to QMEAN score (12), with 53 c-terminal residues of E1 (representing the stem and
transmembrane segment of the E1 linear peptide) removed prior to homotrimer modeling
(91). Patterns of selection across the RuV, RuhV, and RusV genomes were examined

using SNAP 2.1.1 (44).
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Table 11. Rustrela virus distribution in animal tissues assessed by RT-qPCR

Ct value
Source Rustrela virus J3-Actin
Donkey
Cerebrum (I)? 22.9 20.5
Cerebrum (II)° 29.2 23.7
Cerebrum (I1I)° 29.5 23.8
Brain stem® 30.5 25.6
Cerebellum® 30.6 24.9
Medulla oblongata® 33.9 29.1
Liver (I)* 359 21.7
Liver (II)° - 27.5
Kidney® - 23.2
Small intestine® - 22.6
Bennett’s tree-kangoroo
Cerebrum?® 30.2 31.1
Organ pool (I)* 35.5 28.7
Organ pool (II)* - 30.8

Aunfixed tissues

bformalin-fixed paraffin-embedded tissues
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CHAPTER 6: Discussion

DISSERTATION SUMMARY

The goal of the work described in this thesis was to examine viral persistence in bat
populations and, ultimately, inform ongoing biosurveillance efforts by utilizing a whole genome
sequencing approach for pathogens of public health concern. Chapter Two discussed the
validation of a hybridization-based target enrichment technique for viruses of biosurveillance
concern using contrived samples. In Chapter Three, this target enrichment approach was applied
side-by-side with unbiased sequencing in a longitudinal study that characterized the virome of a
captive colony of lesser dawn bats that roost in Singapore. In Chapter Four, we identified a
cross-family recombinant virus named Rousettus bat coronavirus GCCDC1, which was detected
in the captive megabat colony. In Chapter Five, we reported the discovery of two novel rubella-
like viruses. These contributions are evidence of the power of genomics and computational

biology for biosurveillance and discovery of new viruses.

WET LAB AND COMPUTATIONAL METHODS DEVELOPMENT

Our research questions required us to perform methods development in the wet lab and
for bioinformatics analysis. In an effort to minimize the large amount of bacterial and host
“noise” that drowns out viral reads in metagenomic samples, we needed to optimize a
hybridization-based target enrichment technique to suit the needs for this project and typical
biosurveillance samples. We also needed to develop a new pipeline to efficiently and reliably
identify divergent viral sequences amidst millions of reads per individual sample. To address our
hypothesis of long-term persistence versus a decline in viral abundance over time, we found it
necessary to develop a normalization technique that could be broadly applicable to metagenomic

studies.
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Hybridization-based target enrichment enhances viral detection

Through a collaboration with Illumina, a panel of biosurveillance-related probes was
developed to complement existing panels designed to detect respiratory viruses and filoviruses
(Chapter Two, Table 3). The probe sets were tested using bat guano or serum samples spiked
with several known strains of viruses. Once the performance of the probe set was validated in a
controlled set of samples, environmental samples (bat swabs) were tested. Results from shotgun
and target-enrichment preparation were compared to evaluate the performance of the enrichment
method in this sample type. We chose to evaluate enrichment by comparing the depth and
breadth of coverage of viruses only detected in both sets for fair comparison, although we did not
have a “ground truth” because the samples were environmental unknowns. We concluded that
probe-based targeted enrichment is highly effective for targeted viral nucleic acid with a
tolerance as low as 70% nucleotide identity (140). However, this approach may not be
appropriate when the viruses in a sample are largely unknown. For example, in swabs collected
from the understudied species E. spelaea, many of the detected viruses were previously unknown
and significantly divergent from targeted genomes. Therefore, unbiased shotgun sequencing data
was crucial for the comprehensive characterization of the bat virome. A future direction for this
approach could be to expand the breadth of targeted viruses in the probe set to include genomes

of newly discovered filoviruses and bat-associated viruses.

Development of a pipeline for data analysis

To execute bioinformatic data analysis following a massive sampling and sequencing
effort, our team developed an efficient, modular pipeline that could use cluster computing to
handle massive amounts of data generated by Illumina’s NextSeq500 platform. Our goal was to

automate quality control, including trimming and host sequence removal, for hundreds of
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samples while enabling manual analysis of results for individual samples. To achieve this goal,
previously published and publicly available tools were combined in a modular format with in-
house scripts. The pipeline utilized FastQC for quality evaluation, bbmap for host removal,
clumpify and seqtk for duplicate sequence removal, bbduk for quality trimming, metaSPAdes for
de novo assembly of trimmed reads, Meta-QUAST Paired End for assembly validation, bbmap to
map trimmed reads to the contig assembly, and Diamond for blastX to determine similarity to
known viruses (1; 6; 19; 132). MEGANG6 was used to visualize results, and CLC Workbench v11
was used to manually analyze data (81). An outline of the resultant pipeline is illustrated in
Figure 32A; this pipeline is currently referred to as MetaDetector. This approach is modular and
parameters for quality control or assembly can be modified to suit the input data. MetaDetector
has since been adopted for use in projects beyond bat virome characterization in the Genomics &
Bioinformatics department. This approach has also been reconstructed by our collaborators for
the discovery of Rustrela virus. As an orthogonal validation for taxonomic classifications that
were determined using our in-house pipeline, a newly published and publicly available discovery
pipeline, VirusSeeker, was used to query all samples (209).

The VirusSeeker-Discovery pipeline was published in 2017 and was used to make
taxonomic classifications of viruses in Chapters 3-5. As shown in Figure 32B, the pipeline
trims raw sequences for quality and determines unique, unmapped reads by Cluster Database
at High Identity with Tolerance (CD-HIT (57)). Reads are then assembled into contigs, if
possible. Resultant contigs and outliers are again simplified by CD-HIT, then filtered for
quality before analysis with BLAST from VS-Virome. The output of VirusSeeker was used
for a variety of analyses, including determination of the family or genus of viral sequences,

length of genomic segments, and homologs of encoded proteins. The novel feature of
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VirusSeeker is the use of paired-end reads in a stitching script to join reads together to
enhance sensitivity for the detection of highly divergent viruses (53). The advantage of
joining two reads together to create longer reads may seem obvious; however, this is a method
rarely used in popular bioinformatic pipelines. The original use of VirusSeeker in our
department was for this project in an attempt to analyze the massive dataset produced by a
NextSeq500 sequencing run on our cluster. This pipeline has been so informative for viral
discovery and virome characterization that it has been adopted for routine use in our
department and we have trained visiting scientists how to use it. We generated scripts that
transfer output from VirusSeeker to make it more quantitative in nature for the purpose of
downstream analyses. These scripts were developed before MetaDetector and we provide the
scripts to subordinate labs that we train.

