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1. Introduction

1.1 Viral infectious disease outbreaks and response

Viral infectious diseases have always been a significant threat to global human and
animal populations, causing unexpected illnesses and deaths that instigated detrimental
impacts on the economy and society and interfered with everyday life activities [1,2]. Currently,
the world is experiencing the devastating effects of the coronavirus disease 2019 (COVID-19)
pandemic caused by a novel coronavirus. Within a year, COVID-19 has claimed more than 3
million human lives and prompted the largest global economic crisis in history [3,4]. The world
has also encountered several emerging infectious disease outbreaks caused by hitherto
unknown viruses over the past three decades: Hendra virus, Nipah virus, severe acute
respiratory syndrome coronavirus (SARS-CoV), and Middle East respiratory syndrome
coronavirus (MERS-CoV) [5-8]. Simultaneously, numerous known viruses are posing constant
threats to the well-being of humans and animals, with several known viruses reported to re-
emerge into local areas (e.g., Ebola virus, Dengue virus, and Chikungunya virus) [9-u] or
introduced into new geographic locations with naive populations (e.g., West Nile virus, Zika
virus, and African swine fever virus) [12-15].

Prior to their emergence, these viruses are naturally occurring within their animal
reservoirs. Disturbances in their natural host populations’ ecology can change viral transmission
dynamics, which escalate the probability of “spillover” infections to non-reservoir animal hosts
[16]. A zoonotic spillover event can occur directly from animal reservoirs to human hosts or
indirectly through intermediary hosts or arthropod vectors [17]. An emerging virus can cause
an individual or a few sporadic cases and may proceed to a localized outbreak. An outbreak can
develop into an epidemic (or epizooty when non-human animal hosts are affected) if public
health interventions are delayed and insufficient, or progress into a pandemic in worst-case
scenarios [18]. Due to the considerable number of pathogens and limited resources for research
and development, the World Health Organization specified nine priority diseases posing the
greatest public health risk due to their epidemic potential or insufficient countermeasures [19].
At present, these priority diseases include (1) COVID-19, (2) Crimean-Congo haemorrhagic
fever, (3) Ebola virus disease and Marburg virus disease, (4) Lassa fever, (5) SARS and MERS-
CoV, (6) Nipah and henipaviral diseases, (7) Rift Valley fever, (8) Zika, and (9) “Disease X.”
While known viruses caused the eight priority diseases, an unknown pathogen with pandemic
potential can cause the “Disease X.” Another novel virus will probably bring upon the next
pandemic.

The World Health Organization warned that the world is still ill-prepared for these
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emerging threats based on our responses to the 2009 HiN1 pandemic and the 2014-16 West
African Ebola epidemic [20-22]. Experts have appealed for a centralized pandemic preparedness
and response agency and closer collaborations among multiple stakeholders such as
government, academics, industry, public health networks, and civil society [23-25]. Although
the ongoing COVID-19 pandemic confirmed that the world was underprepared for a pandemic,
the world has witnessed the fastest scientific response to a major infectious disease epidemic
due to significant advances in fundamental science and collaborations among international
research groups [reviewed in Publication I].

Diagnostics and surveillance are fundamental components of outbreak response and
preparedness. However, serological testing and nucleic acid-based testing (e.g., polymerase
chain reaction; PCR) are often pathogen-specific and inefficient for screening novel or highly
diverse etiological agents [reviewed in 26, 27]. Therefore, genomic approaches are especially
suitable for broad pathogen identification and characterization since nearly all infectious agents
have genetic materials. Consensus PCR, microarrays, and high-throughput sequencing (HTS)
are genomic approaches that can detect a broad range of known pathogens and discover novel
pathogens in clinical samples [reviewed in 26]. However, only the generic HTS approach can
investigate any sample without prior sequence knowledge, leading to the accelerated rate of

virus discovery [reviewed in 27,28].

1.2 Second-generation high-throughput sequencing technologies

[llumina (Illumina Inc.) and Ion Torrent systems (Thermo Fischer Scientific) are the
most dominant second-generation HTS technologies in the market [reviewed in 29]. These
sequencers remain the state-of-the-art technologies for population genomics, phylogenomics,
and metagenomics for some years since these second-generation technologies have lower error
rates and higher throughput than third-generation sequencing platforms [reviewed in 30]. In
this study, the term high-throughput sequencing (HTS) will refer only to the second-generation
HTS unless mentioned otherwise.

Different HTS approaches follow a conventional workflow consisting of sample pre-
processing, library preparation, sequencing, and bioinformatic analysis (Figure 1) [reviewed in
31]. Sample pre-processing includes nucleic acid extraction from sample materials; the extracted
RNA materials are reverse transcribed into complementary DNA (cDNA). The ¢DNA or
extracted DNA are subjected to second-strand synthesis. For generic library preparation,
double-stranded DNA/cDNA are fragmented, end-repaired, phosphorylated, tailed with A-
overhang (for adapters with sticky-ends), and ligated with adapters at their 5’ and 3’ ends [32].
These platform-specific adapters contain sequences that enable hybridization, polymerase

binding, and amplification. Each adapter consists of unique sequences for sample identification.
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Size-selected library molecules are spatially separated and hybridized to oligonucleotides
attached on a solid phase. Ligated adapters enable the clonal amplification of bound library
molecules to enhance signal detection during the sequencing run. lon Torrent and I[llumina
sequencing platforms employ the “sequencing-by-synthesis (SBS)” technology. The stepwise
addition of nucleotides to the elongating strand is followed by the release of signals, detected
by a sensor [33,34].

Bioinformatic analyses and computational tools are required in raw data processing,
assembly of contiguous sequences (contigs), and research-specific data analyses. Signals
detected in a sequencing run (raw data) are converted into legible sequence reads (base calling)
[33,35]and base quality scores (Phred scores) [36]. A single sequencing run can produce millions
to billions of sequence reads. Contigs are assembled by tiling overlapping short sequence reads
(de novo assembly) or mapping sequence reads to a known reference genome. Taxonomic
classification of contigs and individual sequence reads (singletons) can be inferred using
homology search against a nucleotide or protein sequence database [reviewed in 37].

Strategies employed in lon Torrent and Illumina sequencing platforms are different in
terms of commercially available sequencing adapters, clonal amplification, sequencing run, and

signal detection. Hence, the following sections will discuss these platforms in more detail.

A. Sample pre-processing and library preparation

RNA extraction cDNA synthesis

—>
W Second strand (c)DNA End repair and Size selection

synthesis fragmentation Adapter ligation

DNA extraction

B. Clonal amplification, Sequencing and Bicinformatic analyses

dNTPs signal NN
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solid phase sensor Smad ..ACGCGTCGTGTTTG...
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and hybridization amplification by-synthesis and detection

to a solid phase

Figure 1. Schematic diagram of a second-generation high-throughput sequencing workflow for generic shotgun
library preparation. Green and violet boxes indicate adapters and red boxes indicate nucleic acid from samples.
Abbreviation: dNTPs - deoxynucleoside triphosphates, TS-template strand, CS-complementary strand. Figure 1
was based on Srivastav & Suneja [38] and atdbio Ltd. [39].

1.2.1 lon Torrent sequencing

In a typical Ion Torrent library preparation, fragmented DNA templates were end-
repaired and phosphorylated at their 5" ends. These steps are followed by blunt-end ligation of
two different linear adapters (A and P1) to both ends of DNA fragments (Figure 2A). Both A and

P1 must be incorporated in this step to perform the necessary functionalities during a
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sequencing run [40]. A water-in-oil emulsion compartmentalizes the amplification of each
single library molecule (so-called emulsion PCR). Ideally, each droplet consists of one library
molecule, ion sphere particle (ISP), and necessary reagents for amplification (Figure 2B). The
emulsion PCR consists of two primers complementary to sequence library adapters: one is
present in the solution while the other is bound to the ISP. This setup selects library molecules
ligated with A and P1 adapters, ensuring a uniform orientation of bound library molecules to
the ISP [41,42]. The ISP-bound library molecule is amplified to generate millions of identical
copies (clones). Subsequently, magnetic bead-based separation enriches template-positive ISPs
[34].

A sequencing run is performed in a complementary metal-oxide-semiconductor
(CMOS) chip, which contains an array of microwells coupled with ion-sensitive field-effect
transistors (ISFET) sensors (Figure 2C). Each template-positive ISPs incubated with sequencing
primers and DNA polymerase are loaded into a microwell. The sequencing chip is sequentially
flooded with one type of deoxynucleoside triphosphates (ANTPs; N = A, T, C, G) per flow. In
each microwell, the polymerase incorporates complementary nucleotides to elongating strands
that simultaneously release hydrogen ions. The ISFET sensor detects the shift in pH in a
microwell caused by the release of protons. The DNA polymerase can incorporate more than
one nucleotide per-flow when the template strand consists of a series of similar nucleotides
(homopolymers). The released signals are nearly proportional to the number of incorporated
nucleotides per flow (Figure 2D). A washing step after each nucleotide flow ensures the removal
of unbound nucleotides in microwells [34].

The Ion Torrent sequencing technology employs natural, unmodified dNTP molecules
and high-fidelity DNA-polymerase that lowers substitution errors. This technology is
independent of optical sensors allowing faster sequencing runs [43]. Moreover, this technology’s
sequencing adapters consist of a “key sequence” (TCAG), which facilitates the raw flow-value
normalization. It can also sequence library molecules that are several hundred bases long.
However, this technology faces a challenge in quantitating the length of homopolymer regions
consisting of 5 — 10 bases, which arises from the inaccurate measurement of the magnitude of

the released signals leading to insertion and deletion errors [44,45].

1.2.2 lllumina sequencing

The typical library preparation for Illumina sequencing entails the sticky-end ligation of
Y-adapters to DNA fragments, which are end-repaired, phosphorylated at their 5 ends, and
added A-tail at their 3’ ends (Figure 2A). The Y-adapter consists of a short complementary region
that binds top and bottom oligonucleotides, a T-overhang that ensures efficient adapter
binding, and unique sequences that serve as annealing sites for clonal amplification and

sequencing. After Y-adapter ligation, each strand becomes a functional sequencing library
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molecule [reviewed in 32,46]. Library molecules are denatured and washed to an acrylamide-
coated glass flow cell containing an array of oligonucleotides, which serve as annealing and
attachment sites for library molecules (Figure 2B). Each immobilized library molecule is clonally
amplified (“bridge amplification”) to form a cluster consisting of up to 1000 clones of the
template molecule [47]. After cluster generation, reverse strands are cleaved and washed off
from the flow cell. The 3’ ends of forward strands are then blocked, which facilitates its
unidirectional sequencing.

Primers anneal to adapter primer binding sites of each library molecule. Four types of
fluorescent-labeled dNTPs are flushed on the flow cell in each cycle. The polymerase
incorporates one complementary nucleotide at each elongating strand, and unbound
nucleotides are washed off (Figure 2C). Bound fluorophores are excited by a light source to emit
characteristic fluorescent signals, which are captured by an optical system [33]. Tris(2-
carboxyethyl) phosphine treatment cleaves the fluorophores and the blocking group at the 3’-
hydroxyl group allowing the next round of nucleotide incorporation [47]. These steps are
repeated until the sequencing run is finished. Stacked images with identified clusters are
analyzed to generate sequences of library molecules (Figure 2D).

The bridge amplification enables paired-end sequencing, which involves the
denaturation of synthesized products from the first SBS round and bridge amplification to
reconstitute the reverse strands of the libraries. Compared to the lIon Torrent sequencing
technology, [llumina has lower insertion and deletion error rates due to the termination step
after every nucleotide addition [48]. However, this technology utilizes modified nucleotides and
engineered polymerases, resulting in higher substitution error rates [48]. Moreover, index

hopping happens during bridge amplification due to missing physical barriers between clusters
[49]-

1.3. High-throughput sequencing approaches for viral genome sequencing

Three HTS approaches are typically employed to sequence virus genomes: (1) generic
HTS, (2) target-enrichment HTS, and (3) PCR amplicon-HTS [reviewed in 50] (Figure 3). Each
approach has its complexities and costs. Generally, a suitable HTS approach can be selected
based on research objectives and virus concentration in sample materials.

(1) The generic (or non-targeted) HTS approach sequences total DNA or RNA extracted
from clinical or environmental samples, including genetic materials from the host, bacteria,
viruses, fungi, parasites, other pathogens, and commensals (Figure 3) [51]. This approach is often
employed in combination with metagenomics, which studies an entire biological community in
a given sample using genomes or transcriptomes [52]. Metagenomics utilizes a computational
workflow to classify sequence reads based on a reference sequence database [reviewed in 53].

Nooij and colleagues [54] reviewed different metagenomic workflows and their potential

5
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suitability for various purposes: time-constrained diagnostics, discovery, biodiversity analysis,
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Figure 2. Significant differences of lon Torrent and Illumina sequencing technologies. (A) Adapters and library
preparation steps for both sequencing technologies. Figure 2A is based on Figure 1 in. (B) Differences in clonal
amplification in two sequencing technologies. lon Torrent technology: After the water-in-oil emulsion step, (1.1)
each library molecule is denatured, and one of the strands hybridizes with the oligonucleotide attached to the
ISP. (1.2) Polymerase covalently attaches the template strand on the ISP and copies the unhybridized strand,
and (1.3) the resulting strands serve as templates for the next round of amplification. (1.4) The ISP is covered
with cloned template strands after several amplification cycles. Illumina sequencing technology: (2.1) single-
stranded libraries anneal to oligonucleotides bound on the flow cell. (2.2) The polymerase synthesizes the
complementary strand, which covalently linked the strand to a bound oligonucleotide, and (2.3) the template
strand is washed away after a denaturation step. (2.3-2.4) Isothermal bridge amplification enables (2.7) cluster
generation. (2.5) The library molecule in each cluster is linearized by cleavage, and (2.6) another cleavage step
removes one of the strands that facilitates the unidirectional sequencing-by-synthesis of the remaining strand.
(C) Steps for sequencing-by-synthesis and (D) signal detection for both sequencing technologies were shown.
Figure 2 was based on studies and figures of Forth and Hoper [55] (Figure 2A), Shendure et al. [56] and Bentley
et al. [47] (Figure 2B), Rothberg et al. [34] and lllumina Inc. [33] (Figure 2C and 2D).
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surveillance, and outbreak source tracing.

The metagenomic HTS is a universal and hypothesis-free approach for detecting
pathogens in clinical samples. It is also better suited to discover novel and highly divergent
viruses and identify co-infecting pathogens, which cannot be recognized by pathogen-specific
diagnostic assays [reviewed in 53,57]. Thus, the metagenomic HTS approach is more efficient in
identifying pathogens than using a large panel of species-specific molecular assays or poorly
designed diagnostic assays [reviewed in 57]. The metagenomic HTS identified hitherto
unknown viruses in different outbreaks: Lujo virus, MERS-CoV, Schmallenberg
orthobunyavirus, atypical porcine pestivirus, and SARS-CoV-2 [8,58-61]. However, several
issues hinder its adoption for routine diagnostics, which will be discussed in section 1.4.2.

The generic HTS approach can also obtain viral whole-genome sequences in samples
with adequate virus-to-host nucleic acid (NA) ratio. Otherwise, two targeted HTS approaches
can be utilized for improved viral whole-genome sequencing [reviewed in 50] (Figure 3).

(2) The target-enrichment HTS approach utilizes biotinylated DNA or RNA probes
(baits) complementary to specified viral sequences. In this enrichment step, probes hybridize
with target library molecules. Probe-library molecule hybrids are bound to a solid phase (e.g.,
streptavidin-labeled magnetic beads), and untargeted library molecules are washed away [62]
(Figure 3). This approach enables the assembly and characterization of clinically relevant viral
genomes of varying sizes, ranging from hepatitis C virus (9.6 kilobases) to human
cytomegalovirus (236 kilo-base pairs) [62-64]. Binding affinity can also tolerate several
mismatches between bait and target, allowing variant detection [65]. The specificity of this
approach improves as the number of reference sequences for probe design increases. However,
this approach is time-consuming, expensive, requires high technical expertise, and unsuitable
for detecting novel viruses with low homology to reference sequences [reviewed in 50].

(3) In the PCR amplicon-HTS approach, primers bind to target sequences and these
regions are amplified. Typical primer design employs a tiling amplicon scheme to cover a viral
whole-genome sequence [66]. These amplicons are prepared for HTS (Figure 3). Compared to
the other two HTS approaches, the PCR amplicon-HTS approach is cheaper and demonstrates,
in most cases, higher sensitivity and specificity in enriching viral sequences. This approach was
employed to investigate several epidemics caused by the Ebola virus, Zika virus, Usutu virus,
and SARS-CoV-2 [66-69]. However, few mismatches between primers and template genome
can prevent primer binding and amplification. A priori sequence knowledge is also necessary
for the primer design. Thus, this HTS approach is unsuitable for targeting sequences from novel
and highly diverse viruses [reviewed in 50]. Moreover, the DNA polymerase can incorporate
wrong nucleotides during synthesis, and these errors can accumulate when a high number of

PCR cycles is used [66].
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Figure 3. Different high throughput sequencing (HTS) approaches for viral genome sequencing: (1) Generic HTS
approach enables the sequencing of all nucleic acid (NA) in a given sample, (2) Target enrichment HTS approach
includes enriching target sequences using a panel of probes. (3) PCR amplicon HTS approach includes the
amplification of target sequences with specific primers. This figure was based on the review of Houldcroft et al.
[50]. Images acquired from Pixabay under Pixabay license (https://pixabay.com/service/terms/#license).

1.4. Utilizing HTS approaches in improving preparedness and response to
outbreaks

High-throughput sequencing technologies are reshaping the surveillance of emerging
infectious diseases, which enable the rapid identification of causative agents in diseases and
genome-based outbreak investigations [61,70]. Furthermore, HTS technologies can be utilized
to actively screen for novel pathogens with epidemic potential, allowing evidence-based

preparedness and control for future outbreaks [71].

1.4.1 Sequence-based virus outbreak investigation

Traditional epidemiological approaches depend on case/incidence reports, including
epidemiological metadata (e.g., sample collection date and location) and interview-based
contact tracing to estimate key epidemic parameters, reconstruct transmission chains, and
devise an informed epidemic control policy [72-74]. For several decades, virus genomics has
also been employed to investigate infectious disease outbreaks [reviewed in 75], and this is
termed genomic epidemiology [reviewed in 18].

Viral genomes (particularly RNA virus genomes) accumulate genetic variations through
high mutation and replication rates on a similar timescale as their epidemiological spread
[76,77]. Hence, viral genome sequences collected over short epidemic periods can reveal the
epidemiological dynamics and emergence of an infectious disease outbreak. Thus, genomic
epidemiology empowers traditional outbreak investigation and infectious disease surveillance
[74].

Phylogenetic inference is typically utilized to resolve evolutionary relationships between
viruses based on the temporal resolution found in their sequences [78,79]. The ‘traditional’
approach (multiple tree search on bootstrapped data) and the Bayesian approach are two

statistical inference methodologies for reconstructing phylogenies [reviewed in 8o]. The
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maximum likelihood (ML), a ‘traditional” approach, calculates all possible mutational pathways
compatible with the aligned sequences [81]. This method provides consistent and robust
statistical inference; however, it requires long computational times [reviewed in 80]. As an
alternative, the faster Bayesian approach for phylogenetic analyses has been introduced [82].
The Bayesian approach integrates the prior probability of a phylogeny with tree likelihood to
yield trees with posterior probability distribution [82,83]. This method enables the
implementation of complex models of sequence evolution and integration of relevant data for
phylogenetic inferences [reviewed in 8o]. Epidemiological data and mathematical models can
be included in the reconstruction of a phylogenetic tree. For instance, the “phylodynamic
approach” integrates phylogenetic inferences, population genetics, epidemiological data, and
mathematical modeling to reconstruct the evolutionary history and transmission dynamics of a
pathogen [79,84]. Additionally, the “phylogeographic approach” incorporates phylogenetic
inferences with discrete traits (e.g., geographic location, hosts) to determine the effect of each
trait in infectious disease outbreak emergence and dynamics [85,86].

Viral genome sequencing and phylogenetic analysis can be utilized for precise
taxonomic identification and classification of known and also novel viruses. They are also
instrumental for understanding emerging viruses’ spillover dynamics and identifying their
natural host reservoirs [78]. Moreover, recent advances in HTS approaches and phylogenetic
analyses enabled the resolution of some basic questions regarding infectious disease outbreaks
[reviewed in 18], to name a few: (1) large-scale sequencing and phylogenetic analyses revealed
that the 2009 HiN1 influenza A pandemic originated in swine populations from Mexico [87,88];
(2) genomic epidemiology provided evidence that the intermediate hosts of MERS-CoV are
dromedary camels [89]; (3) sequencing and phylogeographic analyses exhibited the spread and

evolution of WNV in the Americas for 20 years [9o].

1.4.2 Sequenced-based virus discovery and characterization as tools for outbreak
preparedness?

Early detection and rapid genetic characterization of emerging infectious diseases might
enable the containment of an outbreak at a local level, reducing its devastating effects on human
and animal populations [91]. The global early warning and response system focused more on
recognizing the early onset outbreaks [92]. However, Carroll and colleagues [93] emphasized
the necessity for an early warning system (EWS) that detects novel viral spillover before it
emerges to a local outbreak. In both cases, metagenomic HTS (metagenomic analysis of generic
HTS datasets) has proven to be a powerful tool for virus discovery, hypothesis-free pathogen
identification, and virus genome characterization.

For early outbreak recognition, metagenomic HTS rapidly identified the etiological
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agent (SARS-CoV-2) in a cluster of patients with atypical pneumonia in China that progressed
into the current COVID-19 pandemic [61], which is remarkably faster compared to the
identification of causative agents of previous global epidemics (Table 1). Moreover, the early
availability of novel SARS-CoV-2 whole-genome sequences enabled the rapid development of
diagnostic assays [94,95], virus reconstruction using reverse genetic systems [96], and swift
vaccine development [g97], which all are essential tools in pandemic response and mitigation
[reviewed in detail in Publication I].

Table 1. Timelines of recent global epidemics.

Disease Virus First report/ Index Pathogen Genome References
case identification (Date)  available (Date)

SARS SARS-CoV Nov 2002 Mar 2003 Apr 2003 [98-101]

2009 HIN1 HIN1 25 Mar 2009 15 Apr 2009 24 Apr 2009 [20,102,

pandemic 103]

MERS MERS-CoV 13 Jun 2012 24 Sep 2012 27 Sep 2012 [8,104]

COVID-19 SARS-CoV-2 31 Dec 2019 9 Jan 2020 20 Jan 2020 [61]

For surveillance of virome diversity, numerous novel viral sequences in humans [99,100],
domestic animals [105,106], wildlife [107-11], blood-sucking vectors [reviewed in 12], other
arthropods [113,114], and specific environments [115,116] were discovered and characterized using
metagenomic HTS approaches. However, most of these newly discovered viruses have unknown
pathogenicity. Thus, Canuti and van der Hoek [117] recommend that sequence-based pathogen
discovery should be accompanied by virus characterization to understand the role of newly
discovered viruses in a disease. Virus characterization includes but is not limited to in silico
analyses of viral genomes, epidemiological investigation, virus isolation, and disease association
testing. Association between virus and disease can be established when the Henle-Loeffler-
Koch’s postulates are fulfilled [118]. One of the postulates requires that the pathogen must be
isolated from a diseased organism; however, numerous viruses cannot be propagated in vivo
[119]. To overcome this problem, Mokili and colleagues [27] proposed a modified metagenomic
Henle-Loeffler-Koch’s postulates that require differential metagenomic traits between healthy
and diseased individuals. Mokili and colleagues’ modified postulates only involve inoculating
healthy individuals with a diseased subject instead of a pathogen grown in pure culture [27].