The use of orthogonal bioinformatic methods provided more confidence to our
taxonomic assignments as we sought the most comprehensive solution to dealing with the
large amount of data. These methods were used to analyze data from the longitudinal bat
study (Chapter 2) and in the discovery of Ruhugu virus (Chapter 5). Limitations of
VirusSeeker’s assembler and binning approach result in fewer classified reads; however, the
results, while underestimated, seldom contained false classifications. While neither method is
perfect, the ability to compare VirusSeeker results to classified contigs assembled by
MetaSPAdes is a solution that best utilizes the technologies available. In other words,
identification of viruses by both methods provided confidence in our results.

In the case of novel viruses, taxonomic assignments followed a consistent pattern that
indicated a need for manual analysis, which is not unusual in our experience and is not

specific to viruses in bats; rather it is a function of virus divergence and database
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insufficiency. Results indicating multiple reads or contigs assigned to two or more closely-
related viral species generally indicated the presence of a novel species and were subsequently
combined after manual analysis. This thesis included understudied bats, lesser dawn bats and
cyclops roundleaf bats, for which much of the virome was previously unknown. As such,
there were numerous cases in which the results from VirusSeeker and our in-house pipeline

were combined for further analysis in CLC Workbench.

Development of a normalization technique

In Chapter 3, normalized viral abundance was utilized to make colony-level observations
of the captive colony of lesser dawn bats. A normalization technique was required for
comparison among individual bat swabs. While there is no standard, community-accepted
procedure for normalization across metagenomic samples, there has been considerable
discussion in the literature about best practices for identifying biases that could be introduced
during metagenomic analyses (62; 118). Normalization of individual taxa was performed using

the following formula:

# reads for one viral taxa in one sample
total # QC reads in that sample

x 1000

Normalized reads =
virus genome length (nt)

Results were filtered to exclude the possibility of sample carryover with a
minimum cutoff of one stitched read. We determined that this normalization and cutoff approach
was appropriate following evaluation of possible confounders and carryover among samples via
analysis of variance and unsupervised clustering; these methods revealed no trends among
potentially confounding elements. Unsupervised clustering was initially evaluated as a tool for
analysis but was abandoned for normalization in favor of a less esoteric approach - analysis of

variance. Virus genome length in nucleotides was selected for normalization to account for the
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Figure 32. Bioinformatic pipelines. Panel A shows the modular, in-house pipeline that was developed using publicly available tools.
Panel B shows the steps of VirusSeeker (209).
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wide variability in genome sizes present within a metagenomic sample (54). The value was
multiplied by 1000 to ease the processing burden in R, as the original normalized values were
too low to process using the desired tools. Our normalization approach required manual research
of virus genome length and, while time consuming, enabled a fair comparison among viruses
detected within the same sample. As the field of metagenomics continues to grow and generate
copious amounts of data, appropriate normalization approaches will be crucial for data analysis

and interpretation.

EXPLORATION OF THE LESSER DAWN BAT VIROME
RNA virome characterization

To investigate a previously unknown virome, this thesis work utilized an unbiased,
discovery-based approach. While computationally burdensome and requiring detailed manual
analysis, such an approach provides the opportunity to uncover previously unknown disease-
causing progenitor viruses in the wild prior to the occurrence of an outbreak. These approaches
are atypical because biosurveillance is usually biased toward previously-known viruses in
response to an outbreak of human disease. For example, the ancestral virus to human SARS-
CoV, bat SARS-CoV, was detected in bats through multiple stages of surveillance. The virus
was sequenced but not isolated from fecal samples, and genetically similar bat-borne viruses
have been sequenced and/or isolated since (110). By limiting viral discovery efforts to urgent
outbreak response or to surveillance for viral relatives of known human pathogens, we introduce
serious bias into research questions about viruses of pandemic potential. This limitation can be
somewhat alleviated by the use of unbiased methods.

Although it is important to survey wild bats to gain a better understanding of circulating

viruses, this type of study has limited ability to track individual bats or guarantee the evaluation
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of the same bats at later times. To our knowledge, our study is the first longitudinal study of
virome dynamics in a single captive colony of old world bats. We were able to normalize and
track viral abundance at the individual bat level and at the colony level over a period of eighteen
months, an advantage of a longitudinal study that is not afforded by snapshot studies in the wild.
Through the design of this study, in which variables such as migration were removed, we were
able to determine which viruses persisted within the colony by identifying viruses that became
undetectable over time and those that were detectable across four or more time points. However,
it is possible that viruses that became undetectable long-term were still replicating at levels
below the limit of detection for our assays.

Typical biosurveillance approaches focus on predicted intersections of viral transmission
(Figure 33), which include locations where synanthropic adaptation has occurred (i.e. bats
roosting in human dwellings or business fronts), cases of probable bat-human interaction (i.e. the
consumption of smoked bat meat or commercial bat guano farming), and indirect interaction
through intermediate amplifying hosts (i.e. masked palm civets or swine). The samples evaluated
in Chapters 3, 4 and 5 focused on a different intersection, inter-bat virus transmission, by
sampling from colonies of bats. This work reported novel findings in the following viruses of
interest for two species of bats: Astroviridae, Orthomyxoviridae, Picornaviridae,
Paramyxoviridae, Reoviridae, Coronaviridae (1esser dawn bats) and Matonaviridae (cyclops
roundleaf bats). By better understanding viruses that circulate among bats and by continuing to
share sequences across research institutions, we may provide advantages to future outbreak

investigators such as clues about potential near neighbors to future outbreak strains.
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Figure 33. Targets for biosurveillance. Typical biosurveillance begins with a clue from an
outbreak that is gathered by tracing contacts of infected cases. Beginning at the right of
the figure, using a marketplace as an example, this process usually works backward to
identify possible interactions between wildlife reservoirs and humans or intermediate
hosts. Cataloging viruses that persist in bat colonies could help responders to future
outbreaks determine where to direct response efforts as soon as the virus is detected. If
the host reservoir or intermediate host is quickly traceable, then public health
interventions can be executed more efficiently. Important viruses that were detected in
Singapore (lesser dawn bat) and have particular relevance to public health include
influenza A virus, novel bat filovirus, bat mumps paramyxovirus and Rousettus bat
coronavirus GCCDCI1. A rubella-like virus, Ruhugu virus, was discovered at the study
site in Uganda (cyclops round leaf bat).
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Persistent viruses in the captive bat colony