However, the analytic sensitivity of metagenomic HTS is influenced by several variables
that depend on test design (e.g., completeness of reference database), pathogen (e.g., genome
size), and specimen type (e.g., pathogen-to-host ratio) [120]. Furthermore, this approach is
challenged by specificity issues (misclassification or cross-contamination), inconsistency of
bioinformatics pipelines, and costs [reviewed in 121]. These challenges hinder the adoption of
metagenomic HTS for routine diagnostics [120] and active surveillance of novel pathogens in

wildlife reservoirs [reviewed in 122].
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2. Objectives

Due to increasing threats of viral infectious diseases in humans and animals, a training
network that focuses on outbreak preparedness and response was established. In line with this
program, this thesis aimed to establish a unified pipeline for routine outbreak investigation and
early warning system, which could enhance the outbreak preparedness and response through

the early detection of pathogens with outbreak potential.

This thesis focused on the following objectives:

(1) to develop an early warning system for the detection of novel and unexpected
pathogens using generic and unbiased HTS datasets derived from routine
outbreak investigations

(2) to investigate causative agents of infectious disease outbreaks and suspected
pathogens with outbreak potential, which were identified either by the routine
surveillance or the early warning system, with regards to genetic characterization,

molecular-based screening, and/or in vitro isolation
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Abstract

The first cluster of patients suffering from coronavirus disease 2019 (COVID-19) was identi-
fied on December 21, 2019, and as of July 29, 2020, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections have been linked with 664,333 deaths and number
at least 16,932,996 worldwide. Unprecedented in global societal impact, the COVID-19 pan-
demic has tested local, national, and international preparedness for viral outbreaks to the
limits. Just as it will be vital to identify missed opportunities and improve contingency plan-
ning for future outbreaks, we must also highlight key successes and build on them. Concom-
itant to the emergence of a novel viral disease, there is a ‘research and development gap’
that poses a threat to the overall pace and quality of outbreak response during its most cru-
cial early phase. Here, we outline key components of an adequate research response to
novel viral outbreaks using the example of SARS-CoV-2. We highlight the exceptional
recent progress made in fundamental science, resulting in the fastest scientific response to
amajor infectious disease outbreak or pandemic. We underline the vital role of the interna-
tional research community, from the implementation of diagnostics and contact tracing pro-
cedures to the collective search for vaccines and antiviral therapies, sustained by unique
information sharing efforts.

PLOS Pathogens | hitps://doi.org/10.1371/journal ppal. 1008802 October 9, 2020
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Introduction

Since 1950, the global population has tripled to 7.8 billion, with expansion in meat consump-
tion and living area thought to increase human exposure to microbes infecting wildlife, with
occasional ‘spillover’ to people [1]. Approximately 60% of human infectious diseases are zoo-
notic [2] (transmitted from animals). Zoonoses capable of human-to-human transmission can
emerge as catastrophic diseases; acquired immunodeficiency syndrome (AIDS) alone has
killed an estimated 32 million [3], whilst coronavirus disease 2019 (COVID-19) has caused the
largest global economic crisis since the Great Depression [4].

Speed of response is critical with respect to mitigation of infectious outbreaks, since in a
susceptible population, the number of infections may increase exponentially. The aim of out-
break preparedness is therefore to ensure that contingency planning is in place beforehand to
avoid delays associated with an ad hoc response, thus enabling intervention whilst case num-
bers are low. For well-established diseases such as measles in humans, this preparation
includes systems for (1) detection by routine surveillance, (2) confirmation by designated spe-
cialist laboratories, and (3) response, which will be uniquely tailored to the situation [5]. Con-
trastingly, spillover of a novel pathogen entails additional complications caused by gaps in
fundamental knowledge and validated technical resources. Since this ‘research and develop-
ment gap’ impinges on the effectiveness and rate of response, it is an important factor that
must be considered in the context of preparedness [6].

The novel pathogen research and development landscape

An outbreak caused by a novel pathogen requires a rapid research effort across the experimen-
tal and clinical spectrum. As an outbreak response progresses, research and development con-
tinue to play an integral role at each stage (summarised in Fig 1). Here, we describe the various
aspects of this research and development landscape using COVID-19 as an example, with
emphasis on recent factors that have accelerated the response to the outbreak.

The detection of COVID-19 and the discovery of SARS-CoV-2

When unusually high incidence of a clinical syndrome is observed in a group of patients (a clus-
ter), there may be suspicion of a shared infection, which could constitute an outbreak. Initial
investigation must therefore identify what pathogen is present in order to confirm an outbreak
and kick-start a response. The first cluster of patients with COVID-19 was identified on December
21, 2019, after which investigations were carried out by the Chinese Center for Disease Control
and Prevention and the National Institute of Viral Disease Control and Prevention [7,8]. A diag-
nostic panel covering 22 human pathogens was run on these patients, with universally negative
results [8]. This immediately raised suspicion of a novel pathogen, requiring discovery methods.
Virus discovery methods include polymerase chain reaction (PCR) assays targeting con-
served genome regions specific to all members of a taxonomic family (potentially even
unknown ones), attempted virus isolation in cell culture, microscopy to study the virion mor-
phology, and metagenomic analysis of human samples for the identification of the pathogen.
These analyses were carried out on samples from the initial COVID-19 cluster and published
in a remarkably short 34 days [8] (Fig 2). Virus was grown in primary human airway epithelial
cell cultures, which provide optimal substrates for coronavirus replication [9,10], and trans-
mission electron microscopy images were generated, showing the spherical virion and surface
spikes characteristic of coronaviruses [8]. The first severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) genomes were published online on January 10, 2020 (Fig 2), 20 days
after cluster detection (GISAID accessions EPI_ISL_402119 and EPI_ISL_402121), and phylo-
genetic analyses showed the virus was a relative of both severe acute respiratory syndrome

PLOS Pathogens | https://doi.org/10.1371/journal. ppat. 1008202 October 9, 2020 2/12
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coronavirus (SARS-CoV-1) [7] (i.e., the etiological agent of the 2002-2004 SARS outbreak)
and a strain sampled from a bat [11], confirming a novel zoonotic virus outbreak and kick-
starting research efforts worldwide.

Testing, tracing, and isolating

When facing a novel pathogen, an immediate research priority is the development of diagnos-
tic assays to detect infected individuals. Testing in the clinic ensures that COVID-19 patients
are separated from SARS-CoV-2 negative individuals and confirms viral shedding has ceased
before discharge. Testing in the community uncovers viral transmission dynamics to support
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control policies, such as prevalence in vulnerable demographics [12], case fatality [13], or the
viral basic reproduction number [14] (i.e., Ry, the average number of further infections arising
from 1 case in a naive population). The first specific PCR assay for SARS-CoV-2 RNA was
designed, validated, and published [15] within 13 days of the first genome being made available
online (Fig 2). Loop-mediated isothermal amplification (LAMP) assays, which can rapidly and
sensitively detect viral RNA or cDNA with minimal equipment, were also validated on patient
samples only 2 months after the outbreak emerged [16-18].

Tracing viral spread by identifying infected individuals and their potential contacts enables
interventions such as selective quarantine, a method that has long been deployed as a firebreak
to epidemic spread. Contact tracing is being applied during the current pandemic; however,
with the surge in COVID-19 cases, it has become increasingly challenging to conduct [19].
Technological solutions in the form of privacy-protecting open-source contact tracing apps
have emerged rapidly, such as the TraceTogether app of Singapore, released in March 2020.
This uses Bluetooth to log other app users that come in close proximity, storing their phone
numbers in encrypted form for 14 days, data which are only accessible by the Health Ministry
after approach by a contact tracer. With Apple and Google engaged in a similar effort [20], in
the future, such software solutions may be integrated with standard phone operating systems
and become status quo tools during epidemics.

In addition to diagnostic testing and contact tracing, genomic epidemiology can today be
used to describe the evolution of a virus in time and space, uncovering transmission patterns
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[21]. Importantly, this is now a real-time tool rather than a retrospective one. Whereas the first
SARS-CoV-1 genome was published over 6 months into the 2002-2004 outbreak [22] (Fig 2),
nearly 5 months into the SARS-CoV-2 pandemic, over 27,000 complete genomes could be
downloaded from the GISAID sequence repository (www.gisaid.org). Technological advances
in high-throughput sequencing have made this possible, first via short-read technologies such
as Solexa (now Illumina), first available in 2006, and second by the 2014 commercial implemen-
tation of nanopore sequencing by Oxford Nanopore Technologies. These platforms are com-
monly used to investigate SARS-CoV-2 transmission clusters, for example, by the COVID-19
Genomics UK (COG-UK) consortium [23], which has sequenced thousands of virus genomes
during the pandemic. Due to a relatively low entry price, nanopore technology has been decisive
in improving accessibility to sequencing, reinforced by initiatives including the ARTIC Net-
work [24], who quickly developed and published primer schemes and protocols for amplicon
sequencing of whole SARS-CoV-2 genomes. Analysis of this wealth of data has also been made
more accessible by online tools; for example, the Nextstrain platform [25] is being used to inte-
grate genomic, geographical, and temporal data to visualise patterns of SARS-CoV-2 spread,
whilst CoV-GLUE, an online resource created using the Genes Linked by Underlying Evolution
(GLUE) [26] software environment, focuses on identifying and tracking new variants.

Utilising the genome: Fundamental research and development

A viral genome sequence is a launchpad for a range of parallel research goals aiming to deliver
technical resources and fundamental knowledge about a new pathogen. The genome provides
the sequences of protein-coding genes, which are used to safely produce pure stocks of individ-
ual viral proteins. The gene sequence is first amplified from a clinical sample or viral culture
using PCR or is synthetically constructed. The DNA is delivered to cells, which produce
(express) the protein encoded by the gene. Viral proteins are used in the generation of tradi-
tional antibody-based diagnostic assays, such as enzyme-linked immunosorbent assays (ELI-
SAs), which are designed to detect viral proteins in patient samples or patient antibodies
against the virus [27]. Although PCR is considered the gold standard for laboratory diagnosis
of an active SARS-CoV-2 infection [28], serological assays can detect historical infections and
play a key role in determining population attack rates and potentially protective immunity lev-
els [29,30]. Lateral flow assays (LFAs) are used as rapid tests for prior viral exposure and were
first reported 2 months after cluster identification [31-33].

Whilst the amino acid sequence of a protein can be accurately predicted from the nucleo-
tide sequence of its encoding gene, the protein conformational structure that determines its
function cannot, and must be solved using structural biology techniques. Hardware and data
processing performance revolutions in recent years have dramatically accelerated the genera-
tion of high-resolution structures; only 2 months after the first SARS-CoV-2 genome was
released, a 3.5 A resolution cryogenic electron microscopy (cryo-EM) structure of the spike
protein was published [34], revealing differences to SARS-CoV-1 that preclude the binding of
some anti-SARS-CoV-1 antibodies. This was followed in short order by structures including
the cellular receptor ACE2 [35] bound to the spike protein [36], the SARS-CoV-2 nucleocapsid
RNA-binding domain [37], and the SARS-CoV-2 main protease [38]. This structural informa-
tion is useful for in silico modelling of protein-protein interactions and high-throughput
computational screening of chemical compounds with potential antiviral properties. Another
remarkable approach to find drug targets exploited expression of SARS-CoV-2 proteins in
human cells, followed by separation of the viral proteins (and bound host proteins) from the
host background. Identification of bound host proteins by mass spectrometry revealed a num-
ber of druggable candidates that may represent therapeutic targets [39].
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In vivo studies such as those in livestock, frugivorous bats, and companion animals are nec-
essary to establish their potential role in forming viral reservoirs and to provide data that are
informative on the possible pathways of SARS-CoV-2 transmission from its wild reservoir to
humans [40,41]. Furthermore, nonhuman primate models will be key to expediting preclinical
evaluation of vaccines and other therapeutics for use in humans [42,43]. Establishment of viral
cultures is vital for numerous downstream applications, including generating these in vivo
infection models for therapeutic testing [44], antiviral screening [45], and fundamental virus
characterisation [46]. Traditionally, a clinical sample containing replication competent virus
would be required; however, access to samples for researchers in countries without active cases
is often logistically difficult in the early phases of an outbreak. Today, only a genome sequence
is required—synthetic DNA technology allows the reconstruction of viral genomes in artificial
vectors—from which viable infectious RNA can be produced and replicating virus rescued.
The first such SARS-CoV-2 culture was achieved only 1 week after delivery of synthetic DNA
constructs spanning the genome [47] and reported 42 days after the first genome became avail-
able. This technology offers a powerful platform to carry out reverse genetic approaches using
genetic engineering to study genotype-to-phenotype relationships and the function of viral
components, and also enables validation of diagnostic tests in the absence of clinical specimens
[15].

Delivering pharmaceutical interventions to the clinic

The future trajectory of the SARS-CoV-2 pandemic is uncertain; however, elimination of the
virus may depend on the availability of antiviral treatments and vaccines. Delivery of novel
pharmaceutical interventions from conception to clinic is a prolonged process with numerous
practical and regulatory hurdles to cross, necessitating short-term stopgaps. Repurposing of
drugs already approved for human usage is an attractive option: their production is already
optimised and upscaled, and they have known safety and bioavailability data, allowing human
clinical trials to proceed rapidly after testing of in vitro efficacy. However, the repurposing of
approved drugs can have major consequences in outbreak situations, causing acute shortages
and rendering them unavailable to patients using them for the licensed indication [48]. Fur-
thermore, medications can have potentially serious side effects, and emergency use approval
may entail an uncertain risk/benefit profile, as seen with the example of hydroxychloroquine,
which recently had its emergency use authorisation (EUA) revoked by the United States Food
and Drug Administration (FDA) [49].

Clinical trials of therapeutic drugs involving hundreds of COVID-19 patients were ongoing
by early February [50]. During March and April, numerous compounds were identified that
either have direct action on SARS-CoV-2 in vitro [45,51-53] or may have indirect action via
host proteins [39,54], paving the way for in vivo efficacy trials (Fig 1). Furthermore, on the
basis of 2 clinical trials, the FDA granted an EUA of remdesivir for COVID-19 treatment on
May 1, 2020 [55]. This was the first direct antiviral approval, just over 4 months into the
outbreak.

Delivery of neutralising antibodies (nAbs) to patients early in disease is another treatment
option. Serum from convalescent COVID-19 patients contains anti-SARS-CoV-2 antibodies,
and donated serum can be infused to acutely ill patients [56,57]. Other options include prod-
ucts containing purified polyclonal antibodies from the pooled sera of COVID-19 survivors
[58], through to the identification and characterisation of monoclonal nAbs, since these have
the potential to be produced in large quantities and delivered as immunotherapy. By February,
a SARS-CoV-1 nAb (CR3022) was reported to bind the receptor-binding domain of SARS-
CoV-2 spike protein [59]; however, it was later shown not to cross-neutralise the virus [60]. In
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early April, an antibody (§309) from a SARS-CoV-1 survivor was found to neutralise SARS-
CoV-2 [61], followed in May by a humanised antibody (47D11) capable of blocking infection
with both SARS-CoV-1 and SARS-CoV-2 in vitro [62]. Also in May, a team demonstrated in
vivo protection against high-dose SARS-CoV-2 challenge in Syrian hamsters after injection of
a human monoclonal nAb [63], whilst another reported identification of 19 SARS-CoV-2
nAbs [64]. This was accomplished by isolating individual B cells reacting to native-like SARS-
CoV-2 spike protein, followed by expression of the encoded antibodies and virus neutralisa-
tion assays. Importantly, highly potent nAbs were found that targeted different regions of the
spike protein, implying suitability as a cocktail therapy with reduced risk of viral escape.

Vaccines are used to safely increase immunity levels against pathogens in populations in
order to protect individuals and reduce pathways to viral spread. For SARS-CoV-2, a remark-
ably fast and broad vaccine development response was initiated, with the first candidate reach-
ing human trials only 86 days after cluster identification [65], over 6 times faster than the first
SARS-CoV-1 human vaccine trial [66] (Fig 2). At the time of writing, 35 candidates had
reached human trials, with 122 more in preclinical development [67]. A range of vaccine plat-
forms (different core approaches to elicit antibody-based immunity and their associated
manufacturing pipelines) are being trialled [68]. Amongst them are next-generation tech-
niques like mRNA vaccination [65], which requires relatively little development time after
viral genome sequencing. If successfully tested and deployed, these novel concepts may estab-
lish themselves more firmly within the vaccine ecosystem and potentially accelerate vaccine
development beyond the SARS-CoV-2 pandemic. However, the implementation of novel
pharmaceutical interventions will ultimately be subject to the normal technical challenges
involved with upscaling production to meet massive demand and will be dependent on the
availability of appropriate production lines [68]. Many of the novel vaccine approaches cur-
rently being trialled have never been manufactured at this scale, suggesting unforeseen scal-
ability issues may place future roadblocks.

Information, property, and knowledge sharing

Against the backdrop of technological advancements that have boosted outbreak research
capacity in recent years, key paradigm shifts in information sharing have also occurred, dra-
matically increasing how quickly and widely new results and data are received by other
researchers and the public. In a rapidly evolving situation, maximum data utility is achieved by
prompt release. The pace of viral genome publication during crises was highlighted as a prob-
lem during the 2014-2016 Ebola outbreak [69], yet arguably a sea change has occurred since.
Furthermore, databases have emerged that compile COVID-19 publications and data
resources [70] or provide daily updates on outbreak data worldwide [71-74], accessible to all.
For researchers, the open access bioRxiv and medRxiv preprint servers (launched in 2013 and
2019, respectively) have become invaluable resources for the rapid dissemination of results,
hosting a combined 7,060 articles by July 29, 2020. The cost of this speed is the absence of peer
review, which can sometimes result in the publication of data falling below a necessary quality
standard. Encouragingly, this openness has not been limited to academic spheres; many major
technology companies including Intel, Microsoft, and Amazon have temporarily granted open
access to their patent libraries for SARS-CoV-2-related research as part of the ‘Open COVID
Pledge’ [75] to encourage innovation via sharing of intellectual property. Some pharmaceutical
companies have also made similar moves, from AbbVie (North Chicago, USA) agreeing not to
enforce patent rights on a drug in COVID-19 trials [76] to Roche (Basel, Switzerland) sharing
the composition of a buffer in their diagnostic kit with the Dutch government [77]. Numerous
community-driven efforts have also sprouted, from 3D printing and donation of personal
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protective equipment [78] to the repurposing of company production lines to manufacture
and donate essential materials such as hand sanitiser [79].

Timely and high-quality scientific research relies on knowledge sharing between teams

with varying expertise and facilities, making connectivity a keystone component of research
preparedness for outbreaks. Whilst the World Health Organization (WHO) plays a crucial
role in coordinating global research efforts in response to the COVID-19 pandemic, pre-
existing networks and formal consortia of trusted partners can immediately coordinate to

form focus groups and share resources [15]; several of these have been formed in response to
major epidemics of recent years (Table 1). Some of these, such as Platform for European

Table 1. A selection of the many networks and consortia conducting research into SARS-CoV-2 and COVID-19.

Networks Focus Website
ACTIV Accelerating COVID-19 Therapeutic Interventions and Vaccines https://www.nih.gov/research-training/medical-research-initiatives/activ
ARTIC Real-time molecular epidemiology for outbreak response https://artic.network/
Network
CEPI Coalition for Epidemic Preparedness [nnovations https://cepi.net/
COMPARE | COllaborative Management Platform for detection and Analyses of (Re-) | hitps://www.compare-europe.ew/
emerging and foodborne outbreaks in Europe
COPCOV Chloroquine/ hydroxychloroquine prevention of Coronavirus Disease https://www.tropmedres.ac/covid-19/copcov
(COVID-19) in the healthcare setting; a randomised, placebo-controlled
prophylaxis
COV-IRT COVID-19 International Research Team https://covirt19.org/
COVID-19 COVID-19 Clinical Research Coalition https://covid19cre.org/
CRC
ECRAID European Clinical Research Alliance on Infectious Diseases https://www.ecraid.eu/
eMERGE Electronic Medical Records and Genomics https://emerge-network.org/
GLOPID-R Global Research Collaboration for Infectious Disease Preparedness https://www.glopid-r.org/
HONOURs | Host switching pathogens, infectious outbreaks, and zoonosis https://www.honours.eu/
IDCRC Infectious Diseases Clinical Research Consortium https://med.emory.edu/departments/medicine/divisions/infectious-
diseases/idcrc/index.htm
INITIATE Innate-Immunometablism as Antiviral Target https://initiate-itn.eu/
ISARIC International Severe Acute Respiratory and emerging Infection https://isaric.tghn.org/
Consortium
PANDORA | Pan-African Network For Rapid Rescarch, Response and Preparedness for | https://pandora.tghn.org/
Infectious Diseases Epidemics
PREPARE Platform for European Preparedness Against (Re-)emerging Epidemics https://www.prepare-europe.eu/
RECOVER | Understand the COVID-19 pandemic through clinical research in order to | https://www.recover-europe.eu/
transform patient care and public health responses
Solidarity International clinical trial to help find an effective treatment for COVID- | hitps://www.who.int/emergencies/diseases/novel-coronavirus-2019/
19, launched by WHO and partners global-research-on-novel-coronavirus-2019-ncov/solidarity-clinical-trial-
for-covid-19-treatments
VIRUS-X Viral metagenomics for innovation value http://virus-x.en/
ZAPI Zoonotic Anticipation and Preparedness Initiative https://www.imi.europa.eu/projects-results/project-factsheets/zapi

ACTIV, Accelerating COVID-19 Therapeutic Interventions and Vaccines; CEPI, Coalition for Epidemic Preparedness Innovations; COMPARE, COllaborative

Management Platform for detection and Analyses of (Re-)emerging and foodborne outbreaks in Europe; COPCOV, Chloroquine/ hydroxychloroquine prevention of
Coronavirus Disease (COVID-19) in the healthcare setting; COVID-19, coronavirus disease 2019; COVID-19 CRC, COVID-19 Clinical Research Coalition; COV-IRT,
COVID-19 International Research Team; ECRAID, European Clinical Research Alliance on Infectious Diseases; eMBRGE, Electronic Medical Records and Genomics;
GLOPID-R, Global Research Collaboration for Infectious Disease Preparedness; IDCRC, Infectious Diseases Clinical Research Consortium; INITIATE, Innate-
Immunometablism as Antiviral Target; ISARIC, International Severe Acute Respiratory and emerging Infection Consortium; PANDORA, Pan-African Network For

Rapid Research, Response and Preparedness for Infectious Diseases Epidemics; PREPARE, Platform for European Preparedness Against (Re-)emerging Epidemics;
RECOVER, Rapid European COVID-19 Emergency Response research; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WHO, World Health

Organization; ZAPI, Zoonotic Anticipation and Preparedness Initiative.

hitps://doi.org/10.1371/journal ppat. 1008902.1001
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Preparedness Against (Re-)emerging Epidemics (PREPARE) [80] and HONQURs [81], specif-
ically train research preparedness concepts to the next generation of scientists. An advantage
of larger networks is the ability to coordinate multi-armed studies with unified procedures and
centralised administration, in order to maximise sample size and achieve consensus faster. For
this purpose, WHOQO launched the Solidarity clinical trial for testing COVID-19 treatments
[82], which involves over 100 countries and intends to complete 80% faster than a typical ran-
domised clinical trial. Representative national ethics committees supported by WHO, funding
agencies, and relevant collaborative research consortia provided statements guiding the con-
duct of COVID-19 research, which helps to standardise and expedite ethical research [83].
Another important contribution of international collaborations, such as the COVID-19 Clini-
cal Research Coalition (CRC) (Table 1), is the acceleration of COVID-19 research in low-to-
middle-income countries (LMIC) where research resources, laboratory facilities, and
manufacturing infrastructures are commonly limited relative to high-income countries [84].