Given the observations documented in the longitudinal bat virome study, it is
reasonable to conclude that several zoonotic-related viruses are capable of long-term
persistence in bat colonies. While it is useful to know that these viruses persist, and to
consider the potential for cross-species transmission, it is critical to investigate the true
tropism of circulating bat viruses for other mammalian cells. As we generate more data
about viral evolution, and machine learning tools continue to be developed using accurate
and rich data, it may be possible in the future to extrapolate the spillover risk for newly
discovered viruses circulating in wild bats, given knowledge of the viral sequences.

While colony-level persistence was detected in viruses belonging to several
families, zoonotic agent-related viruses were detected sporadically at the individual bat-
level. This study utilized swabs from the exterior of the bat (head and body) to evaluate
the virus population. We observed that, while swabs of individual bats were not
sufficiently representative of colony-level infection, the combined data among each of the
four swab types was reflective of colony-level infection. It is possible that we did not
capture all persistent viruses due to the nature of our noninvasive sampling study design;
however, we hypothesize that the findings from external and shedder sites are of
particular relevance because these viruses are most readily transferred beyond an
individual bat’s body. We interpret our findings to indicate that the viruses we detected
most frequently may possess a propensity for spillover due to their comparatively higher
recurrence in shedder sites, at abundance sufficient for detection by our methods. Taken
together, we conclude that noninvasive surveillance methods that target the body of bats

detect viruses shed by individual bats, while also representing viral populations
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circulating within the entire colony. External swabs could be informative targets for

sample collection.

Non-zoonotic agent-related viruses and unclassifiable dark matter

Detection rates vary by host taxonomy and there is room for exploration of
factors that influence this challenge. Viruses are typically detected in bats via swab,
blood, or tissue collection (206). In the case of variable detection of genomic evidence
of viruses in oral swabs, it could be possible that the oral cavity of a fruit or nectar bat
could provide a different niche (influenced by factors such as pH (45)) in which
viruses could be detected as compared to the oral cavity of an insectivorous bat.
Additionally, an individual bat’s level of aggression and immunological background
may influence its shedding patterns. Therefore, we hypothesize that the discovery rate
of viruses among bat species varies by diet and behavior of those species, and may not
necessarily solely reflect host restriction for certain viruses.

Through this work, an estimated 293 Mbp of sequence data was unclassifiable
and a portion of that is likely viral. These data consist of high-quality reads that lack a
known sequenced neighbor. While this work did not directly address viral dark matter, it
is possible that these data could be classified at a future time as public databases grow.
Approaches to interrogate dark matter have been discussed in the literature and it is a
growing topic of interest (92). For data generated by this thesis project, clustering dark
matter in large datasets that encompass sequence reads from an entire colony could reveal
common sequences and provide clues to identify novel viruses. This approach, in
conjunction with cross-assembly, would mimic the methodology used to discover

crAssphage, a bacteriophage that is now known to be ubiquitous in the human gut (46).
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We hypothesize that analysis of dark sequence matter in rectal swabs may reveal a bat

crAssphage that holds similarities to human crAssphage.

DISCOVERY OF NEW VIRUSES

Following the longitudinal analysis of the lesser dawn and cyclops roundleaf bat
virome, we identified specific viral targets of interest for biosurveillance. In the case of
the lesser dawn bats, these include persisting viruses that have been shown to cross the
species barrier, such as Coronaviridae, Reoviridae and Paramyxoviridae. By studying the
virome of cyclops roundleaf bats, we identified a novel rubella-like virus. Human rubella
virus can cause severe congenital birth defects and miscarriage and until now the only
known host was humans; therefore it is important to further investigate this newly
discovered near-neighbor. Ruhugu virus should be a target of biosurveillance in cyclops
roundleaf bats and possible co-roosting bat and squirrel species. The threat of widespread
rubella-like viruses posed by an animal reservoir has not yet been elucidated, and further
investigation should be prioritized toward their potential for pathogenicity.

Our sample collection incorporated external and internal swab sites for virus
detection. We observed that external swabs were equally useful representations of
colony-level infection as internal swabs. In future surveillance, it may be more practical
to collect a large number of less invasive, external swabs to evaluate circulating viruses
in a bat colony, than to catch a smaller number of bats, but perform more invasive
internal swabbing. A less invasive sample collection could make amenable the creation of
more remote surveillance approaches. Notably, external swab collection would likely be
more informative when performed on gregarious bats than on more solitary species such

as H. cyclops that exhibit behaviors with distinctly fewer bat-to-bat interactions.
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The findings of this work are relevant to bat surveillance and eradication efforts in
regions surrounding Singapore and Kibale National Park in Uganda. The range of each
bat species expands beyond the sampling region and the detected viruses may have wider
prevalence across Southeast Asia, including China (lesser dawn bats), and across
equatorial Africa (cyclops roundleaf bats). Rousettus bat coronavirus GCCDC1, for
example, was previously detected exclusively in Yunnan Province, China. However, this
study detected the virus with high prevalence among lesser dawn bats in Singapore, some
2500 km to the south. The more we can fill insufficiencies by cataloging the circulation

of known viruses, the better we can predict future viral spread and emergence.

Our capabilities to predict which viruses will spill over from bats to humans still
require substantial additional data and virus discovery research. Knowledge of near
neighbors provides a more informed starting place from which to investigate future
outbreaks. The SARS-CoV-2 (NC 045512) outbreak is a timely example of how our
efforts could improve future outbreak response. This novel virus spread to four countries
within weeks of detection in December 2019. The virus is most closely related to bat
SARS-CoV and human SARS-CoV. There is 96% shared identity among the SARS-
CoV-2 strain and a bat SARS-CoV strain (111; 212). Outbreak response is influenced by
the knowledge that many cases were associated with the Wuhan seafood market in
central China, yet despite one month of searching, there are few clues as to the origin and
amplifying host of the virus. If we knew more about the present circulation of viruses in
the wild, we might identify other viral sequences that sit more closely on the
phylogenetic tree to SARS-CoV-2. Additional clues from sequence data may allow us to
predict an outbreak’s source, including a host reservoir, and provide a rational starting
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place for surveying amplifying intermediate or incidental hosts and target an intervention.
Work similar to this thesis could potentially help future outbreak responses by providing
valuable information about where to intervene or search for disease-causing progenitor
viruses. These results indicate that biosurveillance should focus on colony-level
infections within bat reservoirs, rather than snapshots of data collected from individual

bats.