Outlook

The SARS-CoV-2 pandemic has been an unprecedented test of novel pathogen outbreak pre-
paredness, revealing strengths and weaknesses in all domains. As we have highlighted here,
research capacity to respond to novel outbreaks is at an all-time high. The massive threat that
viral outbreaks pose to lives and economies underscores the need to build on this success by
promoting fundamental research capacity and networks of collaboration.
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Abstract: One year after the first autochthonous transmission of West Nile virus (WNYV) to birds
and horses in Germany, an epizootic emergence of WNV was again observed in 2019. The number
of infected birds and horses was considerably higher compared to 2018 (12 birds, two horses),
resulting in the observation of the first WNV epidemy in Germany: 76 cases in birds, 36 in horses
and five confirmed mosquito-borne, autochthonous human cases. We demonstrated that Germany
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experienced several WNV introduction events and that strains of a distinct group (Eastern German
WNV clade), which was introduced to Germany as a single introduction event, dominated
mosquito, birds, horse and human-related virus variants in 2018 and 2019. Virus strains in this clade
are characterized by a specific-Lys2114Arg mutation, which might lead to an increase in viral fitness.
Extraordinary high temperatures in 2018/2019 allowed a low extrinsic incubation period (EIP),
which drove the epizootic emergence and, in the end, most likely triggered the 2019 epidemic.
Spatiotemporal EIP values correlated with the geographical WNV incidence. This study highlights
the risk of a further spread in Germany in the next years with additional human WNYV infections.
Thus, surveillance of birds is essential to provide an early epidemic warning and thus, initiate
targeted control measures.

Keywords: West Nile virus; Germany; epizooty; epidemic; human; bird; horses; mosquitoes;
transmission risk; zoonoses

1. Introduction

West Nile virus (WNV, family Flaviviridae, genus Flavivirus) is maintained in a transmission cycle
between birds as amplification hosts and mosquito vectors [1]. Spillover events have significant
public health and veterinary relevance [2]. A total of 25% of the infected people develop West Nile
fever (WNF) and become symptomatic (e.g., headache or muscle pain) [3]. Severe disease
progressions manifesting as WNV neuroinvasive disease (WNND) are rare (<1%) [4]. These include
syndromes of meningitis, encephalitis, and acute flaccid paralysis/poliomyelitis. Case-fatality rate of
WNND is approximately 10% [5]. Age is the most important risk factor for WNND and a fatal disease
outcome [2]. Thus, WNV circulation poses considerable risk for transfusion and organ
transplantation safety [6].

WNV is distributed in wide areas of Europe. The main focus of WNYV circulation is in south-
eastern Europe and Italy [7]. However, low WNV activity is also observed in the neighboring
countries of Germany (France, Austria, and Czech Republic). Therefore, over the last decade,
different monitoring programs were implemented in Germany to screen for WNV RNA and
antibodies in birds, horses, mosquitoes and chicken eggs [8-12]. In 2018, an epizootic emergence of
WNYV was observed in Germany for the first time [13]. All WNV-positive birds and horses were
infected with the same WNV lineage 2 strain of the central European subclade II. WNV activity was
detected in eastern Germany over a distance of almost 900 km (Munich to Rostock). At the same time,
a large WNV outbreak was observed in south-eastern and southern Europe [7]. However,
phylogenetic analysis in combination with the wide distribution in Germany indicates that WNV
may have been introduced from the Czech Republic to Germany already before 2018 [13]. The
emergence of WNV in Germany and the focus in the central part of eastern Germany was correlated
with outstandingly high summer temperatures. As demonstrated for other European countries,
WNV is probably predominantly transmitted by different native Culex species. Culex pipiens biotype
pipiens, Culex pipiens biotype molestus and Culex torrentium from Germany were experimentally
proven to be susceptible to WNV infection [14].

In this study, we report a WNV epidemic in Germany, 2019, triggered by an epizootic emergence
among birds with spillover to horses and humans. Human and animal cases were located in the same
area, showing a high WNV activity also in 2018. In both years, the region was characterized by
suitable temperature conditions allowing a short extrinsic incubation period (EIP). Phylogenetic and
phylogeographic analysis showed that Germany experienced several WNV introduction events.
Several virus variants circulate in the affected German regions with Austria and Czech Republic as
possible origins. The majority of the WNV strains involved in the German outbreak clustered
together into a distinct and dominating group (Eastern German WNYV clade) comprising of mosquito,
bird, horse and human-related virus variants.
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2. Materials and Methods

2.1. WNYV Screening of Birds, Horses and Mosquitoes

Since the first outbreak of Usutu virus (USUV) in Germany (2011/12), a nationwide bird
surveillance network (living and dead birds) was set up to monitor for zoonotic arboviruses with a
focus on WNV and USUV. In this context, a variety of dead birds and organ samples were submitted
to the Bernhard Nocht Institute for Tropical Medicine and the national reference laboratory for WNV
at the Friedrich-Loeffler-Institut (FLI) by the regional veterinary laboratories of the federal states of
Germany, by the German Mosquito Control Association (KABS), the Nature and Biodiversity
Conservation Union (NABU), citizens and independent bird clinics and zoological gardens. WNV
infection in birds and horses is a notifiable disease in Germany if a recent infection is detected by a
WNV-specific RT-qPCR result and/or a positive result of horses by IgM-ELISA, i.e., the detection of
a fresh WNV infection. A previous vaccination of horses must be excluded. A positive IgG or
neutralizing antibody detection is not notifiable in Germany.

Requests for the submission of dead birds were made via press releases of involved institutes
and subsequent dissemination of the information by different kinds of media, including newspaper
articles, television and radio. Total RNA from homogenized tissue samples (brain, liver, lung, or
heart) was extracted and analyzed for the presence of flavivirus RNA by using a modified pan-
flavivirus reverse transcription PCR [15] or WNV-specific reverse transcription quantitative PCR (RT-
qPCR) [16]. Furthermore, all samples were also tested using the USUV-specific RT-qPCR described
by Jost et al. [17] (data not shown).

Organ samples from affected horses were also tested by the RT-qPCR as stated above. In the case
of diseased horses, often with neurological symptoms typical for WNV disease, the serum samples
were screened by IgM-and/or IgG-ELISA (IDVet, Grabels, France) and positive samples were
confirmed by differentiating virus neutralization tests to exclude cross-reacting flaviviruses (USUV,
tick-borne encephalitis virus (TBE)) [12].

Following the first confirmed avian WNV case in the Tierpark Berlin (Wildlife Park) in 2019,
mosquitoes were collected in that park by EVS (Heavy Duty Encephalitis Vector Survey) traps
(BioQuip Products, Rancho Dominguez, CA, USA) equipped with dry ice as an attractant. Traps were
continuously operated from mid-September fo early October and emptied daily. Captured
mosquitoes were morphologically identified to species or complex using the determination key by
Becker et al. [18] and pooled with up to ten specimens per pool. Pools were homogenized and
subjected to RNA extraction and WNV RT-qPCR as described above [16]. Positive samples were
inoculated on C6/36 cells (L 1299, Collection of Cell Lines in Veterinary Medicine (CCLV), Friedrich-
Loeffler-Institut, Greifswald — Insel Riems, Germany). Six days after inoculation, the supernatant of
infected cultures was tested again with WNV RT-qPCR and the two samples with the lowest Ct-value
were used for NGS analysis [19].

2.2. Risk of WNV Transmission

The extrinsic incubation period (EIP) gives the time between ingestion of a pathogen via blood
meals and the vectors’ ability to retransmit the pathogen. In contrast to other indices for transmission
risk (e.g., field-measured infection rates of vectors), this approach is a theoretical risk assessment
using information on the temperature-dependent EIP from the literature. However, EIP values give
an approximation of virus transmission risk through the mosquito vector under local temperature
conditions. Therefore, daily EIP values (EIP4) of WNV were calculated with the formula —0.132 +
0.0092 x temperature [13,20]. The day-to-day mean E-OBS temperature dataset v20.0e (July 2018 to
August 2019) was downloaded from http://www.ecad.eu [21]. Data analysis and visualization was
conducted with the program R [22] using the packages lubridate [23] and raster [24]. For the risk
assessment, EIP4 values for the subsequent days were summed up until the virus development was
completed (=EIP). For each grid cell and year, EIP values were averaged for the period from 15th July
to 14th August (=EIPav).
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2.3. Data Sets and Genome Characterization of WNV

A total of 39 WNV genomes from birds, humans, mosquitoes and horses were newly acquired
as part of this study (Table 1, Figure 1, Supplementary Table 51). The extracted viral RNA of WNV
positive specimens was subjected to a next-generation sequencing (NGS) workflow [25], or to random
RT-PCR amplification followed by library preparation by using the QIAseq FX DNA Library Kit
(Qiagen, Hilden, Germany). They were normalized, sampled and sequenced using 150-cycle
NextSeq550 Reagent Kits v2.5 (Illumina, San Diego, CA) on a NextSeq550 platform (Illumina, San
Diego, CA) or the Ion Torrent S5 chemistry (ThermoFisher Scientific, Waltham, MA, USA) on an Ion
Torrent S5 XL platform (ThermoFisher Scientific, Waltham, MA, USA). All whole genome sequences
of WNV with known sampling time (year) and geographical origin (country) from Europe were
retrieved from GenBank (n = 98) and combined with those sequenced in this study. Two data sets
have been created: one containing all genomes from Europe incl. Germany, and a second one
comprising the “Eastern German clade only.” Sequences were aligned using the MAFFT algorithm
and then visually inspected in Geneious v2020.0.2 (https://www.geneious.com, Biomatters,
Auckland, New Zealand). All sequences were confirmed as non-recombinant by the various methods
for recombination detection implemented in RDP4 [26]. The obtained full-length recovered genome
sequences of the WNV were submitted to GenBank or the European Nucleotide Archive (accession
no. MN794935-MN794939, LR743421-LR743437, and LR743442-1LR743458).

2.4. Evolutionary Dynamics and Phylogeography of German WNV

Genomes obtained for the German WNYV strains were compared with all European complete or
near complete genomes sequences publicly available. For molecular clock phylogenetics, maximum
clade credibility (MCC) trees were inferred using the Bayesian Markov chain Monte Carlo (MCMC)
approach available in BEAST v1.10 [27]. Analyses were performed under the best fit nucleotide
substitution model identified as GTR +I for the complete genome data set including “all European”
genomes and TN93+I for the data set for “Germany only” using jModelTest 2 [28]. To search among
maximum likelihood (ML) trees, we employed both nearest neighbor interchange (NNI) and subtree
pruning and regrafting (SPR) branch swapping. To assess the robustness of each node, a bootstrap
resampling process was performed (1000 replicates} again using the NNI branch-swapping method
available in PhyML [29] (data not shown). We have employed the TempEst tool for an interactive
regression approach to explore the association between genetic divergence through time and
sampling dates [30]. In order to assess the spatiotemporal dynamics of WNV, the time to most recent
common ancestor (tMRCA), evolutionary rate and the effective population dynamics of WNV was
employed with a relaxed uncorrelated log normal and a strict molecular clock under a flexible
demographic model (the coalescent Gaussian Markov Random field (GMRF) Bayesian Skyride) as
the best demographic scenario detected. In all cases, each of the MCMC chain lengths was run for 5
x 107 generations (with 10% burn-in) with subsampling every 104 iterations to achieve convergence as
assessed using Tracer v1.5 [31]. The MCC trees were visualized using FigTree v1.4.1
(http://tree bio.ed.ac.uk/software/figtree/). To test the hypothesis that WNV was periodically
introduced to Germany, a phylogeographic analysis was conducted using a discrete model
attributing state characters represented by the detection locality of each strain and the Bayesian
stochastic search variable (BS5V) algorithm implemented in BEAST v1.10 [27]. An MCC tree was
summarized using TreeAnnotator v1.10. and visualized in FigTree v1.4.3. SpreadD3 v. 0.9.7.1
(https://rega.kuleuven.be/cev/ecv/software/SpreaD3_tutorial) was used to run BSSV analysis and
generate Bayes factor (BF) and posterior probability (PP) to test for statistically significant
epidemiological links between discrete sampling locations. The potential transmission networks
within and between countries for NS5 WNV were inferred in PopART package v1.7.2 using median
joining tree method with an epsilon of zero [32].
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3. Results

3.1. Spatial Analysis of West Nile Virus Circulation

A total of 88 birds and 38 horses tested positive for WNV in 2018 (diagnosed between 28.8. and
9.10) and 2019 (diagnosed between 8.7. and 21.11) in Germany. In addition, five probably mosquito-
borne human WINV cases were diagnosed with no history of travel to WNV-endemic countries within
the last month. Except a single specimen (Hamburg, 2019), all WNV-positive animals originated from
the eastern part of Germany with a distinct focus for the federal states Saxony-Anhalt, Saxony, Berlin
and Brandenburg (Table 1, Figure 1). In addition, the targeted screening in the Tierpark Berlin
revealed seven WNV positive Culex pipiens complex mosquito pools in 2019.

Low WNV activity was detected for the federal states Bavaria and Mecklenburg-Western
Pomerania in 2018, which was not observed in 2019. WNV cases were found in Hamburg and
Thuringia in 2019 for the first time. The number of positive birds and horses rose considerably in 2019
(76 birds and 36 horses) compared to 2018 (12 birds and two horses).

Table 1. West Nile virus (WNV)-positive birds, horses and mosquito-borne, autochthonous humans
for the federal states of Germany in 2018/2019. Numbers in brackets indicate the number of samples
with WNV sequences acquired in this study.

Federal Stat Birds Horses Birds Horses Humans Sum
ederal State (2018)  (2018)  (2019)  (2019) (2019) "
Bavaria (BY) 2(2) 0 0 0 0 2(2)
Berlin (BE) 3(1) 0 33 (6) 0 1(1) 37 (8)
Brandenburg (BB) 0 1 6(3) 7 0 14 (3)
Hamburg (HH) 0 0 1(1) 0 0 1(1)
Mecklenburg-Western
Pomerania (MV) ! 0 0 0 0 1
34
Saxony (SN) 1(1) 0 21 (8) 9 (1) 3 (10)
41
Saxony-Anhalt (ST) 5(2) 1 15 (10) 19 1(1) (13)
Thuringia (TH) 0 0 0 1 0 1
131
Sum 12 (6) 2 76 (28) 36 (1) 5(2) (33,7)

In addition to the 37 WNV sequences, two more genome sequences were cbtained from WNV-
positive mosquito pools collected in Berlin.

Especially in 2019, a large number of different bird species was affected (Table 2). A total of 52
birds (59.1% of all WNV-positive birds in 2018/2019) were held in captivity. From the total of 88
infected birds only four goshawks in private aviaries survived the infection. Of the 38 infected horses,
29 animals showed typical clinical symptoms, of which five horses died or were euthanized. Most of
the other sick horses recovered in a very short time. Another nine horses were asymptomatic and
were detected in the framework of additional investigations of holdings in relation to the clinical
outbreaks. All 38 infected horses were positive in the IgM-ELISA and were therefore notified.
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Table 2. Detection of WNV infections in different bird species in 2018 and 2019.

Number

Affected
Bird Species Scientific Name Housing (;i::::rd- Federal
Birds States *
Eurasian Blackbird Turdus merula wild 3 ST, MV
Andean Flamingo Phoenicoparrus andinus captive 1 BE
Great Grey Owl Strix nebulosa captive 6 SN, ST, BY
Unspecified buzzard Buteo sp. wild 1 ST
Blue Tit Parus caeruleus wild 3 SN, ST
Chilean Flamingo Phoenicopterus chilensis captive 6 BE, SN
Eurasian Jay Garrulus glandarius wild 1 BB
Coconut Lorikeet Trichoglossus haematodus captive 1 ST
Scarlet-chested Parrot Neophema splendida captive 1 SN
Eurasian Golden Pluvialis apricaria wild 1 SN
Plover
. " wild/ BB, BE,
Northern Goshawk Accipiter gentilis captive 19 SN, ST
House Sparrow Passer domesticus wild 4 SN, ST
Dunnock Prunella modularis wild 1 HH
Humboldt-Penguin Spheniscus humboldti captive 1 BB
Inka-Tern Larosterna inca captive 1 BE
Black-tailed Gull Larus crassirostris captive 8 BE
Kagu Rhynochetos jubatus captive 1 BE
Domestic Canary Serimuus canmflm forma captive 2 SN
domestica
Great Tit Parus major wild 3 SN
American Flamingo Phoenicopterus ruber captive 3 BE
Hooded Crow Corvus corone cornix wild 1 BE
Unspecified pelican Pelecanus sp. captive 1 ST
Javan Pond Heron Ardeola speciosa captive 1 BE
Comrr}on Wood Columba palumbus wild 1 BE
Pigeon
Snowy Owl Bubo scandiacus captive 8 BE, ST
Chinese Merganser Mergus squamatus captive 1 BE
Swift Parrot Lathamus discolor captive 1 SN
Little Owl Athene noctua wild 2 BB
European Goldfinch Carduelis carduelis captive 1 SN
Eurasian Eagle-Owl Bubo bubo wild 1 SN
Tawny Owl Strix aluco wild 1 ST
White Eared Pheasant Crossoptilon crossoptilon captive 2 BE

* abbreviations as in Table 1.

The area with highest activity of WNV circulation was similar in 2018 and 2019, i.e., central-
eastern Germany with most WNV-positive samples (mosquitoes, birds and horses) (Figure 1). In
addition, all mosquito-borne, autochthonous human WNYV cases were observed in this region. This
matches the risk analysis based on the temperature conditions during summer, which indicates short
EIPave (<15 days) for this area. The region along the Upper Rhine Valley (south-western Germany)
was also characterized by low ElPave values, but no WNV circulation was detected in either year. Re-
emergence of WNV was not observed for the most northern (Rostock) and southern (Poing) foci of
WNYV from 2018. This correlates with higher EIPavw values for 2019 (>25 d; Poing: 28.4, Rostock: 26.2)
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compared to 2018 (<25 d; Poing: 21.6, Rostock: 19.6) for these areas, i.e.,, lower risk of WNV
transmission.

2018 2019
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Figure 1. Spatial risk of West Nile virus (WNV) transmission in Germany. Average extrinsic
incubation period between 15th July to 14th August 2018/2019 and distribution of WNV-positive
birds, horses, humans and mosquitoes.

3.2. Autochthonous Human WNYV Cases

In September 2018, a 31-year-old male veterinarian developed flu-like symptoms after necropsy
of a WNV-positive owl (https://promedmail.org/promed-post/?id=20181006.6074497). The laboratory
confirmation was based on detection of an IgM response against WNV and a cross-reactive IgG
response against WNV, which might be also the result of past vaccinations against TBE and yellow
fever virus. The first mosquito-borne, autochthonous infection for Germany was confirmed in
Leipzig, Federal State of Saxony on 20 September 2019. The 69-year-old male patient presented with
WNND, received supportive treatment at the Infectious Diseases (ID) intensive care unit (ICU)
between September 3rd and September 20th and was released with restitutio ad integrum. The
laboratory confirmation was based on detection of WNV RNA in an early CSF, serum and urine
sample and the detection of WNV IgM and IgG in serum samples. A second autochthonous case in
Leipzig, an 81-year old male, was admitted to the ICU with presumptive diagnosis of pneumonia,
then transferred to the ID-ICU and was found to have WNND confirmed by WNV IgM and IgG in
serum samples as well as WNV RNA in CSF samples as early as from 19 September. He also
recovered after 12 days of supportive care including mechanical ventilation without neurological
sequelae. Both patients reported no history of travel to WNV-endemic countries and routes of non-
vector borne transmission were excluded. While one patient had direct contact with the corpse of a
Blue Tit (Parus caeruleus) five days before onset of fever, the other one reported no obvious contact
with animals. Both patients had experienced multiple mosquito bites in the weeks before onset of
illness. The third WNV infection was diagnosed on 24 September in a 46-year-old female patient from
Berlin, Federal State of Berlin, who presented with West Nile Fever (WNF). The patient did not
receive any treatment and recovered within two weeks. The laboratory confirmation was based on
detection of WNV RNA in an early serum sample and seroconversion of WNV IgM and IgG in later
serum samples. The fourth WNV infection was diagnosed retrospectively based on IgM and IgG
detection in a serum sample on 16 October in a 44-year-old female patient from the district Wittenberg
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Federal State of Saxony-Anhalt. The patient was initially admitted to a local hospital with WNND-
like symptoms on 10 September. After receiving supportive care, she was discharged on 17
September with restitutio ad integrum. The serological diagnosis was confirmed on 23 October by
the detection of WNV RNA in a serum sample from the acute phase of infection. The fifth WNV
infection was diagnosed on 23 October in a 24-year-old female patient from the district Leipzig,
Federal State of Saxony, who presented with WNF (onset of symptoms 6% of October) and did not
receive any treatment and recovered within one week. The laboratory confirmation was based on
detection of WNV-specific IgM and IgG in a serum sample. As of 20 December, no further cases have
been reported.

3.3. Genetic Characterization of German WNV

The genetic variations across the viral genome were low and homogenous (0.1%-0.7%)
indicating that the analyzed WNV has maintained genetically stable since its first detection in 2018.
The identity matrices for the genome and for individual genes were greater than 99.2%. The greatest
variation was observed in the nonstructural genes coding for the NS1, NS2A, NS3 and NS5.

3.4. Phylogeny, Phylogeography and Spatiotemmporal Dynamics of WNV

In order to investigate the evolutionary relationship and origin of WNV in Germany, a Bayesian
MCMC sampling method and ML method were implemented. Similar topologies inferred by ML (not
shown) and Bayesian MCC phylogenies of the European WNV lineage 2 data set revealed that all
European strains fell into two distinct highly supported groups designated as Southeastern European
clade (SEEC) and Central and Eastern European clade (CEC). All WNYV strains from Germany fell
into the CEC (Figure 2). The detailed analysis of the CEC showed that the German strains clustered
in six distinct subclades (Figure 2) of which four consisted of singleton strains (WNYV strains ED-I-
155_19/ LR743422, ED-I-177_19/ LR743431, ED-1-201_19/ LR743448 and ED-I-205_19/ LR743454)
associated with Austrian relatives (Figure 2). However, the majority of the WNV strains from
Germany clustered into a well defined monophyletic group designated as Eastern German clade
(EGC). The EGC is also notable for a star-like structure in which several subclades connect viruses
sampled from multiple locations and time points (Figures 2a,3). These and other findings revealed
that the genetic diversity of WNV in Europe is shaped primarily by in situ evolution rather than by
extensive migration. No specific phylogenetic clustering and differences between the WNV strains
from birds, horses, mosquitoes and humans in Germany were observed. The genetic variations of
WNV combined with sample collection dates and locations can help to identify the possible source
and the evolutionary history of the newly emerging viral variants. In order to assess viral migration
and explore the origin of the WNYV outbreaks in Germany, a discrete-trait phylogeography analysis
was used to reconstruct the WNV movements between European countries and within Germany.
Both data sets (European and German strains only, EGC) exhibited strong temporal signals (R?=0.31
for the “European” data set and 0.19 for the “German strains only,” P < 0.001). The coefficient of rate
variation supports the use of a strict clock model for European data set and a relaxed clock for the
data set “German strains only” (data not shown). The Bayesian MCC tree showed that although the
WNYV diversity in the “German strains only” group appears to have emerged in the last four years,
the phylogeny of CEC which includes EGC suggests relative long-term circulation and evolution in
Central Europe (Figure 2).
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Figure 2. Bayesian maximum clade credibility (MCC) tree; (a) representing the time scale phylogeny;
(b) effective population size; and (c) evolutionary rate of the European and German WNV lineage 2.
The colored branches of MCC trees represent the most probable geographic location of their

descendant nodes (see color codes); (a) the main clades are indicated to the right of the tree (SEEC,

South Eastern European clade; CEC, Central and Eastern European clade), including the newly

proposed German clade (EGC, Eastern German clade). Time is reported in the axis below the tree and
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represents the year before the last sampling time (2019). The German WNV strains sequenced in this
study are highlighted. The estimated tMRCA of German WNYV strains of EGC clade is shown with
95% posterior time intervals in parentheses. Bayesian posterior probabilities (=290%) and 1000 parallel
maximum likelihood bootstrap replicates (=70%) are indicated at the nodes (asterisks); (b) temporal
variation in the effective population size of the European WNV lineage 2; (b1) and EGC; (b2)
estimated using the coalescent Gaussian Markov Random field (GMRF) Bayesian Skyride model of
polyprotein sequences. The Bayesian Skyride plot represents temporal variation in the virus effective
population size (Ne) through time. The blue line represents the median Ne estimate and the shaded
area corresponds to the 95% high-probability density (HDP) intervals; (c) evelutionary rate estimates
with 95% credible intervals for the distribution of evolutionary rates observed for the whole European
WNYV lineage 2 and for WNV from the 2018-2019 German epidemic.