CONCLUSION

This project contributed massive quantities of raw sequence data, classified
viruses from two species of bats, the discovery of multiple zoonotic agent-related
viruses and a comprehensive pipeline to efficiently process complex metagenomic
samples. The raw sequence data and corresponding metadata can be downloaded via
NCBI’s SRA (PRINA494391, PRINAS561193). Additionally, knowledge gained through
the characterization of our biosurveillance probe panel has been useful in determining the
extent of binding tolerance that our existing panel may exhibit for the detection of
emerging and re-emerging viruses such as the novel virus, SARS-CoV-2. The findings of
this work can be used to build upon our understanding of the virosphere and further

develop existing biosurveillance methods.
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APPENDIX A: Relevant novel bat virus discoveries
PARAMYXOVIRUSES

Paramyxoviruses have negative-sense, single-stranded RNA genomes and include
some of the most significant mammalian viruses such as mumps virus, measles virus and
distemper virus (43). Unclassifiable genomic sequences related to paramyxovirus L and
N genes were previously reported in fecal samples collected from lesser dawn bats in
Singapore (124). Additionally, the L gene (KC599257) of a henipa-related virus was
detected in lesser dawn bat fecal samples in China (207). To our knowledge, no full-

length paramyxovirus genomes detected in lesser dawn bats have been published.

Novel bat paramyxovirus

A near-neighbor to Canine distemper virus (CDV) was detected at one time point
in 2016 by read mapping to Canine distemper virus reference AF378705. Various
distemper viruses exist within the morbillivirus genus and cause disease in animals such
as dogs and other canines, seals, dolphins and pigs. CDV infection in canines results in
severe immune suppression but, although human infection is possible, the virus is highly
host-adapted and does not result in human disease (37). One morbillivirus-related
paramyxovirus, Bat paramyxovirus (NCBI Taxonomy ID: 1300978), was identified in
Brazillian neotropical vampire bats and shares higher amino acid identity with canine
morbilliviruses than human-associated morbilliviruses (43). When reads were mapped to
CDV with parameters set to require greater than 95% identity, one sample sequenced by
both shotgun and targeted enrichment sequencing was found to contain many reads that
map with high confidence (Samples 3 and 16, Table 12). Furthermore, 10,591,403 of

43,022,904 trimmed reads from targeted-enrichment data from Sample 3 rectal swab
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mapped to CDV reference AF378705 with mapping parameters requiring 75% identity or
higher (consensus shown in Figure 34).

Morbillivirus genomes are approximately 15 kb and encode for eight proteins: N,
C,V,P, M, F, H and L. RNA editing produces the V protein and leaky scanning of the P
mRNA produces the C protein. Reads covered 40.3% of the genome, including each of
the eight protein-encoding genes. Amino acid identity ranged from 87-100%.

Our findings are the second report of a morbillivirus relative detected in bats. Deeper
sequencing and recovery of a full genome sequence or isolate of the virus could provide
informative data with regard to functional similarity to CDV. Given the knowledge that a
near neighbor to CDV is circulating in lesser dawn bats, it would be relevant for public
health officials to have the data necessary to extrapolate risk of spillover to other

mammals.

Novel bat mumps virus

Human mumps virus causes a common and vaccine-preventable childhood
disease. A study of antigenic relatedness between human mumps virus and related bat-
borne mumps viruses, genus Rubulavirus, suggested that they belong to one serogroup
(43). Furthermore, the shared amino acid identity between bat mumps virus (HQ660095)
and human mumps virus is above 89.5% in all genes.

A novel bat mumps virus was detected in 46 swabs collected from the captive
lesser dawn bat colony in April, July, October 2016 and May 2017. Contigs from one
body swab collected from bat 7633EDB in April 2016 cover 13653 nt of 15378 nt

(88.8%) of the published bat mumps virus reference (HQ660095) with 54.23% identity at
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Sample | Source Sequencing | Avg. fold % Covered Plus Minus Total
method coverage | Covered bases reads reads reads
1 Isolate 0.0191 1.1472 180 1 1 2
2 Oral 0.2677 14.0153 2199 17 11 28
3 Rectal Enriched 76144.65 30.7776 4829 3978610 | 3986121 | 7964731
4 Body 0.2008 13.4799 2115 11 10 21
5 Head 0.4876 18.4576 2896 23 28 51
16 Rectal Shotgun 5.1147 27.9669 4388 267 268 535

Table 12. Results from samples with sequence data that mapped to CDV reference AF378705 requiring 95% identity or higher.
Stringent read mapping results indicate that Sample 3, taken from the same rectal swab as Sample 16, contains a large

number of reads that map to the reference with high stringency.
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Table 13. Prevalence of novel bat mumps virus at each time point

# bats # bats % bats # swabs # swabs | % swabs
Date o o .. ..

sampled | positive | positive | sequenced | positive positive

Apr-16 18 18 100.00% 41 26 63.41%
Jul-16 19 16 84.21% 28 21 75.00%
Oct-16 20 20 100.00% 75 53 70.67%
Jan-17 11 2 18.18% 14 2 14.29%

May-17 15 1 6.67% 21 1 4.76%
Sep-17 13 8 61.54% 27 11 40.74%
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the nucleotide level. The prevalence of this virus at each time point is summarized in
Table 13.

Novel bat mumps virus was not detected at each of the six time points and did not
persist beyond May 2017 in shedder sites. It is unknown whether the virus replication fell
below the limit of detection for our assay or the virus was cleared from the colony. In a
study of the natural history of infection by measuring morbilli-related paramyxovirus
RNA, a Myotis myotis breeding colony was found to shed viral RNA at a constant
concentration over three observation periods spanning the years 2008 through 2010 (43).
This report indicates the propensity for viral persistence of morbilli-related PVs in bats.

Our discovery of bat mumps virus in Southeast Asia provides further evidence of
the ecological relationship between bats and mammalian paramyxoviruses, although a bat
mumps rubulavirus yet remains to be isolated. Sequence data for bat mumps virus has
been generated from spleen (43), kidney (128), oral, rectal, head and body swabs (this
work). Further investigation of similar sample types may expand the knowledge of the

evolutionary relationship between bats and mammalian paramyxoviruses.

NOVEL BAT FILOVIRUS

Ebolavirus is a negative-sense, single-stranded RNA filovirus that causes a severe
viral hemorrhagic fever in humans for which there is currently no standard effective
treatment. Ebola virus, which has previously caused devastating outbreaks in West
Africa, is currently causing a major outbreak in the Democratic Republic of the Congo
(84). Old World fruit bats are thought to be natural reservoirs for filoviruses and several
novel bat filoviruses have recently been discovered in China and Africa (63; 202). In

response to concern for spillover of filoviruses from bats to humans, modelling was
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performed by the EcoHealth Alliance to predict the location of bats that host filoviruses.
This work determined the most likely geographic location to be Southeast Asia and
Eonycteris spelaea, an understudied Old World fruit bat, was identified as a potential
host species (70). Serological (e.g. indirect) evidence of filovirus infection in this species
of bats has been published, but filovirus isolation from these bats has yet to be reported
(98). Through this study, we have discovered genetic evidence of a filovirus in bat swabs.
This evidence was identified in three distinct swab samples through a combination of
unbiased high throughput sequencing and targeted enrichment sequencing.

Filovirus reads were detected in one rectal swab collected in April 2016, one body
swab collected in September 2017 and one body swab collected in May 2017. Reads
from the body swab collected in May 2017, Swab 340, were used for phylogenetic
analysis. Phylogenetic analysis of the novel bat filovirus demonstrates that the
unclassified bat filovirus is most closely related to Mengla dianlovirus, which was
recently isolated from Rousettus bats in China (Figure 35) (202). A maximum likelihood
phylogeny using a consensus sequence of reads from a body swab was generated using
MEGA7 based on the General Time Reversible model (94) (130).

An unclassifiable filovirus L gene was detected in lesser dawn bats in China in
RNA from homogenized spleen and lung tissue, reported in 2017 (203). Our discovery of
genomic sequence in multiple bats is confirmatory of the first report and provides
genomic evidence of a filovirus in shedder sites (rectal swab) of lesser dawn bats,

indicating a potential route of dispersal for the virus. Limited conclusions can be drawn
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Figure 35. Phylogeny of bat filovirus detected in May 2017
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without an isolate or complete genome sequence. One approach to close the knowledge
gap is to expand our target enrichment panel to include the recently discovered Mengla
dianlovirus, Bombali ebolavirus and the sequences discovered through our work. Mengla
dianlovirus was first reported in March 2019 and isolated from homogenized tissues from
a Rousettus bat in China (202). Bombali ebolavirus was discovered in RNA extract from
oral and rectal swabs of Chaerephonpumilus and Mops condylurus bats in Sierra Leone
(63). The detection of a filovirus in rectal and body swabs is consistent with the literature
and it is possible that deeper sequencing could provide more informative data. As we
have detected only partial genomic sequences thus far, there is not enough sequence data
for us to draw conclusions with regard to the similarity of this virus to filoviruses that
infect humans; more information is required to understand the potential for this virus to

pose a threat.

NOVEL BAT INFLUENZA A VIRUS

Influenza A virus (IAV) is an enveloped virus with a negative-sense, segmented
RNA genome. It is notorious for crossing species barriers and capable of causing
pandemics (185). IAV has previously been detected in South American bats (171; 172)
and most recently in Egyptian Rousettus aegyptiacus (85). As more surveillance is
performed globally, it is possible that a larger geographic range of bat-borne influenza
viruses may be discovered and that the capacity for reassortment of bat-borne
Orthomyxoviruses with known human influenza A viruses will be understood (198). To
our knowledge, our virome study is the first to report the detection of IAV in Southeast
Asian bats. IAV was detected in 24 swabs but no full-length segments were recovered,

preventing unequivocal strain typing. Similar to other zoonotic-related viruses, IAV was
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not detected in the same bat’s oral or rectal swabs at subsequent time points. This could
reflect cycles of transmission among the colony or possibly persistent virus replication
and shedding below the limit of detection for our assays. The low number of reads and
incomplete coverage of all eight segments of [AV is consistent with the dearth of bat-
borne influenza virus data.

There was not enough coverage of the NA gene to perform phylogenetic analyses,
however it was possible to construct a maximum likelihood phylogeny using consensus
sequences of reads aligning to HA. The phylogeny in Figure 36 was inferred using
MEGA?7 based on the General Time Reversible model (94) (130). The highest log
likelihood was -618, likely due to the lack of coverage for the HA gene in data from the
selected swabs.

The four representative swabs in the maximum likelihood phylogeny, Swabs 14,
55, 205 and 390 were collected from distinct bats and do not cluster together. Swab 14
falls on the branch with H1-type IAVs, Swab 55 and 205 fall on the branch with type
H18-type IAVs, and Swab 390 falls on a branch with H5-type [AVs. It is possible that
different results could be inferred with data yielding greater coverage across the HA
gene, but without deeper sequencing we cannot unequivocally type the IAV circulating
among lesser dawn bats in Singapore.

Future studies could pursue isolation of [AV from lesser dawn bats either from
oral or rectal samples. Alternatively, hybridization-based target enrichment sequencing
using probes designed against bat-borne AV strains could mitigate the problem of low

breadth of coverage across each gene segment. Clear typing of HA for this IAV could be
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agb'JX309262|Organism Influenza A virus (A/Singapore/GP965/2010(H1N1))|Strain Name: A/Singapore/GP965/2010|Segment 4|Subtype' H1N 1| Host Human
gb:CY092718|0rganism:Influenza A virus (A/Sydney/DD3-52/2010(H1N1))|Strain Name:A/Sydney/DD3-52/2010|Segment 4|Subtype:H1N1] Host Human
gb:GQ334330|0rganism:Influenza A virus (A/Fukuoka-C/2/2009(H1N1))|Strain Name:A/Fukuoka-C/2/2009|Segment 4|Subtype:H1N 1] Host:Human
gb:KT274450|Organism:Influenza A virus (A/Delaware/01/2014(H1N1))Strain Name-A/Delaware/01/2014|Segment-4|Subtype-H1N1] Host Human H1N1
gb:KX298096|Organism:Influenza A virus (A/swine/Tennessee/A01775023/2016(H1N1))|Strain Name:A/swine/Tennessee/A01775023/2016|Segment 4|Subtype:H1N 1| Host: Swine
gb:KF986972|Organism:Influenza A virus (A/swine/lowa/A01290865/2013(H1N1))|Strain Name:A/swine/lowa/A01290865/2013|Segment 4|Subtype:H1N1| Host: Swine