In further detail, the phylogeographic analysis suggests at least six distinct introductions of
WNV into Germany from neighboring countries. It is predicted that all viral clade evolution events
occurred during the last 16 years (Figure 2a). It should be noted that unlike its designation may
suggest, the EGC can have developed in the wider southeastern and central European hemisphere
and may have been translocated only later to Eastern Germany. Sequencing a larger number of more
current WNV strains from e.g., Austria, the Czech Republi¢, and Poland would help to answer the
circumstances of when and what in regard to the development of the East German Clade variants.
Overall, the number of recent whole genome sequences is limited and should be markedly increased
using NGS-based approaches.

Based on the albeit only limited Central European strain data, the tMRCA of the EGC group
indicates a very recent emergence which was most likely introduced into Germany as a single
introduction event. The progenitor of this Eastern European clade dates back to 2011, most probably
circulating in Czech Republic (95% HPD 2010-2012; posterior probability, pp = 0.88) (Figure 2a). The
EGC shares a common ancestor with basal WNV from Germany providing strong support for in situ
evolution of WNV in Germany (Figures 3,4). Except for the members of the EGC, all other WNV
strains found most recently in Germany seem to be descendants of ancestors from Austria (95% HPD
for 2000 to 2015; pp =0.83-0.97). The spatial diffusion pattern of WNV within Germany and between
Germany and neighboring countries has been reconstructed using a Bayes Factor (BF) test under
Bayesian Stochastic Search Variable Selection analysis (BSSVS). The strongest epidemiological links
based on the BF estimates have been detected between Austria—Germany and Czech Republic-
Germany, while the links within Germany have been detected between Halle-Berlin, Berlin—Halle,
Berlin-Hamburg, Berlin-Dresden and Halle with neighboring localities (Figures 5,6). Similar star-
like relationships of the WNV as for EGC have been also observed for Italian and Greek strains within
both, SEEC and CEC (Figures 2a,3). These results further provide indication for the in situ evolution
of the European lineages.

3.5. Population Dynamics, Protein Changes and Analysis of Selection Pressure

The mean rate of evolution estimated for the polyptrotein of the EGC was 1.26 x 10~ (95% HFPD,
1.15 x 10--2.84 x 10) subs site”! year~! two times lower than for the European data set, 2.51 x 10~
(95% HPD, 2.13 x 10-4+-2.88 x 10) subs site’! year~! (Figure 2¢). EGC population dynamics showed a
slightly increased growth phase from the beginning of emergence when the virus effective population
size (Ne) remained constant until 2015. From that year, a constant increasing tendency for the Ne
values was observed, which is in line with the strong population expansion started in 2015-2016
(Figure 2a,b). The monophyletic LysArg mutation located in the C terminus of the NS3 gene appeared
only in Eastern German clade strains, while the paraphyletic LyssossArg mutation from the NS5 gene
was found to be common for EGC strains and some WNYV from Austria (MF984341), Czech Republic
(KM203862) and Germany (LR743437 and LR743434). There are several non-synonymous mutations
in the nonstructural genes, which exhibit geographical structures specific of the members of the CEC
(Figure 7). The overall dv/ds ratios in the polyprotein of EGC, CEC and SEEC were 0.118, 0.136 and
0.154, respectively, indicating that most sites are subject to strong purifying or negative selection.
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There was no evidence for positive or episodic diversifying selection in the WNV strains from
Germany.

Isaple ® O e
@ slovakia 9
O taly 9
© Germany = S
O Austria . O
@ serbia o O
@ Czech Republic i

Figure 3. A median-joining haplotype network constructed from complete WNV NS5 gene alignment
of the Central European WNYV clade (CEC). Each colored vertex represents a sampled viral haplotype,
with different colors indicating the different country of origin. The size of each vertex is relative to

the number of sampled viral strains and the dashes on branches show the number of mutations
between nodes. The Eastern German clade (EGC) is highlighted.

Figure 4. Temporally framed snapshots of the dispersal patterns (2018-2019) among regions in
Germany for the Eastern German WNYV clade. Lines between locations represent branches in the
Bayesian maximum clade credibility (MCC) tree along which the relevant location transition occurs.
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Circle diameters are proportional to the square root of the number of MCC branches maintaining a
particular location state at each time point.

Bayes factor
— 84
— 164
— 245
- 32.6

Figure 5. Calculated migration pattern of WNV between German locations based on Bayes factor test
for significant non-zero rates. The arrows indicate the origin and the direction of migration between
locations, while the colors indicate the strength of the connections.

posterior probability
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Figure 6. Spatial dynamics of the European clade of WNV lineage 2 including the origin of the German
WNV reconstructed from the Bayesian maximum clade credibility (MCC) tree, a flexible demographic
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prior with location states and a Bayesian Stochastic Search Variable Selection (BSSVS); (a) the directed
lines between locations connect the sources and target countries. Circles represent discrete
geographical locations of viral strains and represent branches in the MCC tree along with where the
relevant location transition occurs. All introductions for Germany are shown. Circle diameters of
locations are proportional to square root of the number of MCC branches maintaining a particular
location state at each time-point. Discrete locations are geographic coordinates for each European
country; (b) the directed lines between the source of viral strains (Czech Republic and Austria) and
target locations in Germany. Location circle diameters are proportional to square root of the number
of MCC branches maintaining a particular location state at each time-point; (¢) migration pattern of
WNV between Czech Republic-Germany and Austria-Germany based on Bayes factor (BF) test for
significant non-zero rates. Viral migration patterns are indicated between the different regions of
Germany and neighboring countries and are proportional to the strength of the transmission rate. The
color of the connections indicates the origin and the direction of migration and are proportional with
the strength of connections. Only well supported paths between locations are shown.

GeoseA
Alayz,, Thr

-'\-wtsc Csztz-'\ l G‘:‘"A Gsi,A l

Val,y31le  Pro,,<His Sery,s,Gly Alaggy, Thr

9168
Lys30ssArg

As3G
LysyqArg

Figure 7. Schematic representation of the WNV genome and the positions of amino acid mutations.
The position of the unique amino acid mutation of the Eastern German clade (colored in red/blue) in
the NS3 gene is highlighted. The specific non-synonymous amino acid mutations for the CEC are
shown in black, while the mutation in the NS5 specific for the subclade including the Eastern German
group, one Austrian, one Czech and two German strains is presented in green.

4. Discussion

Globalization and climate change enhance or can lead the migration of exotic pathogens and
their hosts to new environments promoting the contacts with naive and vulnerable hosts. Thus,
understanding the local ecological factors and evolutionary processes which navigate the emergence,
establishment and spread of newly introduced viral diseases is critical for developing and
implementing surveillance strategies for disease control. The present study aimed to elucidate the
possible origins, spatiotemporal spread pattern tendencies and eco-epidemiological factors that
facilitate WNV becoming an established pathogen in Germany causing neuroinvasive disease in
multiple vertebrate species, including humans.

One year after the first observed autochthonous WNV transmission to birds and horses in
Germany [9,13], an epizootic emergence of WNV was again observed in 2019. The number of infected
birds and horses was considerably higher (76 birds and 36 horses) compared to 2018 (12 birds and
two horses). In contrast to the USA, WNV-associated mass mortality in birds had not been observed
in Europe before [33]. Previous hypotheses for this difference have been refuted by several research
studies, e.g., demonstrating that European birds are susceptible to WNV infections and Culex
mosquitoes in Europe are competent to transmit WNV. An alternative explanation might by that the
bird mortality is so low that it is not detected with current European surveillance programs. A
comprehensive USUV/WNV monitoring system is in place, but we also only see the tip of the iceberg
of WNV infected birds in Germany. In addition, a huge number of positive specimens were obtained
from captive animals (e.g., birds kept in zoos), which have a higher probability of detection compared
to wild animals. Furthermore, from these birds, a considerable proportion were birds of prey, which
must be considered to have a higher susceptibility to WNV infection [34]. This in combination with
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a widespread enzootic circulation of WNV and large number of equine cases—36 in 2019 in contrast
to 2 in 2018 —indicates an increased risk of WNV spillover into the human population.

This is reflected in the detection of five laboratory confirmed, mosquito-borne, autochthonous
human WNV cases in 2019. It has to be kept in mind that less than 25% of infected humans develop
noticeable symptoms [3]. Even fewer patients (<1%) have a risk of developing WNND [4]. The
number of observed WINND cases (three of the five confirmed human WNV) gives rise to the
speculation that hundreds of undetected human WNYV infections in Germany occurred during the
epidemic in 2019.

WNV transmission and spread is significantly influenced by climatic conditions, e.g., shaping
phenology and abundance of the vector. Temperature is one of the most important factors directly
affecting the EIP in different mosquito vector species [14]. High daily average temperatures (> 20 °C)
over several days are required to allow for WNV transmission, which is correlated to the main
distribution of WNV in south-eastern Europe. This also matches the spatial pattern of WNV in
Germany. The summers in 2018 and 2019 were both characterized by extraordinarily high
temperatures allowing low EIP values. The area in central-eastern Germany as the main focus of
WNYV circulation in both years was characterized by shorter EIP compared to previous years and
most other areas in Germany [13]. Furthermore, these areas in Germany are directly neighboring
countries reporting several years of WNV circulation (e.g., Czech Republic), leading to a high risk of
short distance introductions e.g., by infected birds. The analysis also indicated that the areas along
the Upper Rhine Valley in south-west Germany had a high suitability for WNYV circulation, but no
WNYV activity was observed in all previous surveillance programs [8-11]. Most likely, no WNV
introduction and circulation occurred yet, which underpins the thesis of the entries over short
distances. Future studies are needed to understand if the virus did not yet spread to this area or if
there are other factors reducing the risk of virus circulation (e.g., distribution of suitable vector or
host species). The phylogenetic analyses indicated that Germany experienced at least six distinct
WNYV introduction events, with Austria and Czech Republic as possible origin for the progenitors of
the German WNYV epizootic strain variants. The majority of these strains clustered together into a
distinct subclade (EGC).

The ongoing circulation and dominance of the EGC detected in 2019 indicates successful
overwintering of WNV in Germany, e.g., through WNV persistence in hibernating mosquitoes
throughout the winter season [35]. The virus variants of the EGC at multiple sites detected in the
epidemic in 2019 are descendants of a common ancestor in the wider central European environment
which dates back to the time span 2010-2012. Where and when the subsequent virus evolution to the
current variants took place and how descendants were eventually transferred to Germany remains
elusive. However, such a translocation and subsequent virus amplification may have been fostered
by the extremely favorable climatic conditions for mosquitos in Germany in spring/summer 2018,
and the short distance transmission with infected birds from neighboring countries.

There has been a comprehensive USUV/WNV monitoring system in place in Germany for over
a decade which involves ornithologists, zoological gardens and bird clinics supplying thousands of
zoo and wild bird samples for WNV antibody and genome analysis. Moreover, there has been an
exhaustive mosquito surveillance in place in Germany since 2009. By both surveillance approaches a
variety of viruses were found, such as Sindbis virus, Batai virus and USUV, but not WNV [9-
11,13,36,37]. At the same time, different long-distance, partial and short-distance migratory birds
showed neutralizing antibodies against WNV before 2018 [9,11]. Although any such monitoring
scheme has its predictive limitations due to sampling size constraints, all the negative WNV
monitoring results from birds, horses and mosquitos before 2018 and the proximity to a larger region
with active WNV circulation supports a recent introduction of multiple WNV descendants e.g., from
Czech Republic to Germany. However, sequencing a larger number of more current WNV strains
from e.g., Austria or the Czech Republic would help to answer the circumstances of when and what
in regard to the development of the East German Clade variants. Overall, the number of recent whole
genome sequences is limited and should be markedly increased using NGS-based approaches.
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Most of the singleton WNV variants in Germany do not contain the monophyletic Lys2114Arg
mutation located in the C terminus of the NS3 gene, even if these strains circulate in the central-
eastern part of the country with very high WNV activity and rapid expansion of the EGC. Although
these singletons have circulated and evolved under the same ecological conditions as members of
EGC, it seems that these variants were not able to perpetuate and establish a stable enzootic cycle
leading to a similar epizootic/epidemic scenaric as for the EGC group. In case of the EGC, the
adaptation to naive vector and host populations leads to the emergence of local virus variants. The
most likely scenario for EGC might be enzootic maintenance similar to that observed for WNV in the
United States [38,39]. This hypothesis is supported by the observation that EGC form a star-like
structure (population expansion after a single viral introduction) in which the variant viral strains
accumulate changes during the rapid adaptation to the local ecological conditions (adaptation of the
virus to the host populations and its enzootic maintenance), as observed for Usutu virus [40].

We found evidence that the phylogenetic structure of EGC and virus genetic population growth
is shaped by the geographic location and average extrinsic incubation period, which likely facilitated
rapid short-distance virus dispersal in 2018/2019. This demonstrates that local ecological factors (e.g.,
average temperature profile during the vector season) could predict the local and regional dispersal
patterns of WNV in our data sets.

The purifying and negative selections observed for WNV in Germany were expected given the
transmission and infection modes of arboviruses, leading to the accumulation of synonymous
mutations [41]. Mutation observed at amino acid position Lys2114Arg has been found to be involved
in the formation of EGC, while Val1493Ile (NS2b), Pro1754His (N53), Ser2287Gly and Ala2322Thr
(NS4b), Ala2827Thr and Lys3056Arg (NS5) are specific for the CEC (convergent evolution). Similar
patterns of parallel or convergent evolution have been observed for WNV. This suggests that a
limited number of residue changes are permitted due to functional constraints [42]. Viral adaptation
in vector and vertebrate hosts by local overwintering or reintroduction of the virus and local
ecological conditions (e.g., high average EIP) could be considered key determinants in the spatial
dispersal and establishment of WNV. It is interesting to note that the Lys2114Arg mutation is specific
for the newly described EGC. The impact of this mutation is unclear; a similar change in the WNV
NS3 helicase (Thr1754Pro) generated a highly virulent phenotype to American crows [43]. In vitro
and in vivo experiments with strains from the EGC might show the role of fitness and pathogenicity
in the future.

5. Conclusions

This study provides a first comprehensive summary and phylogeographic analysis on the WNV
epidemic in Germany in 2018 and 2019 and highlights the risk of human WNYV infections causing
considerable risks for transfusion and organ transplantation saftety. Therefore, intensive surveillance
of mosquitoes, birds, horses and humans should remain a public health priority, e.g., to monitor the
occurrence and subsequent spread of WNV or to develop targeted control mechanisms. Our study
also highlights the need for international cooperation in the area of WNV surveillance and
monitoring, especially across national borders and as a “one-health” approach for an improved risk
analysis. This should also include the generation of higher numbers of whole-genome sequences,
allowing for a more precise molecular epidemiology and strain characterization.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/12/4/448/s1, Table
51: Epidemiological data of West Nile virus with full genome sequences (except for 1 human sample), their
corresponding accession numbers and sequencing protocol performed.
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Table S1. Epidemiological data of West Nile virus with full genome sequences (except for 1 human
sample), their corresponding accession numbers and sequencing protocol performed.

Accession Virus Library Host common Host scientific City Region Sequencing
Number identifier number name name Protocol
LR743437 ED-1-90_18 1ih02896 Great Grey Owl Strix nebulosa Poing Bavaria Direct NGS
LR743434 ED-1-114_18 1ib02898 Great Grey Owl Strix nebulosa Poing Bavaria Direct NGS
LR743433 ED-I-82 18 lib02914 Goshawk Accipiter Klein Weissandt ~ Saxony-Anhalt  Direct NGS
gentilis
LR743429 ED-1-142_18 1ib02916 Tawny Owl Strix aluco Bad Saxony-Anhalt  Direct NGS
Lauchstaedt
LR743436 ED-1-89_18 1ib02959 Goshawk Accipiter Bad Diiben Saxony Direct NGS
gentilis
LR743443 ED-1-107-18 1ib03041 Snowy Owl Bubo Berlin Berlin Direct NGS
scandiacus Friedrichsfelde
LR743425 ED-1-62_19 1ib03378 Snowy Owl Bubo Lutherstadt Saxony Anhalt  Direct NGS
scandiacus Wittenberg
LR743444 ED-1-83_19 lib03379 Great Grey Owl Strix nebulosa Lutherstadt Saxony Anhalt  Direct NGS
Wittenberg
LR743424 ED-1-85 19 1ib03380 Snowy Owl Bubo Berlin Berlin Direct NGS
scandiacus Friedrichsfelde
LR743442 ED-1-87_19 1ib03381 Blue Tit Parus caeruleus  Halle (Saale) Saxony-Anhalt  Direct NGS
LR743428 ED-1-118 19 1ib03382 Snowy Owl Bubo Berlin Berlin Direct NGS
scandiacus Friedrichsfelde
LR743426 ED-I-157_19 lib03415 Snowy Owl Bubo Berlin Berlin Direct NGS
scandiacus
LR743432 ED-1-158_19 lib03416 Andean Flamingo  Phoenicoparrus  Berlin Berlin Direct NGS
andinus
LR743427 ED-1-148 19 lib03417 Goshawk Accipiter Berlin Berlin Direct NGS
gentilis
LR743423 ED-I-156_19 lib03418 Goshawk Accipiter Berlin Berlin Direct NGS
gentilis Friedrichsfelde
LR743435 ED-1-153 19 lib03419 Goshawk Accipiter Brieselang Brandenburg Direct NGS
gentilis
LR743422 ED-1-155_19 1ib03420 Goshawk Accipiter Neuruppin Brandenburg Direct NGS
gentilis
LR743430 ED-1-89_19 lib03421 Blue Tit Parus caeruleus  Radebeul Saxony Direct NGS
LR743421 ED-I-138_19 1ib03422 Great Tit Parus major Dresden Saxony Direct NGS
LR743431 ED-I-177_19 lib03423 Eurasian Golden Pluvialis Kamenz/Biehla Saxony Direct NGS
Plover apricaria
LR743449 ED-I-163_19 lib03424 Goshawk Accipiter Sandersdorf Saxony-Anhalt  Direct NGS
gentilis
LR743458 ED-1-164_19 lib03425 Snowy Owl Bubo Magdeburg Saxony-Anhalt Direct NGS
scandiacus
LR743451 ED-I-165_19 lib03426 Snowy Ow| Bubo Magdeburg Saxony-Anhalt  Direct NGS
scandiacus
LR743446 ED-I-109_19 1ib03427 Coconut Lorikeet Trichoglossus Halle (Saale) Saxony-Anhalt  Direct NGS
haematodus
LR743456 ED-I-134_19 lib03428 House Sparrow Passer Rackwitz Saxony Direct NGS
domesticus
LR743445 ED-1-172_19 1ib03430 Great Grey Owl Strix nebulosa Chemnitz Saxony Direct NGS
LR743452 ED-I-173_19 lib03431 Great Grey Owl Strix nebulosa Chemnitz Saxony Direct NGS
LR743450 ED-I-202_19 1ib03432 Chilean Flamingo Phoenicopterus  Leipzig Saxony Direct NGS
chilensis
LR743454 ED-I-205_19 1ib03433 Great Tit Parus major Bad Diithen Saxony Direct NGS
LR743448 ED-I-201 19 lib03449 Humboldt- Spheniscus Cottbus Brandenburg Direct NGS
Penguin humboldti
LR743457 ED-I-208_19 1ib03450 Goshawk Accipiter Merseburg Saxony-Anhalt  Direct NGS
gentilis
LR743453 ED-1-94_19 lib03451 Horse Equus ferus Krostitz Saxony Direct NGS
caballus with
MyBaits
treatment
LR743455 C6_T167 20 lib03481 Mosquito Culex pipiens Berlin Berlin Direct NGS
Friedrichsfelde
LR743447 C6_T167_57 lib03482 Mosquito Culex pipiens Berlin Berlin Direct NGS
Friedrichsfelde
MN794935 BNI-10/19 BNI42493 Human Homo sapiens Leipzig Saxony Direct NGS
MN794936 BNI-Berlin748  BNI45435 Human Homo sapiens Berlin Berlin Direct NGS
MN794937 BNI-2635 BNI41487  Blackbird Turdus merula Schonebeck Saxony-Anhalt  Direct NGS
MN794938 BNI-2615 BNI41323  House sparrow Passer JeRBwitz Saxony-Anhalt  Direct NGS
domesticus
MN79493%9 BNI-2432 BNI40119  Dunnock Prunella Hamburg Hamburg Direct NGS
modularis
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Abstract

The emergence of West Nile virus (WNV) and Usutu virus (USUV) in Europe resulted
in significant outbreaks leading to avifauna mortality and human infections. Both
viruses have overlapping geographical, host and vector ranges, and are often co-
circulating in Europe. In Germany, a nationwide bird surveillance network was estab-
lished to monitor these zoonotic arthropod-borne viruses in migratory and resident
birds. In this framework, co-infections with WNV and USUV were detected in six
dead birds collected in 2018 and 201%. Genomic sequencing and phylogenetic analy-
ses classified the detected WNV strains as lineage 2 and the USUV strains as line-
ages Africa 2 (n = 2), Africa 3 (n = 3) and Europe 2 (n = 1). Preliminary attempts to
co-propagate both viruses in vitro failed. However, we successfully cultivated WNV
from two animals. Further evidence for WNV-USUV co-infection was obtained by
sampling live birds in four zoological gardens with confirmed WNV cases. Three
snowy owls had high neutralizing antibody titres against both WNV and USUV, of
which two were also positive for USUV-RNA. In conclusion, further reports of co-
infections in animals as well as in humans are expected in the future, particularly in

areas where both viruses are present in the vector population.
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INTRODUCTION

Mosquito-borne viruses represent a growing threat to Europe and
its avifauna (Hubdlek et al., 2014). In this context, West Nile virus
(WNV) and Usutu virus {USUV) have to be considered as two of
the more than seventy relevant members of the family Flaviviridae
(Calisher & Gould, 2003). These two flaviviruses were historically
regarded as viruses of purely African significance, with no evidence
of associated bird or human mortality. It was only when these vi-
ruses entered Europe and America (for WNV-only) that waves of in-
fection became visible in both birds and mammals (e.g. humans and
horses) (Zeller & Schuffenecker, 2004). Although USUV infections
in humans are commonly asymptomatic, recent outhreaks in Europe
had reported neuroinvasive cases with encephalitis and meningoen-
cephalitis, in patients from Italy and Croatia as summarized by Clé
et al, (2019).

USUV and WNV are classified as arthropod-borne viruses (arbo-
viruses) that are primarily transmitted by ornithophilic mosquitoes to
hirds and mammals. Both viruses are preserved in the environment
through a vertebrate host-mosquito life cycle, where different bird
species act as amplifying hosts, Culex mosquitoes as primary vec-
tors and mammals, such as humans and horses, as dead-end hosts.
Viral transmission occurs when an infected mosquito takes a blood
meal from a non-immune susceptible host. During this process, the
virus present in the salivary glands of the mosquito is transferred
to the avian host where it is replicated to high titre and appears in
the bloodstream as a viraemia, thereby enabling further mosquito
transmission cycles of the virus to other hosts {Chancey et al., 2015;
Cléetal., 2019).