L Swab14

‘ﬁ; gb:KJ831076|Organism:Influenza A virus (A/swine/lowa/A01481125/2014(H1N1))|Strain Name:A/swine/lowa/A01481125/2014|Segment:4|Subtype:H1N 1| Host: Swine

—— gb:CY145313|Organism:Influenza A virus (A/ruddy turnstone/New Jersey/Sg-00537/2008(H10N7))|Strain Name:A/ruddy turnstone/New Jersey/Sg-00537/2008|Segment:4|Subtype:H10N7| Host: Ruddy Turnstone
‘r gb:CY133777|Organism:Influenza A virus (A/mallard/Missouri/10MO053/2010(H7N4))|Strain Name:A/mallard/Missouri/ 10M0O053/2010]Segment:4]|Subtype: H7N4| Host:Mallard

gb:KT888792|Organism:Influenza A virus (A/Managua/lNI00283/2011(H3N2))|Strain Name: A/Managua/INI00283/2011|Segment 4|Subtype:H3N2| Host:Human
gb:KC893019|Organism:Influenza A virus (A/South Carolina/08/2011(H3N2))|Strain Name:A/South Carolina/08/2011|Segment 4|Subtype:H3N2| Host: Human
gb:CY013263|Organism:Influenza A virus (A/pintail/Alaska/53/2005(H3N6))| Strain Name:A/pintail/Alaska/53/2005|Segment. 4| Subtype: H3N6| Host:Pintail H 3
gb:CY210464|Organism:Influenza A virus (A/Colorado/43/2016(H3N2))|Strain Name:A/Colorado/43/2016|Segment:4|Subtype:H3N2| Host:Human
gb:CY224902|Organism:Influenza A virus (A/Florida/11/2017(H3N2))|Strain Name:A/Florida/11/2017|Segment:4|Subtype:H3N2| Host Human
gb:CY227470|Organism:Influenza A virus (A/Maryland/23/2017(H3N2))|Strain Name:A/Maryland/23/2017|Segment 4|Subtype:H3N2| Host: Human
— Swab55
—— — gb:KX978293|Organism:Influenza A virus (A/black-headed gull/Netherlands/9/2009(H13N2))|Strain Name:A/black-headed gull/Netherlands/9/2009|Segment:4|Subtype:H13N2| Host Black-Headed Gull
1 r— gb:KR077932|Organism:Influenza A virus (A dark fruit-eating bat Bolivia PBV780-781 2011(H18N11))|Strain Name:A dark fruit-eating bat Bolivia PBV780-781 2011|Segment 4|Subtype:H18N11| Host Bat
‘f[ gb:CY125945|0rganism:Influenza A virus (A flat-faced bat Peru 033 2010(H18N11))|Strain Name:A flat-faced bat Peru 033 2010|Segment 4|Subtype:H18N11| Host Flat-Faced Bat H 18 (bat)
Swab205
_[ gb:KJ720208]|Organism:Influenza A virus (A/chicken/Taiwan/0502/2012(H5N2))|Strain Name:A/chicken/Taiwan/0502/2012|Segment:4|Subtype:H5N2| Host Chicken
Swab390

gb:KX297870|0rganism:Influenza A virus (A/environment/Korea/W468/2014(H5N8))|Strain Name: A/environment/Korea/W468/2014|Segment 4|Subtype:H5N8| Host Environment H5
gb:KJ509132|Organism:Influenza A virus (A/mallard/Korea/H297/2014(H5N8))|Strain Name: A/mallard/Korea/H297/2014|Segment 4|Subtype: HSN8| Host: Mallard
gb:KC683522|Organism:Influenza A virus (A/swine/Jiangsu/1/2008(H5N1))|Strain Name:A/swine/Jiangsu/1/2008|Segment:4|Subtype: H5N 1| Host: Swine

gb:CY103802|Organism:Influenza A virus (A little yellow-shouldered bat Guatemala 060 2010(H17N10))|Strain Name:A little yellow-shouldered bat Guatemala 060 2010|Segment 4|Subtype:H17N10| Host little yellow-shouldered bat

Figure 36. Topology of Influenza A virus segment 4 consensus sequences.
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pertinent to public health, as H18-mediated cell entry has been reported to use MHC-II
molecules and could indicate broad tropism (87). NA-like proteins may be dispensable for viral
replication of the HI8N11 bat-borne strains, therefore a relevant next step should be to determine

the HA type of the IAV circulating in lesser dawn bats.

METHODS
Bat Paramyxovirus

High throughput sequencing data was generated using 2x75 bp read lengths on the
[Mlumina HiSeq platform by Danielle Anderson at Duke NUS for 10 swabs collected from the
captive colony in 2016. Information about the samples was blinded and 5 samples were
designated as enriched (samples 1-5). The samples were trimmed and filtered for quality using
bbduk (19). Reads were mapped to the Eonycteris spelaea genome and bacterial database then
discarded. The remaining reads were assembled using metaSPAdes and reads were mapped back
to contigs (132). Taxonomic classifications were determined by DIAMOND using the BlastX
algorithm against RefSeq viral protein sequences from NCBI (3; 18). Results were visualized
using MEGAN 6 (81). VirusSeeker was used as orthogonal confirmation for taxonomic
assignments (209).

Read mapping was also performed using bbsplit (19) with a reference index consisting of
Rousettus bat coronavirus GCCDC1 (NC_030886), Canine distemper virus (AF378705) and a
scaffolded mumps virus reference that was generated from sequence data from a body swab
collected in April 2016 from bat 7633EDB. Bbsplit uses an algorithm that determines mapping
agreement based on the ratio of each read’s alignment score to the maximum alignment core
(where 100% of bases match the reference). A ratio cutoff of 0.9, which is greater than 95%

identity across the read, was used.

188



Novel bat mumps virus, novel bat filovirus and novel influenza A virus

Methods as described in Chapter 3 were utilized. In brief, contigs assembled by
metaSPAdes (132), stitched reads from VirusSeeker (209) and consensus sequences from read
mapping were utilized to assemble as much of the novel virus genome as possible using CLC
Genomics Workbench V11(QIAGEN Bioinformatics; Redwood City, CA).

The International Committee for the Taxonomy of Viruses (ICTV) defines viral species
as “a monophyletic group of viruses whose properties can be distinguished from those of other
species by multiple criteria” and identity cutoffs vary by genus and are determined by natural
and experimental host range, cell and tissue tropism, pathogenicity, vector specificity,
antigenicity and the degree of relatedness of genomes (82). In this study, cutoffs of 90% or
higher at the amino acid level and 95% or higher at the nucleotide level for the definition of a
viral strain were used in viral classification. Sequences that were not sufficiently related to
known species were classified using the following naming convention: “novel [name of viral
family] virus.”

The evolutionary history of a novel filovirus and influenza-like virus detected in the
sample was inferred by using the Maximum Likelihood method based on the General Time

Reversible model (130) with 100 bootstrap replications.
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APPENDIX B: The lesser dawn bat microbiota

This thesis is focused on zoonotic agent-associated viruses in bats; however, due to the
unbiased nature of shotgun sequencing and relatively low multiplexing utilized for the
longitudinal bat virome studyi, it is possible to evaluate the full microbiota of the lesser dawn bat
using the data published by this thesis work. To explore the complete microbial richness of our
shotgun sequence data, classification of all domains of life was performed using Burrows-
Wheeler Aligner (BWA) for read-based analysis (107). We also investigated the richness and
complexity of samples by evaluating the virome data for patterns of co-occurrence of viruses
within individual swabs. In this section, we discuss preliminary results and propose possible

avenues to extend these microbiota analyses.

MICROBIOTA CLASSIFICATION

To gain understanding of the most prevalent domains of life detected by shotgun
sequencing of head, body, oral and rectal swabs, taxonomy classification was performed using
BWA (107) against NCBI’s non-redundant database (nr). Quality-controlled, host-removed reads
were obtained as previously described and subsampled to 500,000 reads using seqtk (1); read-
based taxonomy classification was performed by EDGE Software (108) using BWA against
RefSeq. Heatmaps were generated to visualize abundance of classified taxa across the whole
colony using ggplot2 in R (167).

The abundance of the top 40 microbial species is represented across each swab in Figure
37. Overall, microbial abundance values increased in 2016 time points following the bats’
introduction to captivity. We observe that, as expected, the microbiota increased in richness

following the introduction of 14 new, wild-caught bats in the summer of 2017.
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Figure 37. Read-based taxonomic classification was performed for subsampled read sets of 500,000 using BWA. The 40 most

abundant species are represented along the y-axis and each swab is described along the top x-axis.
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PEARSON ANALYSES FOR CO-OCCURRENCE OF VIRUSES

We were interested in assessing the influence of viral coinfection on the bat microbiota
by examining shotgun data that was generated by our virome study. While we did not address the
entire microbiota in coinfection analyses, we leveraged our viral classification data to begin to
answer questions about coinfection by studying viral co-occurrence. To address distribution of
viruses across samples and evaluate individual samples for trends in viral co-occurrence, we
calculated Pearson correlation coefficient values for each sample. Pearson correlation coefficient
is a classical method by which to measure the statistical association between two variables, based
on covariance. One possible pitfall of this approach is that an analysis like this will not
necessarily detect complex microbial interactions (103).

We hypothesized that shedder sites (oral and rectal) are more restrictive of viral diversity
due to competition among replicating microbes, ultimately resulting in the correlation of
shedding for a dominant set of viruses in oral and rectal swabs. In other words, competition
would result in a dominant set of viruses in each niche. By logic, we expected to identify a
higher total correlation among viruses in carrier sites (head and body) representing the skin
outside of a bat. Viruses cannot replicate in bat fur yet are found in carrier sites, and so we based
this hypothesis on the assumption that the exterior of the bat may act as a mechanical vector to
viruses shed by other bats.

To perform Pearson Correlation analysis, the lower triangle of a correlation matrix for
viruses detected in shedder (oral, rectal) and carrier (head, body) swabs was generated using R
base (141; 167). Results were reordered by Pearson correlation coefficient value and were
defined as significant if the Pearson correlation value was less than -0.6 (negative correlation) or

more than 0.6 (positive correlation). Pearson correlation values range from -1 to 1, and a value
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less than -0.6 or more than 0.6 indicates a strong linear relationship among the correlation
between the abundance of viruses. The visualization program ggplot2 in R and Graphpad Prism
7 were used to generate figures.

Through analyzing Pearson correlation coefficient values, we identified that viruses
detected in carrier swabs had fewer negative associations (less than -0.6) than viruses detected in
shedder swabs (Figure 38A, 38B). This finding could support our hypothesis that viruses
detected in shedder sites are more reflective of dominant viruses than the viruses detected in
external sites.

In addition to negative correlations found among viruses in shedder swabs (Figure 38A),
several intriguing positive correlations among viruses were noted. Novel bat paramyxovirus was
positively correlated with influenza B virus. Mumps virus was positively correlated with
influenza A virus (IAV) and Rousettus bat coronavirus GCCDC1, and unclassified bat rotavirus
was positively correlated with unclassified filovirus. Statistical associations could be followed up
by evaluating how similar this co-occurrence is found in other metagenomic data or by
examining microbial interactions in vitro.

Several zoonotic agent-related taxa found in carrier swabs had multiple negative
correlations with dietary viruses. For example, [AV was negatively correlated with an
unclassified Betaflexiviridae, Papaya ringspot virus and unclassified sobemovirus. We
hypothesize that this is observed, not because there is a biological inhibition of dietary viruses
due to the presence of AV, but rather that IAV is shed in greater abundance as compared to
dietary viruses that may not replicate within the bat. This caveat may be an artifact of

sequencing, in that longer virus genomes or more abundant populations can drown out the signal
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of less abundant viruses or those with shorter length genomes and make them less likely to be
detected.