WNV and USUV mono-infections were reported in a wide range
of avian species including owls, birds of prey, passerines, storks,
flamingos and others {as summarized in Nikolay, 2015). Typically,
infection in most bird species remains inapparent. However, bird
species that are highly susceptible for WNV, such as owls, hirds of
prey and several passerines (e.g. jays, crows and sparrows), can de-
velop a neurological disease which can be fatal (Komar, 2003; Pérez-
Ramirez et al., 2014; Troupin & Colpitts, 2016). The same holds true
for USUV, with owls and passerines like blackbirds being more sus-
ceptible to disease (Becker et al., 2012; Chvala et al., 2004).

The circulation of WNV and USUV is generally influenced by
environmental factors that affect the population dynamics of mos-
quito vectors, the extrinsic incubation periods (the time needed for
a mosquito to become infectious after ingestion of a virus} and the
population densities of amplifying hosts (Durand et al., 2010; Rubel
et al.,, 2008). Since both WNV and USUV have very similar prereq-
uisites in these regards, it is no surprise that these two viruses co-
circulate in Europe in at least 10 countries and that both viruses have
heen found to infect 34 common bird species belonging to 11 dif-
ferent orders (Nikolay, 2015). Hence, WNV and USUV transmission
cycles overlap substantially in many countries {Nikolay, 2015).

The unusually hot climatic conditions all over Europe in the
summer 2018, with an extremely long period of high temperatures,

may have provided favourable conditions for the incursion and

establishment of WNV and/or USUV into new areas and countries
({Camp & Nowotny, 2020). In this context, alarge WNV outbreak was
observed in southeastern and scuthern Europe, with a total of 2,083
autochthonous human WNV cases in the European Union (EU)
member states and EU neighbouring countries (European Centre for
Disease Prevention and Control [ECDC], 2018). In 2018, WNV was
detected for the first time in birds and horses in Germany (Ziegler
et al., 2019).

While WNV was only recently introduced into Germany, USUV
had circulated here for more than ten years. In 2010, USUV was first
detected in mosquitoes in southwest Germany {Jést et al., 2011).
One year later, dead common blackhbirds (Turdus merula) were found
frequently around the cities of Mannheim and Heidelberg (Baden-
Wiirttemberg) followed by a mass mortality among wild birds in
southwest Germany (Becker et al., 2012). In the following years,
USUV outbreaks stayed geographically restricted to the Upper
Rhine Valley in southwest Germany, apart from a few sporadic cases
in Berlin and Bonn {Cadar et al.,, 2015; Ziegler et al., 2015, 2016).
In 2016, however, USUV case numbers increased dramatically not
only in southwestern Germany, but also in the federal states of
North Rhine-Westphalia (NRW), Saxony and Saxony-Anhalt (Cadar
etal., 2017; Sieg et al., 2017). Since its occurrence in Germany, USUV
had been responsible for the mortality of thousands of common
blackbirds and many captive and free-living owls in the past {Lihken
et al., 2017). Currently, there are five USUV lineages circulating
in the country, namely Africa 2, Africa 3, Europe 2, Europe 3 and
Europe 5 (Michel et al., 2019).

The initial 2018 WNV outbreak located in the eastern regions
of Germany was accompanied by a massive and ongoing USUV
epizootic in all federal states of Germany (Michel et al., 2019;
Naturschutzbund Deutschland eV, [NABU], 2018) and elsewhere
in Europe, such as Austria, Belgium, Croatia and the Netherlands
(Benzarti et al., 2020; Oude Munnink et al., 2020; Vilibic-Cavlek
et al,, 2019; Weidinger et al., 2020), In 2019, an even larger WNV
epizootic occurred in Germany with 76 confirmed cases in wild and
z00 birds, 36 confirmed cases in horses and five clinical cases in hu-
mans (Ziegler et al., 2020). This was also accompanied by numerous
USUV outbreaks in wild birds in many different areas in Germany.
With regard to the fact that WNV and USUV often occur in the same
geographical regions and use an almost identical transmission cycle
between mosquitoes and hirds (Nikolay, 2015), it is surprising that
co-infections with both viruses have so far only been described once
in a human. In that case, both WNV- and USUV-RNA were detected
in a blood donor from Austria (Aberle et al., 2018).

Surveillance of emerging arboviruses, such as WNV and USUV,
is well suited in zoological gardens since these collection sites con-
tain large diversity of captive species including mammals and hirds,
and are located within or near urban areas. Captive animals from
zoological gardens can serve as important sentinels for newly in-
troduced pathogens in an area. Collection animals within zoological
gardens are also routinely monitored by veterinarians and techni-
cal staff with expertise in wildlife health; thus, gathering samples

and detailed medical records can be readily available (Constant
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et al., 2020; Cox-Witton et al., 2014). For example, WNV introduc-
tion in the western hemisphere and Germany was first recognized
in Bronx Zoo/Wildlife Conservation Park, New York City, and Zoo
Halle (Saale), Saxony-Anhalt, respectively (Ludwig et al., 2002;
Ziegler et al., 2019).

QOur study describes for the first time a co-infection with WNV
and USUV in six dead birds in Germany. These co-infected birds were
detected in the context of the WNV epizootic in 2018 and 2019 and
followed by an extensive molecular and serological investigation of
apparently healthy birds held in zoological gardens with confirmed

cases of WNV infection.

2 | MATERIALS AND METHODS

2.1 | Organ and blood samples from birds

Varying tissue materials from deceased wild and captive birds were
submitted to the National WNV reference Laboratory at the Friedrich
Loeffler Institute (FLI), Island of Riems, Greifswald, Germany, by the
regional veterinary laboratories from different federal states of
Germany or directly by the Leibniz Institute for Zoo and Wildlife
Research (IZW), Berlin, to confirm WNV or USUV infections. Upon
veterinary requests, a total of 67 blood samples were taken from
hirds held in four zoological gardens with confirmed avian WNV-
positive cases {areas A-D). In area A from Berlin ('Tierpark Berlin’), it
was possible to collect blood samples in two consecutive years (2018
and 2019) from two adult snowy owls, which are the parent birds of
cases #1 and #2. After the first evidence of WNV infection in birds
from areas B to D, we collected blood samples from 31 zoo birds held
at area B ('Zoo Halle/Saale' in Saxony-Anhalt) and 19 zoo birds held
at area C ('Wildpark Poing’ in Bavaria) in 2018, and from 15 zoo birds
held at area D {‘Tierpark Cottbus’ in southern Brandenburg) in 2019.

2.2 | Molecular virus characterization

Viral RNA was extracted from the tissue material from the submit-
ted bird samples and from the frozen (-70°C) coagulated blood of
the bird samples (cruor) using RNeasy Kit (Qiagen) according to the
manufacturer's instructions. Extracted RNA was analysed with re-
verse transcription quantitative real-time PCR (RT-gPCR) assays
specific for WNV lineages 1 and 2 as described by Eiden et al. (2010)
and USUV-specific RT-gPCR described by J&st et al. (2011). Based on
the guidelines of the National WNV Reference Laboratory, quanti-
fication cycle (Cq) values <37 were regarded as positive, from 37 to
40 as possible, and »>40 as negative. In all RT-gPCR assays, positive
controls with 10% and 10* WNV or USUV genome coples per reac-
tion were included.

Full-genome sequencing was performed with WNV- and USUV-
positive bird samples. The organ material from these birds was
homogenized in 1 ml TRIzol™ LS Reagent (Invitrogen™) using the
TissuelLyser Il {QIAGEN) with 5 mm steal beads for 2 min at 30 Hz.

[ransboundory and

After the phase separation step, RNA was extracted from the aque-
ous phase using the RNAdvance Tissue kit (Beckman Coulter) and
the KingFisher Flex System (Thermo Fisher Scientific). The resulting
RNA extracts were also tested with the RT-qPCR assays mentioned
above.

Selected WNV-positive RNA was subjected to cDNA synthesis
and library preparation as described in Wylezich et al. (2018). We
performed targeted enrichment of virus sequences in sequencing
libraries from four bird samples (Table 1) using custom myBaits‘iJ
target capture kit with VirBaits panel (Arbor Biosciences) based on
the panel design and protocol described in Wylezich et al. (2020).
The USUV full-genome sequencing was implemented as described in
Quick et al. (2017) with some maodifications. Briefly, USUV-positive
RNA was reverse-transcribed using the SuperScript™ IV First-Strand
cDNA Synthesis System (Invitrogen™), followed by the USUV-
specific multiplex PCR developed by Oude Munnink et al. (2019).
This multiplex PCR was performed in two separate reactions using
AccuPrime™ Taq DNA Polymerase, High Fidelity (Invitrogen™).
Amplicons were purified with 1.8 x volumes of Agencourt AMPure
XP beads (Beckman Coulter) and quantified using NanoDrop™ spec-
trophotometer (Thermo Fisher Scientific). These two purified reac-
tions per sample were pooled and adjusted to 500 ng. Fragmentation
and library preparation steps were prepared as described in Wylezich
et al. (2018). Quantified libraries (GeneRead DNA Library L Core Kit;
QIAGEN) were sequenced using an lon Torrent S5 XL instrument
with lon 530 or lon 540 chips and the respective reagents (Thermo
Fisher Scientific) in 400 bp mode or 200 bp mode, respectively.

After the analysis of USUV sequences, additional library prepa-
ration and sequencing were performed to increase the coverage
of specific genome positions. Amplification and preparation steps
were similar to procedures mentioned above except for primer
pairs included in each multiplex PCR mix (library preparation #2
in Table S1). In order to close the gaps within three USUV genome
sequences, selected ¢cDNA was amplified using necessary primer
pairs for single-plex PCRs (Table S1) and sequenced with a BigDvye
Terminator v1.1 Cycle Sequencing kit (Applied Biosystems™, Thermo
Fisher Scientific) on a 3500 Genetic Analyzer instrument (Applied
Biosystems™, Thermo Fisher Scientific).

2.3 | Genome characterization of WNV and
USUV, and phylogenetic analyses

Sequencing adapters and primers were trimmed using Newhbler as-
sembler of the Genome Sequencer Software Suite v. 3.0 (Roche),
and sequencing reads were quality controlled using FastQC. Initial
reference-based mapping alignment against Usutu virus strain V491
(accession no, KY426758) or West Nile virus isolate ED-1-33/18-UM
(accession no. MH924836.1) was performed using the Roche/454
software suite v 3.0. The consensus sequences were compared using
Blastn, and second reference-based mapping alignment was per-
formed using the most closely related Flavivirus strain of the consen-

sus. West Nile virus and Usutu virus sequences acquired in this study
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FIGURE 1 Geographical distribution of
WNV-positive birds (WNV-RNA positive)
and horses (WNV-RNA and/or IgM-
antibody positive) in Germany in 2018 and
2019 (depicted at the district level). Red
dots mark the locations of the six cases

of WNV-USUV co-infection in birds, case
#1-#5 were situated in the wildlife park
‘Tierpark Berlin’, and case #6 was situated
in the city of Dresden, Saxony. The
encircled letters represent the locations
of zoological gardens for environmental
investigations: ® wildlife park ‘Tierpark
Berlin’, ® Zoo Halle/Saale’ in Saxony-
Anhalt, © wild park ‘Wildpark Paing’ in
Bavaria and © wildlife park ‘Tierpark
Cottbus’ in southern Brandenburg

=]
Diisseldorf

Saarbriicken

were submitted to European Nucleotide Archive under the BioProject
accession number PRJEB41417 (Table 1). All whole-genome se-
quences of European WNV lineage 2 and USUV were retrieved from
GenBank on 01 September 2020 (Tables S2 and S3, respectively). The
retrieved USUV and WNV sequences together with the newly ob-
tained sequences were aligned separately per species using MUSCLE
(Edgar, 2004). These alignments were visually inspected with Geneious
Prime® 2019.2.3 Software (Biomatters), and genomes with >10% ‘N’
sequences or gaps were not included in the phylogenetic analyses.
Best fit nucleotide substitution model identified as GTR+I+G4 for
both WNV and USUV complete genome sequence data sets was cal-
culated using jModelTest 2 (Darriba et al., 2012). Maximum likelihood
inference under the best-predicted model and ultrafast bootstrap op-
tions (Hoang et al., 2018; Minh et al., 2013) with 100,000 replicates
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a
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WNV positive (in 2018 )
WNYV positive (in 2018 and 2019 )
WNYV positive ( first time in 2019 )

was implemented in IQ-TREE 1.6.8 (Nguyen et al., 2015). Phylogenetic
trees were viewed using FigTree version 1.4.4 software (http://tree.
bio.ed.ac.uk/software/figtree/). Partial USUV envelope sequences
were also assessed using phylogenetic analyses mentioned above.
These USUV sequences were retrieved in GenBank on 09 September
2020 (accession nos. indicated in Figures S1 and S2).

2.4 | Serological investigation

We analysed all serum samples collected from birds held in four
zoological gardens described in Section 2.1 using two specific virus
neutralization tests (VNTs), as described by Seidowski et al. (2010)
with minor modifications. Briefly, we used a German USUV strain

50



Publications

SANTOS ET AL

FIGURE 2 Phylogenetic analysis of European West Nile virus lineage 2 complete genomes. WNV sequences related to WNV-USUV
co-infected birds are highlighted in red and with red dots, while other German WNV sequences are highlighted in green. Taxon information
includes the nucleotide accession number, collection year and country of origin of the viruses. Scale bar indicates the number of nucleotide
substitutions per site. Bootstrap values 280% are indicated in front of the node. The maximum likelihood tree was constructed using the
hest-selected nucleotide substitution model (GTR+I+G4). The 46 WNV strains from South Eastern European Clade (SEEC) highlighted

by the blue box, and 11 Austrian WNV strains and 22 Italian WNV strains (1 imported to Germany) that belong to Central and Eastern
European Clade (CEC), which were highlighted by the red-shaded box, were collapsed in triangles. WNV strains in the yellow box belang to
the ‘Eastern German Clade (EGC). WNV sequences from cases #4 to #5 were submitted to European Nucleotide Archive under the project
accession PRJEB41417. WNV genomes from cases #2 (accession no. LR743443) and #6 (accession no. LR743421) were deposited in an
earlier project {BioProject: PRJEB35552). The rest of the WNV sequences retrieved from GenBank are described in Table S2

(accession no. HE599647; lineage Europe 3) and a WNV strain from
Austria (accession no. HMQ15884; WNV lineage 2, kindly provided
by S. Revilla-Fernandez, AGES Mé&dlingen, Austria) to detect antibod-
ies against USUV and WNYV, respectively. The neutralizing antibody
titre (ND5,) was demonstrated as the reciprocal of the serum dilution
that inhibited >50% of cytopathogenic effect, and calculated based
an the Behrens-Karber method (Mayr et al.,, 1977). Serum samples
with ND,, values above 10 were considered as positive; otherwise,
samples were regarded as negative. Birds were only regarded posi-
tive for WNV if they had a negative (NDg, < 10} or significantly lower
(fourfold lower) USUV titre. The same criteria were also implemented
for interpreting USUV VNT results. If a bird had similar antibody ti-
tres against both viruses, it is difficult to discriminate between WNV-
and USUV-specific neutralizing antibodies due to cross-reactivities,
and the result must therefore often be interpreted as inconclusive.
However, in cases where the neutralizing titres are very high against
hoth viruses and a high infection pressure of both viruses in a very
dense spatial area with many susceptible birds at the same time is
abvious, the results can be interpreted with higher certainty as the

consequence of infections with both viruses in those birds.

3 | RESULTS

Since the first report of USUV circulation within bird populations in
Germany, a nationwide hird surveillance network was established
to systematically monitor zoonotic arboviruses, such as WNV and
USUV, in migratory and resident birds using molecular and serological
diagnostics tools (Michel et al., 2019). Among 88 WNV-infected birds
reported in the 2018-2019 surveillance programme in Germany, our
study detected six deceased birds (cases #1-#6) positive with both
WNV and USUV genomes (Ziegler et al., 2019, 2020). Figure 1 depicts
the sample collection sites of deceased birds with co-infection (cases
#1-#6) and areas A to D in relation to the geographical distribution
of the reported WNV-infected cases in Germany from 2018 to 2019.

3.1 | Results of RT-PCR screening, sequencing and
virus phylogeny

Five of the deceased co-infected birds (cases #1-#5) were collected
in ‘Tierpark Berlin' in 2018 and 2019, while the sixth co-infected bird
(case #6) was detected in Dresden in 2019 (Figure 1, Table 1). These

birds with co-infection belong to the taxonomic orders Strigiformes,
Charadriiformes, Anseriformes and Passeriformes (Table 1). The
presence of both WNV- and USUV-RNA within individual organs
was observed in four birds (Table 1). On the other hand, co-infection
at the organ level was not confirmed in case #6 since the liver and
heart tissue samples were pooled, and was not observed in case #3.
For USUV screening, organ samples with CCI values in the range of
37-40, which were defined as ‘possible’ USUV-positive, were con-
firmed either with another USUV-specific RT-qgPCR assay or by se-
quencing (Table 1). In all co-infected organ samples, the RNA loads
were higher for WNV than for USUV. Organs that were only USUV-
positive were, for example, the brain from a snowy owl {(Bubo scan-
diacus, case #1) and both the kidney and the liver from a Chinese
merganser (Mergus squamatus, case #3), while a few organ samples
from cases #2-#5 were WNV-positive only (Table 1).

WNV and USUV genomic sequencing were implemented on se-
lected organ samples of six co-infected birds to confirmthe results of the
RT-gPCR and determine their respective virus lineages (Table 1). Two
complete (cases #4, #5) and two partial (cases #1, #3) WNV genomes
were assembled from this study, while two WNYV full genomes (cases
#2, #6) were sequenced from our previous study (Ziegler et al., 2020)
(Table 1). Maximum likelihood phylogeny showed that the four WNV
full genomes clustered with the WNV lineage 2 Eastern German clade
(EGC) strains as described in Ziegler et al., (2020) (Figure 2). The WNV
partial sequences from cases #1 and #3 had 99.9% (4,932 nt) and
99.5% (5,135 nt) pairwise nucleotide (nt) identities, respectively, with
the WNV genome from case #2 (accession no. LR743443).

Usutu virus genome sequences were assembled from six co-
infected birds despite the low concentration of USUV-RNA (Cq
value range: 28.76-37.83). However, the USUV genome from case
#4 had 78 nt and 16 nt gaps within the envelope gene (BioProject
accession: PRIEB41417). Phylogenetic analysis revealed that these
USUV sequences belong to three different lineages: Africa 2 (cases
#1-#2), Africa 3 (cases #3-#5) and Europe 2 (cases #6) (Figure 3).
Phylogenetic trees were also constructed using selected partial nu-
cleotide sequences of the USUV envelope gene (726 nucleotides
and 1,066 nucleotides) to include the 2017-2018 German USUV
sequences in the analysis (Figures S1 and S2, respectively: Michel
et al., 2019). The USUV lineage Africa 2 from cases #1 and #2 clus-
tered with Africa 2 strains collected from Saxony (Leipzig) and Berlin.
The German USUV lineage Africa 3 that circulated in 2017 and 2018
was widespread and could be detected in samples from Saxony
(Doberschitz and Leipzig), North Rhine-Westphalia (Briggen),
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FIGURE 3 Phylogenetic analysis of Usutu virus complete genomes. USUV sequences related to WNV-USUV co-infected birds are
highlighted in red and with red dots, while other German USUV sequences are highlighted in green. Taxon information includes the
nucleotide accession number, collection year and countries of origin of the samples. The scale bar indicates the number of nucleotide
substitutions per site. Numbers hefore the nodes denote bootstrap values 280%. The maximum likelihood tree was constructed using the
hest-selected nucleotide substitution model (GTR+I+G4). The branch of Europe 5, second cluster of Africa 2, clusters Africa 3.1, Africa 3.2
and several Africa 3.3 strains from the Netherlands, several Italian USUV strains from lineage Europe 2, lineages Europe 1, Europe 4, and
Europe 3 were collapsed into triangles, and the numbers in parentheses indicate the number of collapsed USUV strains. USUV sequences
from cases #1 to #6 were submitted to European Nucleotide Archive under the project accession: PRJEB41417. Usutu virus sequences

retrieved from GenBank are described in Table 3

(Halle-Saale),

Nordhorn, Osnabriick), Schleswig-Holstein (Pinneberg,

Saxony (Wingst, Theene,
Liibeck,

Brickeln) and Mecklenburg-Western Pomerania (Grevesmihlen,

Saxony-Anhalt Lower

Prohn, Rigen). The USUV Europe 2 strain from Saxony {Dresden)
clustered with another USUV Europe 2 collected in Saxony {Leipzig)
in 2018.

3.2 | Flavivirus monitoring in live captive birds from
different zoological gardens

The investigation of WNV-USUV co-infection was continued in
captured live birds fram four zoological gardens (areas A to D) with
confirmed WNV cases using molecular and serological diagnostic
assays. Molecular screening revealed that the whole blood sam-
ples from 67 birds from zoological gardens located in Berlin (area
A, Table 2}, Saxony-Anhalt, Brandenburg and Bavaria (areas B to C,
Table 3) were WNV-RNA-negative. Likewise, whole blood samples
from birds located in areas B to D were all negative of USUV-RNA
(Table 3). In contrast, USUV-RNA was detected in two snowy owls
from Berlin sampled in 2019 (Table 2). Using the standard USUV-
specific RT-qPCR, both owls were weakly positive with Cq values
for USUV-RNA of 36.25 and 35.41, and were therefore confirmed
hy another USUV-specific RT-qPCR assay (Cavrini et al., 2011), with
Cq values for USUV-RNA of 36.20 and 3797 (Table 2). WNV- and
USUV-RNA were not detected in these parent owls during the inves-
tigation performed in 2018.

Serum samples were collected in different bird species from
areas A to D, which included sentinel birds {chickens, geese and pi-
geons), and avian species that are highly susceptible to WNV and
USUV (owls and raptors). Specific VNTs detected neutralizing an-
tibodies against WNV-only, USUV-only, and both WNV and USUV
within the serum panel. High titres of neutralizing antibodies against
WNV and USUV were simultaneously detected in two parent snowy
owls from area A. Serum samples collected from the male parent owl
in 2018 and the female parent owl in 2019 have high titres of neu-
tralizing antibodies against both WNV and USUV (Table 2). These
parent owls were confined in the same aviary with their two off-
spring (cases #1, #2) in 2018, which had confirmed WNV and USUV
double infection (Table 1). Interestingly, serclogy of the male parent
owl in 2019 had the pattern of a WNV mono-infection.

Another snowy owl located at area B {'Zoo Halle/Saale’, Table 3)
also showed high neutralizing antibody titres against both flavi-

viruses. Moreover, five birds harbouring neutralizing antibodies

against either WNV or USUV were detected in area B. A European
kestrel (Falco tinnunculus) was positive for WNV-specific neutralizing
antibodies (ND;,, value 1:40), while USUV-specific neutralizing anti-
bodies were detected in a snowy owl (ND, value 1:960), a Eurasian
eagle owl (Bubo bubo, NDg,, value 1:40) and two Indian runners (Anas
platyrhynchos domesticus, ND, values 1:480 and 1:1,920). In area
D (‘Tierpark Cottbus’), one owl had WNV-specific neutralizing an-
tibodies (NDg,, value 1:1,920) and seven birds had USUV-specific
neutralizing antibodies (Table 3). Among these samples, the taxo-
nomic classification of one bird was not possible. Two Eurasian eagle
owls from area C ("Wildpark Poing") had USUV-specific neutralizing
antibodies, and serological evidence of WNV was not detected at
all. Therefore, the evidence of WNV-USUV co-circulation could be
especially detected in the birds from areas B and D (Table 3).