In carrier swabs (Figure 38B), unclassified bat rotavirus, unclassified bat orthoreovirus,
mumps virus and novel bat paramyxovirus were each positively correlated with the others listed.
The large number of positively-correlated viruses in carrier swabs is consistent with our
hypothesis that head and body swabs are representative of viral populations that are present in
the colony as a whole. Therefore, if both viruses are present in the colony, we would expect to
consistently find them in bat head and body swabs across the colony. Taken together, we
conclude that noninvasive surveillance methods that target the bodies of bats not only detect
viruses shed within the colony, but also represent viral populations dispersed throughout the

entire colony. As previously discussed, this finding could inform future sample collection.

OTHER POSSIBLE FUTURE ANALYSES
Bacterial OTU-based analysis among time points

Reads-based analysis of all domains of life as discussed in the beginning of this appendix
should be followed-on by at least one orthogonal method to validate findings. One approach to
evaluate changes in the microbiota with a specific focus on bacteria is to classify bacterial
operational taxonomic units (OTU) and analyze differences among swabs and time points. OTUs
utilize a marker gene as a proxy for species association and are frequently used to classify
bacteria in complex metagenomic samples. In the same way that we were able to make colony-
level observations of viral abundance over time, it would be informative to evaluate the bacterial
OTU abundance over time in the captive bat colony. One caveat of this approach for our study
design is that RNA sequencing was performed, and therefore it is possible that breadth of

coverage across DNA genome OTUs might vary among samples.
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A SHEDDER SWABS B CARRIER SWABS

Figure 38. Viral community profiling using Pearson correlation coefficient analysis of unbiased shotgun sequencing data. Samples
were analyzed together as shedder (oral, rectal) or carrier (head, body) swabs. Each graph shows the taxa along both axes,
with the lower triangle representing Pearson correlate coefficients for each co-occurring pair of viruses (negative coefficient
-1, blue; positive coefficient 1, red).
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Clustering viral dark matter

As previously discussed, a portion of each sequencing run could not be classified
due to the lack of a near neighbor in publicly-available sequence databases. It is
important to save these data for the occasion when near neighbors or new technologies
become available, allowing the reads or contigs to be classified. One potential approach
to use those data is to cluster unclassifiable contigs using CD-HIT to identify
commonalities among a dataset (109). Parameters such as nucleotide identity threshold
can be adjusted in CD-HIT to cluster contigs or raw reads based on nucleotide similarity
to each other. While this approach will not classify new organisms, it can help begin the
process of genome discovery by enabling the identification of similar contigs that did not
assemble into a single, long contig. Through manual analysis of contigs within clusters,
new genomes or parts of new genomes could be discerned. Further analyses of these
identified novel genomes could include annotation, functional prediction and comparison
to distant sequenced relatives. This process requires intense manual analysis and
experience, but could result in the discovery of very distant viruses. We hypothesize that
applying these methods to contigs assembled from bat rectal swabs would uncover a
phage genome similar to human crAssphage. The more viral genomes we uncover, the
better we will understand the ecological context of the virosphere. The significance of
expanding our knowledge of viruses touches on applications in both human medicine and

environmental conservation.

ERROR RATE CALCULATIONS

Before all analysis, sequencing error rates within both shotgun and enriched

samples were evaluated using bbmap (19). The range of error was 0.34-1.65% with an
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average of 0.738%. The MiSeq data error rate was higher than NextSeq data, which is
consistent with the literature (115). Raw data is shown in Table 14.

In addition to error rate, we evaluated the effect of the quality control portion of
our pipeline on read counts per sequencing batch (Figure 39). Low-quality reads with a
Q-score less than 20, and reads that were identified to have an exact duplicated match,
were removed using clumpify.sh, leaving a smaller and cleaner dataset to be trimmed and
filtered for quality (1; 19). The “cleaned” datasets consisted of less than 20 million reads
per batch of 24 samples. The total read count per batch was relatively uniform after

discarding low quality reads.
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Table 14. Raw data for PhiX error rates of both trimmed and untrimmed datasets
obtained from NextSeq and MiSeq batches.

Untrimmed Trimmed | Average error
Sequencing reads reads .aftel: Average
platform Batch tr1.m ming error
R1 R2 R1 R2 (phiX reads
only)
NextSeq 1 0.644 | 1.34 | 0.422 | 0.613 | 0.51725 0.47073333
NextSeq 2 0.7 1.37 10.46 | 0.588 | 0.52395
NextSeq 3 0.74 | 1.196 | 0.495 | 0.564 | 0.4902
NextSeq 4 0.809 | 1.377 | 0.513 | 0.64 | 0.57685
NextSeq 5 0.822 | 1.343 | 0.434 | 0.398 | 0.41575
NextSeq 6 1.201 | 0.674 | 0.598 | 0.352 | 0.4748
NextSeq 7 0.616 | 0.984 | 0.515 | 0.59 | 0.5525
NextSeq 8 0.436 | 0.512 | 0.355 | 0.342 | 0.34845
NextSeq 9 0.41 |0.458 | 0.349 | 0.325 | 0.33685
MiSeq 1 2.546 | 2.168 | 2.506 | 0.349 | 1.4277 0.9392625
MiSeq 2 2503 | 3.702 | 1.527 | 0.273 | 0.8997
MiSeq 3 2.634 | 1.342 | 2.922 | 0.357 | 1.63935
MiSeq 4 2.15 | 1.358 | 2.268 | 0.303 | 1.28545
MiSeq 5 1.017 | 0.81 | 1.288 | 0.249 | 0.76865
MiSeq 6 1.06 | 1.415| 1.255 | 0.266 | 0.76055
MiSeq 7 1.1 1.051 | 1.373 | 0.273 | 0.82255
MiSeq 8 1.19 | 1.281 | 1.145 | 0.312 | 0.72835
MiSeq 9 1.196 | 0.973 | 1.195 | 0.276 | 0.7355
MiSeq 10 1.172 1 0.964 | 1.219 | 0.261 | 0.74015
MiSeq 11 1.499 | 1.47 | 1.082 | 0.284 | 0.683
MiSeq 12 1.397 | 1.589 | 1.204 | 0.357 | 0.7802
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Raw vs. QC Reads

2.5x108-
2x108-
whed g ..
c
g 1.5x10%+ _
(&)
®  1x108
;i x10°+
o
5x1074 Q....
®
0 1 T LN
X
& g
Oo 06'
L &
‘0 Q'b'
qg;“ &
>

Figure 39. Quality control of reads minimizes inter-run variability. The total read count
per batch was normalized by discarding low-quality reads.
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