4 | DISCUSSION

Although co-circulation of WNV and USUV in the same region has
previously been described, co-infection with both viruses in birds
has not been reported before. So far, only a single case of WNV and
USUV co-infection was reported in humans {Aberle et al., 2018).
This is somewhat surprising since co-circulation of both viruses was
reported from 14 European countries {Austria, Croatia, the Czech
Republic, France, Germany, Greece, Hungary, Italy, the Netherlands,
Poland, the Republic of Serbia, Slovakia, Spain and the United
Kingdom) (Bahuen et al., 2016; Bazanow et al., 2018; Cabanova
et al., 2019; Eiden et al., 2018; Folly et al., 2020; Lim et al., 2018;
Nikolay, 2015; Rijks et al., 2016; Sikkema et al., 2020). The co-
circulation of WNV and USUV was confirmed in at least 34 common
bird species (Nikolay, 2015) and mammals including horses and hu-
mans (Zannoli & Sambri., 2019). The mosquito species Culex pipiens
is the most common vector for WNV and USUV in Europe (Zannoli
& Sambri., 2019), vet these flaviviruses have also been detected in
other circulating mosquito species in Europe, including Anopheles
maculipennis s.l., Ochlerctatus caspius, Cx. perixiguus and Cx. mod-
estus (Honig et al., 2019; Nikolay, 2015; Rudolf et al., 2014). Thus,
there is a good chance for WNVY-USUV co-infections in areas with
reported WNV-USUV co-circulation.

The first confirmed case of a WNV-USUV double infection was
described from an asymptomatic blood donor residing in Austria
(Aberle et al., 2018). The corresponding blood sample collected
in August 2018 was tested positive for bath WNV and USUV
using RT-gPCR and VNT, and genomic analyses classified these
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TABLE 2 Detection of WNV- and USUV-RNA using reverse transcription quantitative real-time PCR (RT-gPCR) and specific antibodies by
virus neutralization tests (VNTSs) in the area A ('Tierpark Berlin', Berlin). Positive serology results are highlighted in red and bold, and cross-

reacting antibody titres are also displayed in black

Year of investigation

and sex Common name Scientific name
2018/Male Snowy Owl Bubo scandiacus
2018/Female Snowy Owl Bubo scandiacus
2019/Male Snowy Owl Bube scandigcus
2019/Female Snowy Owl Bubo scandiacus

WNV uUsuv uUsuv usuv
RT-gPCR RT-gPCR® RT-qPCR" WNVND,, ND,
neg. neg. neg. 480 160
neg. neg. neg. 20 320
neg. 36.25 36.20 23,840 480
neg. 3541 37.97 960 480

Note: Possible USUV-positive samples based on Cq value range 37-40 were indicated in italics.

Abbreviations: ND;,, neutralization dose 50%; neg, negative.
USUV RT-gPCR results based on protocol from J&st et al. (2011).
PUSUV RT-gPCR results based on protocol from Cavrini et al. (2011).

flaviviruses under WNV lineage 2 and USUV lineage Europe 2
(Aberle et al., 2018). In an earlier study, Tamba et al. (2011) described
the detection of both WNV- and USUV-RNA in eight Culex pipiens
pools and three individual birds, two European magpies (Pica pica)
and one gull (Larus sp.}, that were collected in 2009 for the WNV sur-
veillance programme at the Po River Delta in Emilia-Romagna, Italy.
However, their investigation only focused on the co-circulation of
these flaviviruses in the area and an in-depth analysis for WNV and
USUV co-infections was not performed. Furthermore, an older study
by Buckley et al. {2003) noted that the sera from six birds collected
between 2001 and 2002 in the United Kingdom (UK} had neutral-
izing antibodies against WNV and USUV, which were determined
by plague reduction neutralization tests (PRNT,, and PRNT,). This
serological finding was surprising because neither WNV nor USUV
was detected in the UK since 2003. Moreover, the first confirmed
avian USUV cases in the UK were only detected in August 2020
(Folly et al., 2020). Nevertheless, WNV has not yet been detected
in the UK.

Here, we present a comprehensive surveillance of WNV-USUV
co-infections in deceased and live birds from 2018 to 2019, as well as
WNV and USUV co-circulation in live birds. The surveillance system
reported six deceased birds that tested positive for both WNV- and
USUV-RNA (6.8% of WNV-infected birds), and were confirmed by
virus genome sequencing. These six deceased birds were classified
under avian taxonomic orders with previous evidence of WNV and
USUY mono-infections (as reviewed in Clé et al.,, 2019; Gamino &
Hofle, 2013; Nikolay, 2015). We observed that the high WNV and/
or USUV infection pressures in an area, which is densely populated
with highly susceptible avian species, can lead to the infection of
less susceptible avian species such as ducks and gulls. Our earlier
study also detected WNV infection in six gulls from area A (Ziegler
et al., 2020).

We detected WNV- and USUV-RNA simultaneously in various
organ samples from the birds. This finding was expected since both
WNV and USUV are known to have a wide tissue tropism in varicus
bird species {Clé et al., 2019; Gamino & Hdéfle, 2013), but reports
of co-infections in the same organs are new. The presence of hoth
WNV- and USUV-RNA was confirmed for six organ samples from

four deceased birds (cases #1, #2, #4, #5; Table 1), which had higher
WNV-than USUV-RNA loads. Based on the assumption that a higher
RNA load indicates more efficient replication of the virus in the re-
spective tissue, WNV replicated more efficiently in these organ sam-
ples compared to USUV. Most likely, WNV played the primary role in
the mortality of these birds. Though, the initial WNV and USUV viral
loads during transmission to these birds are unknown. It is also unde-
termined whether these birds acquired these viruses simultaneously
or sequentially, but the WNV and USUV infection definitely over-
lapped. Thus, different factors must be considered to understand
the dynamics of flavivirus co-infection in vertebrates.

Qur preliminary attempts to co-propagate both flaviviruses in
vitro starting from co-infected tissue materials failed. Even with
the most promising available material (brain tissue from case #2),
we had only evidence of WNV but not USUV replication in Vero
B4 cells (Table 54). Passibly, this lack of USUV replication was due
to low viral load in the inoculum. These results fit with findings
reported by Wang and colleagues, who demonstrated that USUV
(lineage Africa 3, accession no. MH891847.1) is outcompeted by
WNV (lineage 2, accession no. HQ537483.1) within in vitro co-
infection experiments using mammalian (Vero E6 cells), avian (DF-
1) and mosquito (C6/36 and Cx.t) cell lines, as well as in co-infection
experiments in Culex pipiens mosquitoes (Wang et al., 2020). It is
possible that the WNV suppressed the productive replication of
USUV within cells, which is a process known as superinfection ex-
clusion (Salaman, 1933; Zou et al., 2009). The superinfection ex-
clusion is considered as a protection strategy of the ‘primary virus'
from the competing related ‘secondary virus’ within the same host
(Wang et al., 2020). This strategy has been observed in different
flaviviruses, such as dengue virus, Japanese encephalitis virus,
Nhumirim virus and Culex flavivirus, in mosquito cells (Goenaga
et al,, 2020; Kanthong et al., 2010; Kenney et al., 2014; Pepin
et al., 2008), and other members of the family Flaviviridae, such as
Hepatitis C virus and bovine viral diarrhoea virus in vertebrate cell
lines (Lee et al., 2005; Tscherne et al., 2007).

Our study detected USUV belonging to lineages Africa 2, Africa
3 and Europe 2. USUV sequences from two snowy owls (cases #1,

#2) collected in ‘Tierpark Berlin' in 2018 were identified as lineage
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TABLE 3

usuv

No. of samples WNV

tested

USUV ND,,

RT-GPCR  WNV ND,,

RT-gPCR

Common name Scientific name

Location/Federal State Order

Year

Area

120
240

1,920
20

10

neg.

neg.

Unknown

Owl sp.

Strigiformes

‘Tierpark Cotthus’
Brandenburg

2019

D

neg.

neg.

Unknown

Unknown bird species

White Storck

Unknown

320

neg.

neg.

Ciconia ciconia

Ciconiifarmes

1(<10),1(nt) 1(15),1(n.t.)

2xneg.

2xneg.

Platalea levcorodia

Eurasian Spoonbill

Pelecaniformes

=)
o~
-
-
=)
=
R4
—

1(<10), 2 (15,

3xneg.
60)

3xneg.

Red-breasted Goose Branta ruficollis

Anseriformes

(=
& O
<
= ¥
o L
[l

3xneg. 3(<10)

3xneg.

Anser erythropus

Lesser White-fronted

Goose

2(<10)
160

2 (<10)
40

2xneg.

2xneg.

Branta bernicla

Brant Goose

neg.

neg.

Chloephaga

Ashy-headed Goose

SANTOS ET AL

poliocephala

30

neg. <10

neg.

Anser canagicus

Emperor Goose

Abbreviations: dom, domesticus; n.t, not tested due to small sample volume; ND,,, neutralization dose 50%; neg, negative; <10 = negative.

*wild bird.

Africa 2, while USUV from three ather captive birds (cases #3-#5)
from the same zoological garden in 2019 were identified as Africa
3. Until 2018, USUYV lineages Africa 2 and Europe 3 had been re-
ported in Berlin. Hence, the detection of USUV lineage Africa 3 in
2019 indicates the presence of a new circulating USUV lineage in
the city, and the expanding geographical distribution of this USUV
lineage. Africa 3 was first detected in NRW in 2014 followed by
reports from Saxony in 2016 and spread further to Saxony-Anhalt,
Lower Saxony, Schleswig-Holstein and Mecklenburg-Western
Pomerania in 2018 (Cadar et al., 2015; Michel et al., 2019; Sieg
etal.,2017). These three USUV lineage Africa 3 genomes that were
acquired from this study specifically branched with cluster Africa
3.3 sequences as described in Oude Munnink et al. {2020}, which
also included three other German Africa 3.3 strains collected in
NRW from 2015 to 2016. The specific clusters of USUV lineage
Africa 3 strains were not fully delineated by phylogenies con-
structed using partial USUV envelope sequences (Figures S1 and
52: Oude Munnink et al., 2020). We also reported the second case
of USUV lineage Europe 2 in Germany, following its first detection
in Leipzig, Saxony in 2018 (Michel et al., 2019). The incidence of
this new lineage in Dresden, Saxony was not surprising due to the
short distance between Leipzig and Dresden (ca. 100 km).
Conversely, all of the sequenced German WNV strains from
2018 to 2019 were classified as WNV lineage 2 Central and Eastern
European Clade (CEC), and the majority of these strains clustered
together to form the Eastern German Clade {EGC) as described in
our previous study (Ziegler et al., 2020). Four complete and two
partial WNV genomes acquired from hirds with co-infections were
classified as WNV lineage 2 EGC. This finding was not surprising
since cases #1 to #5 were confined in Berlin, which was one of the
hotspots for cases infected with WNV lineage 2 EGC in 2018-2019
(Ziegler et al., 2020). In 2020, Berlin remained a WNV hotspot in
Germany with again numerous bird cases and occasional reports in
both horses and humans (Friedrich-Loeffler-Institut [FLI], 2020).
Specific neutralizing antibodies against USUV had been veri-
fied in the German avifauna since 2012 {Michel et al., 2018; Ziegler
et al.,, 2015), while the occurrence of neutralizing antibodies against
WNV in German resident birds was not reported before 2018. The
detection of WNV-specific antibodies in live birds corresponds to
the first WNV-RNA detection in dead birds (Michel et al., 2019).
USUV- and WNV-RNA could be detected in blood samples of live
birds since 2014 and 2019, respectively. These studies highlight the
opportunity that a systematic surveillance of zoological birds can
provide, especially as these birds are considered resident birds and
follow-up studies can easily be performed. Thus, we collected blood
samples in captive birds from four zoological gardens with confirmed
WNV cases in 2018 and 2019 to investigate the WNV-USUV co-
infections found in six dead birds. Cases #1 to #5 were captive birds
located in area A, while case #6 was a wild hird collected in Dresden
(outside the defined areas A to -D, see Figure 1). The closest zoolog-
ical gardens with confirmed WNV cases were in areas B and D. The
WNV detected in area C did not belong to the EGC; hence, further

investigation was warranted.
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We reported also the presence of similarly high titres of neutral-
izing antibodies against WNV and USUV in three snowy owls located
in areas A and B, while USUV-RNA was only detected in two snowy
owls from area A. The detection of both WNV- and USUV-specific
antibodies exclusively in snowy owls is debatable since the sample
set was rather small. Mono-infection of WNV or USUV can cause
fatal diseases in different bird species. As an example, the first con-
firmed case of WNV infection in Germany was reported in area B.
This infection resulted in the death of a great grey owl (Strix nebu-
losa, FLI sample code: ED-1-33/18, accession no. MH924836 (Ziegler
et al., 2019)). Its partner owl also succumbed to acute viral infection
caused by USUV (U. Ziegler and M. Keller, unpublished data).

The observed high titres of neutralizing antibodies against both
WNV and USUV could be a rare event due to sequential or simulta-
neous infections as a conseguence of a high infection pressure for
both flaviviruses. However, as described in previous surveillance
studies (Michel et al., 2018, 2019), some level of serological cross-
reactions cannot be ruled out since multiple flaviviruses including
WNV and USUV share antigenic characteristics with their struc-
tural outer proteins (e.g. envelope protein) (Blazquez et al., 2015).
However, the identification of three resident birds with similar and
very high titres of neutralizing antibodies against hoth flaviviruses
in zoological gardens with confirmed WNV-USUV co-circulation is
more indicative of simultaneous or sequential infections rather than
cross-reactions. These data are in line with the observation that two
juvenile snowy owls from area A had double infection with WNV and
USUV, which was detected by highly specific molecular diagnostics
(see Table 1). Therefore, infection with WNV and USUV in the same
hird is a possibility that occurs but has so far only been detected in
isolated cases either by high titre serological evidence or by specific
molecular diagnostics.

USUV circulation in Berlin, Saxony-Anhalt and Saxony was re-
ported at leasta year before theintroduction of WNV in those regions
(Michel et al., 2018, 2019; Sieg et al., 2017). Hence, there was the
possibility that the surviving snowy owls acquired a protective USUV
infection prior to the WNV infection. This could explain why the par-
ent snowy owls (Table 2) survived the 2018 and 2019 WNV seasons;
whereas their offspring died a few months later in 2018 (cases #1,
#2, Table 1) and 2019 (accession nos. LR743424 and LR743428)
(Ziegler et al., 2020). This hypothesis is also supported by the study
of Blazguez et al. (2015), who reported that USUV pre-infected mice
challenged with WNV infection were protected against WNV dis-
ease and death but not against infection since WNV-RNA was still
detected in 50% of WNV-challenged mice 7 days post-infection.
Hence, USUV is a potential low pathegenic flaviviral vaccine candi-
date against WNV since it elicits cross-protective immunity against
the heterologous neurovirulent WNV (Blazquez et al., 2015).

It was hypothesized previously that an increased risk of a higher
virulence and mortality rate of a secondary infection by a closely
related virus could be, for example, explained by the so-called
‘antibody-dependent enhancement’ (ADE) (Porterfield, 1986). This,
however, was not detected in the studies of Percivalle et al. (2020)
and Sinigaglia et al. (2019). Results reported by Sinigaglia et al. (2019)

implied that prior USUV infections followed by WNV infections
did not lead to ADE in humans, likewise in the cases described by
Percivalle et al. (2020). There was no clear evidence that a secondary
WNV or USUV infection in humans, which were previously infected
with either WNV or USUV, caused more severe disease or even
death {Percivalle et al. 2020). Hence, we cannot rule out the possibil-
ity that a prior WNV infection generated cross-protective immunity
against USUV infection in these snowy owls.

Based on these studies, simultaneous infections as well as se-
quential infections with WNV and USUV can modulate the risks that
these viruses pose to the public health. Co-infections can possibly
modify the outcome of virus infections in birds and humans com-
pared to mono-infections. So far, only one case of WNV and USUV
co-infection in humans had been reported, which had an asymptom-
atic infection (Aberle et al., 2018). To date, we are still lacking evi-
dence that WNV and USUV co-infections can lead to more severe
clinical symptoms. Interestingly, Wang et al. (2020) tested the effect
of USUV and WNV co-infections and sequential infections on the
vector competence of Culex mosquitoes. A pre-infection with USUV
‘protected’ mosquitoes against WNV. By contrast, a simultaneous in-
fection leads to the selective transmission of WNV. There had been
no evidence of WNV and USUV recombination after a simultane-
ous infection of these viruses in different cells lines and mosquitoes
(Wang et al., 2020). Mareover, the observed superinfection exclu-
sion in WNV and USUV co-infected cells and mosquitoes lowers the
probability of WNV and USUV recombination.

5 | CONCLUSIONS

WNVand USUV are important arbovirusesin the worldin the context
of public and animal health. Mono-infection as well as co-circulation
of WNV and USUV had been previously described in mosquitoes,
birds, horses and humans in several countries. We present here the
first extensive surveillance of WNV-USUV co-infections in deceased
and live birds from 2018 to 2019, The co-infections in five hirds from
zoological gardens and in one wild bird were detected by RT-gPCR
and characterized by genomic sequencing. Flavivirus double infec-
tions in three birds from zoological gardens were verified using virus
neutralization tests.

Taken together, the use of two virus-specific PCR systems has
proven to be successful in the surveillance of wild and captive avian
species for WNV and USUV. This study showed that the WNV and
USUV RT-gPCR assays used in the surveillance network are highly
specific in distinguishing these two flaviviruses. Our study also
emphasized the importance of zoological birds, which are resident
birds, as a tool for develeping an early warning system to detect an
introduction and circulation of zoonotic pathogens, especially within
cities and urban settings. In the future, further co-infections can be
expected in animals as well as humans, in areas with WNV and USUV
co-circulation. Therefore, the consequences of co-infections for
public health must also be taken into consideration. Possible cross-

protections as well as antibody-dependent enhancement in cases of
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mono- and double infections in animals with already existing anti-
bodies from a prior flavivirus mono-infection must be followed up
by both in vitro and in vivo investigations. Follow-up studies in hirds
from the different zoological gardens from different German federal
states are currently being conducted to investigate the extent and
course of antibody formation in susceptible bird species. Moreover,
full-genome sequencing of recent USUV-positive birds and mosqui-
toes is highly recommended to determine the geographical range and
the dynamics of the multiple USUV lineages in Germany, and classify

the sequences to the level of clusters and sub-clusters.
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Figure S1. Phylogenetic analysis of Usutu virus partial envelope sequence (726 nucleotides). USUV sequences related
to WNV-USUV co-infected birds are highlighted in red and with red dots, while other USUV sequences from Germany
are highlighted in green. Taxon information includes the nucleotide accession number, collection year, and country of
origin of the viruses. City of origin was also included for samples collected in Germany. Scale bar indicates the number
of nucleotide substitutions per sitc. Red asterisks before the nodes denote bootstrap valucs >80%. The maximum
likelihood tree was constructed using the best-selected nucleotide substitution model (GTR+I).
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Figure S2. Phylogenetic analysis of Usutu virus partial envelope sequence (1066 nucleotides). USUV sequences related
to WNV-USUV co-infected birds are highlighted in red and with red dots. while other USUV sequences from Germany
are highlighted in green. Taxon information includes the nucleotide accession number, collection year, and country of
origin of the viruses. City of origin are included for samples collected in Germany. Scale bar indicates the number of
nucleotide substitutions per site. Red asterisks before the nodes denote bootstrap values >80%. The maximum likelihood
tree was constructed using the best-sclected nucleotide substitution model (GTR+).
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Table S1. Specific protocols for Usutu virus full genome sequencing. We indicated the library numbers in different
library preparation steps (#1 and #2) for high-throughput sequencing per sample, and the primer pairs needed for
supplementary single-plex PCR and Sanger sequencing steps.

Case | Identifier code and | Organ | Library number Library number Single-plex PCR usuv
number | Host name sample for HTS for HTS and Sanger Accession No.
preparation #1 preparation #2° sequencing®

1 ED-1-79/18 Brain 1ib04071 lib04107 primer pairs 31 LR989886
Snowy owl

2 ED-I-107/18 Brain 1ib04073 lib04109 primer paits 2, 19, LR989887
Snowy owl and 31

3 ED-I-115/19 Liver 1lib04074 1ib04110 Not needed LR989889
Chinese Merganser

4 ED-I-116/19 Liver 1ib04075 lib04111 primer pair 5% LR9898Y92
Black-tailed Gull

3 ED-1-119/19 Heart 1ib04076 lib04112 Not needed LR989894
Black-tailed Gull

6 ED-1-139/19 Liver+ 1ib04072 lib04108 Not needed LR989890
Great Tit Heart

Abbreviations: T - For library preparation #2, we selected necessary Oude Munnink et al. (2019) primer pairs for Mix 1 (primer pairs 5, 17, 19,
21, 23, and 31) and Mix 2 (primer pairs 2, 18, 20, 22, 24, 26, 30, and 32) to increase coverage in respective regions in USUV genome sequences.
1 - Selected Oude Munnink et al. (2019) primer pairs for single-plex PCR and Sanger sequencing. § - Amplification and Sanger sequencing steps
were not successful.
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Table 82. List of European WNV lineage 2 full genome sequences retrieved from Genbank in 01 September 2020. The
sequences were used from alignment and phylogenetic analysis as shown in Figure 2.

Sequence 1D Accession Sequence Collection Country Host

number Length Year
KP780837/2008/ Austria KP780837 10963 2008 Austria Nestor notabilis (kca)
MF984351/2016/Austria MF984351 10980 2016 Austria Culex pipiens
MF984340/2015/Austria MF984340 10831 2015 Austria Homao sapiens
MI984348/2016/ Austria MF984348 10832 2016 Austria Homo sapiens
KM659876/2014/Austria KM659876 11028 2014 Austria Homo sapiens
MF984344/2015/ Austria MF984344 11024 2015 Austria goshawk
MF984337/2015/ Austria MF984337 10990 2015 Austria Home sapiens
MF984341/2015/Austria MF984341 10658 2015 Austria Homo sapiens
KP109692/2014/Austria KP109692 10988 2014 Austria Culex pipiens
MF984352/2016/ Austria MF984352 10800 2016 Austria Culex pipf(’ns
KF179640/2008/ Austria KF179640 10998 2008 Austria goshawk
MF984349/2016/Austria MF984349 10720 2016 Austria horse
KP780840/2014/Austria KP780840 10963 2014 Austria Nestor nofabilis (kea)
MF984345/2015/ Austria MF984345 11013 2015 Austria falcon
MF984338/2015/Austria MF984338 10836 2015 Austria Homo sapiens
MF984342/2015/ Austria MF984342 10831 2015 Austria Homo sapiens
MF984350/2016/ Austria MF984350 10979 2016 Austria horse
KP780839/2011/Austria KP780839 10963 2011 Austria Nestor notabilis (kea)
MF984346/2016/Austria MF984346 10829 2016 Austria Homo sapiens
MF984339/2015/Austria MF984339 10831 2015 Austria Homo sapiens
MF984343/2015/Austria MF984343 11013 2015 Austria Homao sapiens
KP109691/2014/Austria KP109691 10988 2014 Austria Homo sapiens
MF984347/2016/Austria MF984347 10991 2016 Austria Homo sapicns
KP780838/2009/ Austria KP780838 10963 2009 Austria Nestor notabilis (kea)
MH021189/2017/Belgium MH021189 11060 2017 Belgium Homo sapiens
KU206781/2015/Bulgaria KU206781 10983 2015 Bulgaria Homao sapiens
MT341472/2018/Bulgaria MT341472 10787 2018 Bulgaria Culex sp.
KM203860/2013/Czech Republic KM203860 11018 2013 Czech Republic Culex modestus
KM203863/2013/Czech Republic  KM203863 11018 2013 Czech Republic  Culex modestus
KM203862/2013/Crech Republic KM?203862 11018 2013 Czech Republic Culex modestus
KM203861/2013/Czech Republic KM203861 11018 2013 Czech Repub]jc Culex modestus
LR743446/2019/Germany LR743446 11018 2019 Germany
MH986055/201 S/Germany MH986055 11029 2018 Germany Turdus merula
LR743449/2019/Germany LR743449 11018 2019 Germany
LR743442/2019/Germany LR743442 11073 2019 Germany
LR743421/2019/Germany LR743421 11029 2019 Germany
LR743432/2019/Germany LR743432 11022 2019 Germany
LR743453/2019/Germany LR743453 11019 2019 Germany
LR743424/2019/Germany LR743424 11079 2019 Germany
LR743428/2019/Germany LR743428 11067 2019 Germany
LR743448/2019/Germany LR743448 11022 2019 Germany
LR743457/2019/Germany LR743457 11022 2019 Germany
LR743435/2019/Germany LR743435 11019 2019 Germany
MH986056/2018/Germany MH986056 11018 2018 Germany Turdus mertla
MN794935/2019/Germany MN794935 11043 2019 Germany Homo sapiens
LR743422/2019/Germany LR743422 11010 2019 Germany
LR743443/2018/Germany LR743443 11068 2018 Germany
LR743452/20'I9/Germany LR743452 11026 2019 Germany
MN794939/201 9/Germany MN794939 11056 2019 Germany Prunella modularis
LR743429/2018/Germany LR743429 10930 2018 Cermany
LR743456/2019/Germany LR743456 11019 2019 Germany
LR743436/2018/Germany LR743436 11069 2018 Germany
LR743425/2019/Germany LR743425 11060 2019 Germany
LR743451/2019/Germany LR743451 11024 2019 Germany
LR743430/2019/Germany LR743430 11025 2019 Germany
LR743444/2019/Germany LR743444 11076 2019 Germany
LR743433/2018/Germany LR743433 11072 2018 Germany
LR743426/2019/Germany LR743426 11022 2019 Germany
MN794938/2019/Germany MN794938 11056 2019 Germany Passer domesticus
LR743437/2018/Germany LR743437 11013 2018 Germany
LR743455/2019/Germany LR743455 10995 2019 Germany
MH910045/2018/Germany MH910045 10328 2018 Germany Homo sapiens
MH924836/2018/Germany MH924836 11080 2018 Germany Strix nebulosa
LR743431/2019/Germany LR743431 11019 2019 Germany
LR743450/2019/Germany LR743450 11019 2019 Germany
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LR743445/2019/Germany
LR743454/2019/Germany
LR743427/2019/Germany
MN794937/2019/Germany
LR743423/2019/Germany
LR743447/2019/Germany
LR743434/2018/Germany
LR743458/2019/Germany
KJ883345/2013/Greece
MT341471/2019/Creece
MN480793/2018/Greece
HQ537483/2010/Greece
MN481589/2018/Grecce
MN481595/2010/Greece
MN652880/2018/Greece
KJ883349/2013/Greece
KJ883348/2013/Greece
KJ883344/2013/Creece
KF179639/2012/Greece
MN481596/2011/Greece
MN652879/2018/Greece
K]883341/2013/CGreece
MN480792/2018/Greece
MN481592/2012/Greece
KJ883347/2013/CGreece
MK473443/2017/Greece
K]883343/2013/Creece
MN481597/2012/Greece
MN480795/2018/Greece
MN652878/2018/Grecce
KJ577739/2013/Greece
MN481593/2012/Greece
MN481591/2018/Greece
KY594040/2010/Greece
MH549209/2017/Greece
KJ883346/2013/Greece
K]883342/2013/Crecce
MN480794/2018/Greece
MIN481590/2018/Greece
KJ577738/2013/Greece
MN481594/2012/Greece
MT341470/2019/Greece
KJ883350/2013/Greece
DQ116961/2004/Hungary
KT359349/2014/Hungary
KC496015/2010/Hungary
KF823806/2013/Italy
KP789957/2014/Italy
KU573081/2013/Italy
KP789960/2013/Italy
KF588365/2013/Italy
KP789953/2014/Ttaly
KU573082/2013/Ttaly
JNB858070/2011/Ttaly
KP789956/2014/Italy
KF647252/2013/Italy
KF647248/2013/Ttaly
KF647251/2013/Italy
KU573083/2013/Ttaly
KP789959/2014/Italy
KF647249/2013/Italy
KP789955/2014/Italy
KT207792/2014/Ttaly
KUS573080/2013/Ttaly
KP789958/2014/Italy
KF647250/2013/Italy
KF823805/2013/Ttaly
KP789954/2014/Italy
KC496016/2010/Serbia
KT757321/2013/Serbia
KX375812/2013/Serbia

LR743445
LR743454
LR743427
MN794937
LR743423
LR743447
LR743434
LR743458
KJ883345
MT341471
MN480793
HQ537483
MN481589
MN481595
MN652880
KJ883349
KJ883348
KJ883344
KF179639
MN481596
MN652879
K)883341
MN480792
MN481592
KJ883347
MEKA73443
K 883343
MN481597
MN480795
MN652878
KJ577739
MN481593
MN481591
KY594040
MH549209
KJ883346
K883342
MN480794
MN481590
KJ577738
MN481594
MT341470
KJ883350
DQ116961
KT359349
KC496015
KF823806
KP789957
KU573081
KP789960
KF588365
KP789953
KU573082
JN858070
KP789956
KF647252
KF647248
KF647251
KU373083
KP789959
KF647249
KP789955
KT207792
KU573080
KP789958
KF647250
KF823805
KP789954
KC496016
KT757321
KX375812

11029
11023
11019
11056
11027
10995
11079
11022
11008
10787
10926
11028
10926
10926
10926
10967
11002
11003
11000
10926
10926
11013
10926
10926
11013
10946
11002
10926
10926
10926
11003
10926
10926
11050
10946
11000
11011
10926
10926
10998
10926
10787
11013
11028
10966
11028
10975
10999
10778
10949
10998
10994
10905
10520
10938
10974
11013
10994
10788
10947
10986
10995
10995
10984
11000
11013
11011
11000
11028
10948
10359

2019
2019
2019
2019
2019
2019
2018
2019
2013
2019
2018
2010
2018
2010
2018
2013
2013
2013
2012
201
2018
2013
2018
2012
2013
2017
2013
2012
2018
2018
2013
2012
2018
2010
2017
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2018
2018
2013
2012
2019
2013
2004
2014
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2013
2014
2013
2013
2013
2014
2013
201
2014
2013
2013
2013
2013
2014
2013
2014
2014
2013
2014
2013
2013
2014
2010
2013
2013

Cermany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Greece
Creece
Greece
Greece
Creece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Greece
Hungary
Hungary
Hungary
ltaly

Italy

Italy

Ttaly

Italy

Ttaly

Ttaly

Italy

Italy

ltaly

Ttaly

Italy

Ttaly

Italy

Ttaly

Italy

Ttaly

Ttaly

Ttaly

ltaly

Ttaly

Italy
Serbia
Serbia
Serbia

Turdus merula

Homo sapiens

Culex sp.

Homo sapiens

Culex pipiens mosquito pool
chicken

pigeon

Culex sp.

Homo sapiens

Homo sapiens

Homa sapiens

Homo sapiens

chicken

Culex sp.

Homo sapiens

Homo sapiens

mosquito

Homeo sapiens

Eurasian magpie (Pica pica)
Homo sapiens

Chicken

Homo sapiens

Culex sp.

Homeo sapiens

Mosquito

Dog

Homao sapicns

Pica pica (Eurasian magpie)
Homo sapiens

Homo sapiens

Culex sp.

Horse

Homo sapiens

mosquito

Culex sp.

Homo sapicns

Coshawk

Home sapiens

Horse

Homao sapietts

Homo sapiens male born in 1963
Pica pica (magpie)

Homo sapiens male born in 1952
Homo sapiens

Homo sapiens male born in 1939
Crow

Homao sapiens; age: 56; sex: male
Homo sapiens male born in 1938
Homo sapiens

Homeo sapiens

Homo sapiens

Culex pipiens

Homo sapiens temale born in 1934
Homo sapiens

Homo sapiens female born in 1967
Mosquito

Culex pipiens

Homo sapiens male born in 1945
Homo sapiens

Homeo sapiens

Homao sapiens male born in 1959
Culex pipiens

Culex pipicns

Homo sapiens
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KC407673/2012/Serbia
KT757320/2013/Serbia
KT757323/2013/Serbia
KT757319/2013/Serbia
KT757322/2013/Serbia
KT757318/2013/Serbia
MH244511/2013/Slovakia
MH?244513/2013/Slovakia
MH?244512/2013/Slovakia
MH?244510/2014/Slovakia

KC407673
KT757320
KT757323
KT757319
KT757322
KT757318
MH244511
MH244513
MH244512
MH244510

11028
10948
10948
10948
10948
10948
11026
11012
11013
11025

2012
2013
2013
2013
2013
2013
2013
2013
2013
2014

Serbia
Serbia
Serbia
Serbia
Serbia
Serbia
Slovakia
Slovakia
Slovakia
Slovakia

northern goshawk
Culex pipicns

Culex pipiens

Culex pipiens

Culex pipiens

Culex pipiens

northern goshawk
Eurasian sparrow hawk
northern goshawk
northern goshawk
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Table S3: List of European and African USUV full genome sequences retrieved from Genbank in 01 September 2020,
The sequences were used from alignment and phylogenetic analysis as shown in Figure 3.

Sequence TD Accession Sequence Collection  Country Host

number Length Year
AY453411/2011/Austria AY453411 11066 2011 Austria
MFE063042/2016/ Austria MFE063042 11062 2016  Austria Turdus merula {blackbird)
JO219843/2002/ Austria JO219843 11047 2002  Austria Parus caerudeus (blue tit)
MF991886/2017/ Austria MF991886 10792 2017  Austria Homo sapiens
KY¥315178/2016/Belgium KY315178 10959 2016 Belgium Gracula religiosa
MK230892/2017/Belgium MK230892 11065 2017  Belgium Turdus merula
MEK230893/2017/Belgium MEK230893 11065 2017  Belgium Turdus merida
MK230891/2017/Belgium MEK230891 11085 2017  Belgium Turdus merula
MK230890/2017/Belgium MK230890 11065 2017 Belgium Turdus merula
MK419834/2018/Belgium MK419834 11066 2018 Belgium Melanitta nigra (common scoter}
KX977447/2016/Belgium KXY$77447 10325 2016 Belgium Turdus merula
KY263624/2016/Belgium KY263624 11065 2016 Belgium Turdus merila
KY¥Y263625/2016/Belgium KY263625 11066 2016  Belgium Turdus merula
KY263626/2016/Belgium KY263626 11066 2016  Belgium Turdus merida
K(C754955/1981/ KC754955 10800 1981 CentralAfricanRepublic ~ Homo sapiens
Central AfricanRepublic
KC754958/1969/ KC754958 10745 1969 CentralAfricanRepublic  Culex perfuscus
Central AfricanRepublic
KX601692/2015/France KX601692 10995 2015 France Turdus merula {common blackbird)
KX601690/2015/France KX601690 11024 2015  France Turdus merida (common blackbird)
KY128481/2016/France KY128481 10475 2016  France Strix nebulosa
KX601691/2015/France KX601691 11065 2015 Trance Turdus merulg {common blackbird)
KY426752/2015/Germany KY426752 10948 2015  Germany Turdus merula
KJ438767/2011/Germany KJ438767 11065 2011 Germany Culex cf. pipiensttorrentium
KJ438718/2011/Germany KJ438718 11065 2011  Germany Culex cf. pipiensitorrentium
KJ438727/2011/Germany KJ438727 11065 2011 Germany Turdus merila
KJ438756/2011/Germany KJ438756 11065 2011 Germany Turdus mevide
KY426754/2015/CGermany KY426754 10689 2015  Germany Turdus merula
KY294722/2016/Germany KY294722 10973 2016 Germany Turdus werula
KY426769/2016/ Curmany KY426769 11027 2016 Gurmany Turdus nerula
KJ438777/2011/Germany KJ438777 11065 2011 Germany Turdus merula
KY426755/2016/Germany KY426755 11009 2016  Germany Turdus merula
KJ438746/2011/Germany KJ438746 11065 2011 Germany Turdus merila
KJ438726/2011/Germany KJ438726 11065 2011 Germany Turdus merida
KJ438708/2011/Germany KJ438708 11065 2011 Germany Culex pipiens
KJ438749/2012/Cermany KJ438749 11065 2012 Cermany Turdus merula
KY426768/2016/Germany KY426768 11042 2016 Germany Turdus weruln
KJ438717/2012/Germany KJ438717 11065 2012 Germany Turdus merula
KJ438738/2011/Germany KJ438738 11065 2011 Germany Turdus merila
KY426759/2016/Germany KY426759 11016 2016  Germany Turdus meruly
KY426760/2016/Germany KY426760 11019 2016  Germany Turdus werida
KJ438779/2012/Cermany KJ438779 11060 2012 Cermany Turdus merula
KJ438766/2012/Germany KJ438766 11066 2012 Germany Turdus werula
KJ438737/2011/Germany KJ438737 11065 2011 Germany Culex torrentivm
KJ438778/2011/Germany KJ438778 11065 2011 Germany Turrdus merila
KJ438748/2012/Germany KJ438748 11065 2012 Germany Turdus merilg
KJ438719/2011/Germany KJ438719 11065 2011 Germany Turdus merula
KY426761/2016/Germany KY426761 10945 2016  Germany Turdus merida
KJ438732/2011/Cermany KJ438732 11065 2011 Germany Turdus merula
KJ438773/2011/Germany KJ438773 11065 2011 Germany Turdus werula
KJ438769/2011/Germany KJ438769 11065 2011 Germany Turdus merula
KJ438731/2011/Germany KJ438731 11065 2011 Germany Turdus merila
KJ438713/2011/Germany KJ438713 11065 2011 Germany Turdus merila
KJ438776/2011/Germany KJ438776 11065 2011 Germany Turdus merula
HERG9647/201 ]chrmany HEBRS9647 11003 2011 Germany Turdus nrerula
KJ438737/2013/Germany KJ438757 11065 2013 Germany Turdus merula
KY426767/2016/Germany KY426767 11042 2016 Germany Turdus werule
KJ438734/2011/Germany KJ438734 11065 2011  Germany Sturnus vitlgaris
KJ438712/2011/Germany KJ438712 11065 2011 Germany Turrdus merila
KY426753/2015/Germany KY426753 10951 2015  Germany Turdus merulg
KJ438728/2011/ Germany KJ438728 11065 2011 Germany Turdus nrerila
KY426770/2016/Germany KY426770 10960 2016 Germany Turdus merula
KY426763/2016/Germany Kya26763 10976 2016 Germany Turdus meruda
KJ438758/2013/Germany KJ438758 11065 2013 Germany Turdus merula
KY426751/2015/Germany KY426751 10954 2015  Germany Turdus pilaris
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MN122194/2017/Netherlands MN122194 10932 2017  Netherlands Turdus wmerula

MN122155/2016/Netherlands MN122155 10932 2016  Netherlands Turdus merula

MN122195/2017/Netherlands MN122195 10932 2017 Netherlands Turdus merila

MH727239/2013/Senegal MH727239 10841 2013  Senegal Masforys natalensis (multimammate
rat)

KC754954/1974/! Senegal KC754954 10837 1974 Senegal Culex perfuscus

MNBS813488/2003/Senegal MNS813488 10305 2003  Senegal Culex nequei

MH727242/2013/Senegal MH727242 10495 2013 Senegal Rattus rattus (black rat)

KC754957/2007/Senegal KC754957 10825 2007 Senegal Culex neavei

KC754956/1993/ Senegal KC754956 10837 1993  Senegal Culex univiftatus

MH727238/2013/! Senegal MH727238 10853 2013 Sencgal Mastomys natalensis (multimammate
rat)

MH72'7240/2013/Scncgal MH727240 10841 2013  Sencgal Crocidura sp. (shrew)

MH727241 /2013/Sc11cgal MH727241 10843 2013 Senegal Mastontys natalensis (multimammate
rat)

MG888044/2014/Serbia MG888044 10361 2014  Serbia Culex pipiens

MN813492/1959/South_Africa MN813492 10305 1959  South_Africa Culex neavet

AY453412/1959/South_Africa AY453412 11064 1959  South_Africa

MFE3744853/1959/South_Africa ME374485 11015 1959  South_Africa Honio sapiens

KF57341 0/2[)06/Spain KF573410 11064 2006  Spain Culex pipiens

MNS813489/2009/Spain MNS813489 10305 2009 Spain Culex perexiguus

KU760915/2010/Spain KU760915 11064 2010 Spain

MNB813491/2010/Uganda MN813491 10305 2010 Uganda Culex sp.

Table S4. Results of cell culture propagation of samples from case #1 and #2. Spleen from case #1 and brain from case
#2 were inoculated to Vero B4 cells. Cell culture supernatant tested using WNV and USUV specific RT-qPCR. Cell
culture supernatant originally intended for full-genome sequencing.

Case SCIFE;?;I‘::T{E Housing/ Virus Organ cq Vanlll.ietzirllgmal Cq Values Vero B4 cells 5 dpi
number name) Area identifier Sample WN\; USUv WNV Usuv
1 Bubo scandiacus  captive ED-1-79/18  Brain neg 28.76 not tested not tested
(Snowy Owl) Area A Spleen 34.81 37.63 32.04 Neg.
2 Bubo scandiacus  captive ED-1-107/18 Brain 18.21 32.28 14.04 Neg.
(Snowy Owl) Area A Kidney 29.50 36.12 not tested not tested
Liver 29.74 neg. not tested not tested
Heart 31.33 neg. not tested not tested
Lungs 30.60 neg. not tested not tested
Spleen 30.55 neg. not tested not tested

Neg. — negative; dpi - day post infection: Area A - Tierpark Berlin. Cq - quantification cycles from RT-qPCR assays
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Abstract

Proactive approaches in preventing future epidemics include pathogen discovery prior to their emergence in human and/or animal
populations. Playing an important role in pathogen discovery, high-throughput sequencing (HTS) enables the characterization of
microbial and viral genetic diversity within a given sample. In particular, metagenomic HTS allows the unbiased taxonomic profil-
ing of sequences; hence, it can identify novel and highly divergent pathogens such as viruses. Newly discovered viral sequences must
be further investigated using genomic characterization, molecular and serological screening, and/or in vitro and in vivo characteriza-
tion. Several outbreak and surveillance studies apply unbiased generic HTS to characterize the whole genome sequences of suspected
pathogens. In contrast, this study aimed to screen for novel and unexpected pathegens in previously generated HTS datasets and use
this information as a starting point for the establishment of an early warning system (EWS). As a proof of concept, the EWS was applied
to HTS datasets and archived samples from the 2018-9 West Nile virus (WNV) epidemic in Germany. A metagenomics read classifier
detected sequences related to genome sequences of various members of Riboviria. We focused the further EWS investigation on viruses
belonging to the families Peribunyaviridae and Reoviridae, under suspicion of causing co-infections in WNV-infected birds. Phylogenetic
analyses revealed that the reovirus genome sequences clustered with sequences assigned to the species Umatilla virus (UMAV), whereas
a new peribunyavirid, tentatively named ‘Hedwig virus’ (HEDV), belonged to a putative novel genus of the family Peribunyaviridae. In
follow-up studies, newly developed molecular diagnostic assays detected fourteen UMAV-positive wild birds from different German
cities and eight HEDV-positive captive birds from two zoological gardens. UMAV was successfully cultivated in mosquito C6/36 cells
inoculated with a blackbird liver. In conclusion, this study demonstrates the power of the applied EWS for the discovery and charac-
terization of unexpected viruses in repurposed sequence datasets, followed by virus screening and cultivation using archived sample
material. The EWS enhances the strategies for pathogen recognition before causing sporadic cases and massive outbreaks and proves
to be a reliable tool for modern cutbreak preparedness.

Key words: high-throughput sequencing (HTS); early warning system; metagenomics; Germany; Peribunyaviridae; Reoviridae; outbreak;
bird; mosquitos; Umatilla virus; Hedwig virus

1. Introduction and Tyndall 2015) and the ongoing coronavirus disease 2019
pandemic, causing more than 4 million deaths to date (World
Health Organization 2021). Emerging infectious disease prepared-
ness involves activities that enhance the prevention and control

Based on our response to the 2009 HIN1 pandemic, the World
Health Organization and eother authorities warned that ‘the
world is ill-prepared to respond to a severe influenza pandermic

of to any similarly global, sustained and threatening puhlic-  of (re)-emerging pathogens to protect public and animal health
health emergency’ (World Health Qrganization Director-General (Brookes et al,, 2015). Scientific and public health communities
2011; Fineberg 2014). This conclusion still stands for the 2013~  often focus on reactive approaches in handling emerging global

6 Western African Ebola virus disease epidemic (Ross, Crowe, epidemics (Bloom, Black, and Rappueli 2017; Greenberger 2018;

© The Author(s) 2021, Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/},
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is propeily cited.
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Kelly et al., 2020), such as Disease X. However, the over-reliance
on reactive responses can have a devastating impact on human
lives and the global economy.

Investigating viral diversity in wildlife reservoirs is & build-
ing block for preparedness for future epidemics. The discov-
ery of novel viruses in animal reservoirs can improve the rapid
identification of emerging pathogens and their ecological niche,
allowing risk reduction strategies for spillover events and dimin-
ishing the severity of emerging outbreaks (Epstein and Anthony
2017). However, as the vast majority of the wildlife virome is still
unknown, hunting novel viruses remains an interminable task
[Carrcll et al., 2018; Carlson 2020). Traditicnally, cell culture tech-
niques wetre applied for virus discovery (Hsiung 1984; Leland and
Cinocchio 2007). However, the vast number of viruses are noncul-
turable; thus, exploration of viral diversity necessitates culture-
independent techniques, such as genomic sequencing (Gao and
Moore 1996; Mokili, Rohwer, and Dutilh 2012; Mettenleiter 2017).
Carroll et al. (2018) estimated that several billion dollars would be
needed to unravel all unknown viral species in mammalian and
avian hosts by using genomic sequencing.

Genomic sequencing techniques—such as the combined con-
sensus polymerase chain reaction (cPCR) and deep sequencing,
and metagenomic high-throughput sequencing (mHTS)—enable
high-throughput discovery and taxonomic identification of novel
viruses in a sample. The combined cPCR and deep sequenc-
ing approach utilizes degenerate primers to amplify conserved
regions shared among the members of a viral group flanking
their variable regions. This approach is cheaper and more sen-
sitive than mHTS, but it can fail to recognize highly divergent
sequences of novel viruses (Chiu 2013). However, mHTS enables
hypothesis-free sequencing of all nucleic acids in a given sample,
including genomes from completely unknown and highly diver-
gent pathogens (Gu, Miller, and Chiu 2019). mHTS is widely used
as a tool for virus discovery in humans (Wylie et al. 2012), wildlife
reservoirs (Epstein et al,, 2010; Quan et al,, 2013b; Sachsenrdder
etal, 2014; vibin et al,, 2020), domestic animals (Blomstrém et al.,
2009; Bennett et al., 2020; Cibulskiet al., 2020), blood-sucking vec-
tors (Brinkmann, Nitsche, and Kohl 2016}, and other arthropods
(Cox-Foster et al,, 2007; Kéfer et al.,, 2019), as well in determin-
ing eticlogical agents in clinical cases and outbreaks (Briese et al,,
2009; Hoffmannet al., 2012; Plaff et al., 2017; Schlottau et al., 2018;
Chiu and Miller 2019; Forth et al., 2019; Chen et al., 2020). Several
studies also discovered new viruses via data mining of publicly
available transcriptome data (Schomacker, Collins, and Schmidt
2004; Basler, Garcia-Sastre, and Palese 2005). However, Canuti
and van der Hoek (2014) emphasized the importance of virus
characterization after sequence-based discovery to understand
their relevance in public and veterinary health. These follow-up
investigations include epidemiological analyses using molecu-
lar and serological diagnostic tools alongside in vitro and in vivo
characterization of newly discovered viruses.

Here, we introduce an early warning system (EWS) for the
detection of novel or unexpected pathogens and applied it in
a pilot study. This EWS takes advantage of HTS datasets from
previous studies generated from libraries constructed using only
unlargeled sholgun sequencing procedures, i.e. dalasels derived
from generic sequencing approaches. These datasets are analyzed
using a metagenomics read classifier to detect sequences that
point toward the presence of potential pathogens in the samples
from which these reanalyzed datasets are derived. After the ini-
tial detection of a potential pathogen, diverse analyses can be
initiated, from in-depth genomic characterization of the detected
potential pathogen through the design of reverse transcription

quantitative PCR (RT-gPCR) assays and subsequent screening of
additional samples in the attempt of pathogen isolation. In a pilot
study, we successfully applied this EWS to datasets that were
generated for the analysis of West Nile viruses (WNV) from the
2018-9 epidemic in Germany (Ziegler et al., 2019, 2020), in which
we detected at least two novel or unexpected viruses.

2, Materials and methods
2.1 Overview of the EWS workflow

Figure 1 outlines the process of the EWS. At the heart of the EWS
is the detection of unexpected or novel pathogens by metage-
nomics analysis of dalasels Lhatl were, [or insltance, generaled
during a routine outbreak investigation (depicted in gray). The
datasets used for this purpose must have been generated with a
generic workflow (Wylezich et al., 2018), 1.e. a workflow that does
not include any steps for targeting the sequencing like PCR (Quick
et al.,, 2016; Oude Munnink et al., 2020) or target enrichment by
captureapproaches (Depledge etal,, 2011; Wylezich etal,, 2021). In
more detail, the EWS starts with the taxonomic classification of all
reads of the datasets using a metagenomics read classifier; here,
the Reliable Information Extraction from Metagenormic Sequence
datasets (RIEMS) software (Scheuch, Hoéper, and Beer 2015) was
used. Depending on the initial taxonomic binning results (‘known’
but unexpected or ‘unknown' pathogens identified), different
confirmatory data analyses are applied. For known unexpected
pathogens, additicnal analyses start by mapping along avail-
able relerence sequences. For unknown pathogens, i.e. for which
no suitable reference sequences are available, this starts with
genome sequence assemnbly and BLAST (Basic Local Alignment
Search Tool; Altschul et al., 1990). Regardless of the initial way, the
generated sequences (labeled ‘contigs’ in Fig. 1) are used for tar-
geted investigations toward the detected potential pathogen. Most
importantly, in every case the actual presence of the detected
potential pathogen needs to be confirmed. Hence, these targeted
follow-up investigations can include, but are not limited to, (1) the
selection of published or the design of new specific RT-qPCR assays
for the confirmation of the presence of the pathogen and screen-
ing in samples from ongoing surveillance and in archived samples;
(ii) gPCR-based selection of additional samples for the genera-
tion of additional (whole-genome} sequence information of the
detected pathogen; (iii) bicinformatics analyses for genomic char-
acterization including phylogenetic analyses; and (iv) pathogen
isolation attempts. [solated pathogens provide further poszibili-
ties for follow-up studies and could again be used for completing
the genome sequence, functional analyses, or serologic screening
and neutralization studies.

2.2 Data and in silico procedures
2.2.1 Data

For the performed pilot study, datasets generated for outbreak
investigations of the 2018-9 WNV epidemic in Germany were uti-
lized ({Ziegler et al., 2019, 2020), each comprising between 2E + 05
and 1.2E+ 07 reads. This represents the ‘routine outbreak inves-
tigation’ in Fig. 1. Information on the used datasets and the
samples from which these datasets originated is summarized in
Supplementary Table S1.

2.2.2 Data analyses

As outlined above, the available HTS datasets were analyzed
using the metagenomics read classifier RIEMS (Scheuch, Hoper,
and Beer 2015) for the initial taxcnomic classification of the
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Figure 1. EWS for Lhe delection and characlerizalion of novel and co-infecting pathogens using archived unbiased HTS. Arrowheads indicated the ow
of the pipeline. The gray circles and arrows indicate a routine outbreak investigation workflow to acquire the genome sequences of pathogens of
interest. The EWS starts at the dataset. Blue text indicates the applied methods, and red dots indicate the results of the methods. For further details,
please refer to the text. "RIEMS—the metagenomics read classifier used in this study.

sequence reads. For the confirmation of the initial laxonormic
classification, either all reads were mapped along a suitable
available sequence from the INSDC databases or reads clas-
sified to the superkingdom ‘virus® were assembled together
with reads that remained unclassified. The resulting contigs
as well as remaining singleton reads were analyzed using
BLAST. In addition, to rule out cross-centaminations, all posi-
tive results were cross-checked with the virus content of sam-
ples processed in parallel. For all mappings and assemblies,
the Newbler software (v 3.0, Roche/454 Life Sciences) was
used. Sequence similarity searches were performed using BLAST
((Altschul et al., 199Q); https://blastnchbinlmnih.gov/Blast.cgi
last accessed: 21 September 2021) and the respective databases.
The cpen reading frames (ORFs) of contigs were predicted and
translated using Geneious Prime® 2019.2.3 (Biomatters, Auck-
land, New Zealand). Online bicinformatics tools were used to
characterize assembled sequences. Conserved protein motifs
were identified using MOTIF Search ((Ogiwara et al, 1996}
https://www.genome.jp/tools/motif/ last accessed: 21 Septem-
ber 2021) based on the Pfam (Finn et al, 2014), NCBI-CDD
(Marchler-Bauer et al, 2013), and PROSITE Pattem (Sigrist
et al., 2013) databases. 3ignal peptide sequences, glycosyla-
tion sites, and putative transmembrane dotnains were pre-
dicted using SignalP-5.0 Server ((Almagro Armenteros et al,
2019); http//www.chs.dtu.dk/services/SignalP/ last accessed: 21
September 2021), NetNGlyC 1.0 server ((Gupta and Brunak
2002); http://www.cbs.dtu.dk/services/NetNGlyc/ last accessed:

21 September 2021), and TMHMM Server v. 2.0 ((Krogh el al,,
2001); http://www.cbs.dtu.dk/services/TMHMM/ last accessed: 21
September 2021}, respectively.

Primers and probes for R1-qPCR assays (1able 1) were designed
with Primer3 version 2.3.7 (Untergasser et al,, 2012) implemented
in Genelous. Amino acid sequences were aligned using MAFFT
v.7.450 (Katoch and Standley 2013) and BLOSUMG62 (Henikoff
and Henikoff 1992) as the similarity matrix, and these align-
ments were visually inspected in Genelous. Maximum likeli-
hood phylogenetic trees with 100,000 ultrafast bootstraps (Minh,
Nguyen, and von Haeseler 2013) were calculated in IQ-TREE
1.6.8 (Nguyen et al.,, 2014} with the best-fit model defined using
MaodelFinder (Kalyaanarnoorthy et al, 2017). Trees were visu-
alized in FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/
last accessed: 21 September 2021). Consensus and supernetwork
trees were calculated using SplitsTree v.4 (Huson and Bryant
2006). The results were visualized with R (v4.0; (R Core Team
2020)) in conjunction with Rstudio (v1.2.5033; (RStudio Team
2019)) and packages ggplot? (Wickham 2016) and pheatmap (Kolde
2019). Prior to visualizations, datasets were normalized to read
per million (RPM) and logarithmically scaled using the following
formulae:

read cournt per family
total number of sequence reads

5

RPM

IOQy_\RPI\fT = lOg;U (RPM + Q?)
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Table 1. Primers and probes for UMAV- and HEDV-specific real-time quantitative polymerase chain reaction screening. Primers and
probes targeting HEDV L segment were designed based on HEDV partial genome sequences (old), while new primers and probes were

designed using the HEDV complete coding sequences

Primer name Primer sequences (5'— 3") Tn (°C) Tarpet

118-F_IL Hedwig ATGAAGGCTTGACTGCTGCT 58 HEDV L
294-R_L Hedwig ACCACTTGIGCICACTICGT 58 Segment (old)
161-P_L-&-Fam Hedwig 6-Fam-TGTGCCTCACACACCATGCTTTTCGC-BHQ-1 69

136-F_S Hedwig TGGCTCGGGGAANTCANCTG 60 HEDV S
235-R_S Hedwig IGTAGGGATGAAAGCGGACTG 61 Segment (new)
177-P_S-Hex Hedwig HEX-TGCTTTTGGCGTGCGTTGTGTGCGA-BHO-1 73

124-F_L Hedwlg GATGANGGCTTGACTGCTGC 59 HEDV L
292-R_I. Hedwig GGATACCACTTGTGCTCACTTC 62 Segment (new)
180-P_L-6-Fam Hedwig 6-FAM-TGCTTTTGGCGTGGTTGTGTGCGA- BHQ-1 67

Umaltilla_Segl_2196F TCCATGACTCTTGAGCCTCT 58 UMAYV
Umatilla_Seg1_2760P HEX-TGTCCGGATTCGTTGGCCCTCCA-BHQ-2 68 Segment 1
Umatilla_Segl 2345R IGITTCAATCCTTGCACCGC 58

Umalilla_Seg5_76SF CGCAACATCCACCAACACAG 60 UMAY
Umatilla_Seg5_814P 5-FAM-TGCTGTCTGCTGGTGAGAGAACACGT-BHQ-1 69 Segment 5
Umatilla_Seg5 862R ICCATCTCCAAAGTTCGTAGCA 60

Abbreviations: Tp,—melting temperature; F—forward; R—reverse; L—L segment; 5—S segment; Seg—segment.

2.3 Laboratory procedures

2.3.1 Samples, cell cultures and virus isolation

RNA samples used for the small-scale screening and virus
isolation atternpts are summarized in Table 2. These sam-
ples were from the WNV study by Ziegler et al. (2019, 2020)
(Panel 1) and WNV and USUV surveillance from 2018-20 (Panel
2}. For virus isolation attempts, virus-positive bird samples were
selected based on quantification cycle (Cy) values. Approx. 30mg
of tissue material were homogenized for 2min at 30Hz with
Smm steel beads in 1ml maintenance medium using a Tis-
suelyser 11 instrument (QIAGEN, Hilden, Germany). All han-
dling of tissue samples and virus isclation attempts in cell
cultures were done under the respective necessary biosafety
level.

All cell lines used in this study were obtained from the Col-
lection of Cell Lines in Veterinary Medicine (CCLV) at the FLI
Isle of Riems. Baby hamster kidney cells (BHK-21, RIE0164) and
Cercopithecus aethiops kidney cells (Vero B4, CCLV1146, Vero E6
cells, CCLV0929) were cultured in minimal essential medium,
supplemented with 10per cent fetal calf serum (FCS), at 37°C
and Sper cent CO;. Mosquito cells from Aedes albopictus (C6/
36, RIE1299) and midge cells from Culicoides sonorensis (KC cells,
CCLV1062) were cultured in Eagle's minimal essential medium,
supplemented with 10 per cent FCS at 28°C and 2.5 per cent COs.
Cells were seeded 1day prior to infection. On the day of infec-
tion, the cells were washed once with a maintenance medium
(supplemented with penicillin, streptomycin, and gentarnicin)
before they were infected with 100 pl of sample homogenate.
After inoculation, the cells were cultured for 3days (BHK-21) at
37°C, S5per cent COs, for 4-7days (Vero E6, Vero B4) at 37°C
and Sper cent COq, or for 7days (C6/36 or KC cells) at 28°C,
2.5 per cent COjz, before they were frozen at -20°C. Crude cell
culture extracts from BHK-21 and C6/36 cells were thawed and
passaged three times to the same cell line. Further details of
cell-culture conditions are summarized in Supplementary Table
S9. Where appropriate, host switching between BHK-21 and KC
cells and vice-versa was also performed to mimic the natural
transmission of arboviruses. All cell cultures were investigated
Tor virus replication by RT-gPCR and cytopathic effects (CPE) in all
setups.

Table 2. Summary of samples utilized for virus screening and
virus isolation attempts. Panel 1includes samples processed using
the generic HTS approach in Ziegler et al. (2019, 2020) and panel
2 includes additional archived RNA samples collected in diflerent
regions of Germany from 2018 to 2020, which include samples that
tested positive and negative for WNV and USUV.

MNumber of

Hast Year Region Panel samples
Bird 2018 Bavaria 1 2
Betlin 1 2
Berlin 2 9
Saxony 1 1
Saxony-Anhalt 1 2
2019 Baden-Wiirttemberg 2 3
Berlin 1 7
Berlin 2 40
Brandenburg 1 3
Mecklenburg-Western 2 1

Pomerania
North Rhine-Westphalia 2 5
Saxony 1 9
Saxony-Anhall 1 g
2020 Baden-Wiirttemberg 2 3
Lower Saxony Z 13
Mecklenburg-Western 2 1
Pomerania

North Rhine-Westphalia 2 6
Rhineland-Palatinate 2 10
Mammal 2018 Brandenburg 1 1
2013 Betlin 2 13
Saxony 1 1

2.3.2 Nucleic acid extraction and RT-qPCR

For the preparation of RNA for RT-qPCR, RNA extraction from
cell cultures was performed using either Agencourt® RNAd-
vance™ Tissue kit (Beckman Coulter, Indianapelis, USA) or Qlagen
RNeasy® Mini kit (Qiagen, Hilden, Germany) according to man-
ufacturer’s instructions. RT-gPCR assays were performed using
the SensiFAST™ Probe® No-ROX One-Step Kit (Bioline Meridian
Bioscience, USA) in 20 pl reaction volume. The reaction rixes
consisted of 2x SensiFAST™ Probe® No-ROX One-Step Mix, 0.2 ul

LZ0Z 12qWaA0N (7 UD 199nB Aq 7226/ £9/G800BBA/Z// RI0IME/EA/WL0D dNG 0ILUSPEOE)/:SANY WO, PPEOJUMOQ
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Table 3. Additional samples for generic high-throughput sequencing. This includes the sample processing workflow, the library number,

and the sequencing platform.

Ssmple type Sample description

Sample processing

Library number Sequencing platform

Tissue ED-1-79/18 snowy owl 1
spleen tissue

Second passage of L13-1-
93/19 blackbird liver tissue
in mosquito C6/36 cells

{# days post-infection)

Cell culture supernatant

Wrylezich et a1, 2018
RNAdvance

Wrylerich et al., 2018 LBE
Buffer + RMAdvance

1ib03211 Mumina

1ib04217 lon Torrent

reverse transcriptase, RNase free water, 0.4 uM each of forward
and reverse primers, 0.1 pM probe (Table 1), and 2.5 ul total RNA.
Amplification was performed in a CFX96™ Touch Real-Time PCR
Detection Systern (Bio-Rad, Feldkirchen, Germany) using the fel-
lowing program: 10min at 45°C for reverse transcription, 5min
at 95°C for polymerase activation; 45 cycles of 55 at 95¢C, 205 al
60°C (with flucrescence detection during this step).

2.3.3 Sequencing

For additional sequencing, libraries were prepared from samples
processed [rom sample disintegration until library preparation as
described in Wylezich et al. (2018). Table 3 summarizes the sam-
ples and conditicns that were used for sequencing. For library
preparation, the appropriate platform-specific barcoded adapters
were used as indicated in Table 3. Sequencing was done either
using an Hlumina MiSeq in 300 bp PE mede with MiSeq v3 600
cycle reagent kits (all lumina Inc., San Diego, CA, USA) or an lon
Torrent S5 XL instrurnent with Ion 550 chips and chemistry in 200
bp runs (Thermeoe Fisher Scientific, Waltham, MA, USA)

3. Results and discussion

In the present proof-of-concept study, the EWS outlined abave
was used to analyze datasels previously generated for outbreak
investigations. The initial ratienale was to gain additional infor-
maticn from a few samples that were only weakly positive for
WNV, the presumptive cause of death of the host animal. In these
additional analyses of the generically generated HTS datasets, we
delected sequences pointing toward the presence of new potential
pathogens. The detection of reads pointing at viruses, bacte-
ria, protozoa, and other parasites shows that datasets derived
from generically prepared libraries are suitable for the detection
of all classes of pathogens, as previously shown for the applied
laboratory workflow (Wylezich et al., 2018, 2019, 2020; Bennett
et al., 2020; Ziegler et al,, 2020). Amongst others, sequence reads
polentially belonging Lo bacteria (families Pasteurellaceae, Clostridi-
aceae, Vibrionaceae, Shewanellaceae, Enterococcacene, Campylobac-
teraceae, Helicobucteraceae, and Hafniaceae), protozoa (families
Plasmodiidae, Eimeriidae, Babesiidae, Sarcocystidae, and Trypanoso-
matidae), and other parasites (Taeniidae, Ascarididae, Strongyloididae,
and Schistosomatidae) that probably infected these vertebrate hosts
were detected (Supplementary Table 52). The sequence reads of
bacterial and parasilic origin can be analyzed in the EWS down-
stream analysis. However, here we focused on viral sequence
reads and atternpted in-depth analyses of datasets for virus detec-
tion and characterization.

Since potentially new viruses were detected in the initially
analyzed datasels, lhe same EWS slralegy was applied Lo all
remaining datasets of the WINV outbreak investigation. Besides
several weak hits, we were able to assemble and character-
ize complete coding sequences of three unexpected viruses:

Alphamesonivirus 1, Umatilla virus (UMAV), and an unclassified
mernber of the family Peribunyaviridae. We developed molecular
diagnostic assays for two putative viral vertebrate pathogens and
screened for these viruses in archived samples providing prelim-
inary information on their hosts and potential tissue tropism.
Moreover, we were able Lo isolale one of Lhe viruses in vitro.

3.1 Overview of the initial screening results

Overall, following the EWS strategy, we detected non-WNV wviral
sequence reads In 15 out of 40 analyzed HTS dalasels. Table 4
and Fig. 2 summarize the findings of these initial metagenomics
analyses. As shown in Fig. 2A, expectedly (since tssue samples
were analyzed and neither host depletion nor any enrichment
was performed during sample preparation) the vast majority of
the reads were classified as being of eukaryotic origin. Despite
the low abundance of viral and unclassified sequence reads in
mosl dalasels (Fig. 2A), paired with a dominance of WNV among
viral reads (Fig. 2B}, a number of reads potentially belonging to
other viruses than WNV were identified. While in datasets frem
cell cultures inoculated with Culex pipiens pools, only reads repre-
senting viruses that are commonly reported in invertebrate hosts
(families Chiysoviridae, Mesoniviridae, Nodaviridae, Tombusviridae,
Tymoviridae, and order Tymouvirales) were detected, we found reads
putatively representing the viral families Peribunyaviridae, Reoviri-
dae, Astroviridae, Totlviridae, Dicistroviridae, and Flaviviridae (other
than WNV) in datasets derived from bird samples. In addition, in
both bird and mosquite datasets reads pointing toward the pres-
ence of viruses belonging to the family Iflaviridae or other members
of Riboviria were present. Noteworthily, the resulls [rom samples
inoculated in cell cultures, such as those obtained from the C. pip-
iens pools (datasets 1ib03481, 1103482, and 1ib03504), should be
interpreted carefully due to the possibility of false-positive and
false-negative results. These might result from, e.g enrichment
of adventitious or commensal viruses or inability to cultivate non-
culturable viruses in a sample. Employing a broader diversity of
cell lines and minimizing the storage period of samples prior Lo
isolation might help increase the success rate of virus isolation.
Most of the previocusly mentioned viral taxonomic groups were
only represented by few sequence reads with low sequence iden-
titles when compared to sequences from the databases (Table 4,
Supplementary Table 53). Especially unclassified members of
Riboviria were frequently found in bird datasets (Table 4, Sup-
plementary Table S3). These viruses were previously detected
in virome analyses of various invertebrate sample peols col-
lected in China (Shi et al,, 2016), and the birds probably obtained
these viral sequences from their insect or arthropod diet with-
out being infected by these viruses. In dataset 1ib03433, a con-
tg was classified to the family Totiviridae, having the highest
sequence identities with sequences of different species of viruses
from apicomplexan hosts (Table 4 and Supplementary Table S3).
However, corresponding sequences related to protozoan parasites
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Table 4, The unexpected viral sequence reads detected in several generic HTS datasets sequenced from the 2018 to 2019 WNV epidemic
in Germany and their closest relatives. Detailed information regarding the number of sequence reads and length of assembled contigs

per closest blastx hits are described in Supplementary Table 53.

Datasel Host Taxonomic classification Closest relative Number of reads
1ib02516 Tawny Owl Flaviviridae Rodent pestivirus 1
11b03038; Snowy Owl #1 Flaviviridae usuv 50
11b03039 Peribunyaviridae ASUMV, low aa sequence [denlities with 728
Thimiri virus, Guama virus
1ib03041; 1ib03042 Snowy Owl #2 Perthunyaviridae ASUMV, low aa sequence identities with 32
Belmonl virus; Mappulla virus
11b03381 Blue Tit#1 Reouiridae UMAV (7 segments, 1 segment with low aa 1654
sequence identities); KLV (2 segments);
strelch lagoon orbivirus (1 segment)
Totwindae Trichoderma koninglopsis totivirus 1 6
Rihaoviria Hubei toti-like virus 6; Wuhan insect virus 17
27
11b03417 Goshawk #3 Ribovina Hubel toti-like virus 6 560
1ib03415 Goshawk #5 Ribouiria Hubei toti-like virus 6 1
1ib03422 Great Tit 41 Flaviviridae usuv 2
Reouliridae Strelch lagoen orbivirus 1
11b03424 Goshawk #7 Ribouina Hubei toti-hke virus 6; Lake Sinai virus 5 2
1103428 House Sparrow Dicistroviridae Barns Mess breadcrumb sponge dicistro-like 1
virus 2
Iflaviridae King virus 1
Picomauirales Antarctic picorna-like virus 1 3
Reoviridae Avian orthoreovirus 2
Riboviria Jingmen tombus-like virus 1, Nadgee virus, 8
Pink bollworm virus 4, Sanxia picorna-like
wirus 11, 5anxia picorna-like virus 9
1ib03431 Greal Grey Owl #5 Picornaviridae Norway rat kebuvirus 2 3
Astroviridae Murine astrovirus 2
1103433 Creat Tit#2 Flaviviridae Duck hepacivirus; Theiler's discase- 3
assoclaled virus, Jogalong virus
Picomauiridae Washington bat picornavirus 17
Reoviridae UMAV (7 segments, 1 segment with low 1062
aa identites); KHV (2 sepmenls); stretch
lagoon orbivirus (1 segment)
Totiviridae Eimeria stiedae RNA virus 1: Eimeria tenella 26
RNA virus 1; E. bruvietti RNA virus 1; Linep-
ithema humile toti-like virus 1; Trichomonas
veginalis virus 2
Ribouvirig Hubel partiti-like virus 48, Baker virus, 132
Volivirus, Hubel orthoptera virus 4, Cordaoba
virus, Hubei picorna-like virus 71
1ib03450 Goshawk #8 Rikoviria Wilkie narna-like virus 1 1
1ib03481 Mosquilo Pool #1 Chrysouiridae Eskilslorp virus; Shuangao chryso-like virus 4
1
Rihoviria Hubei chryso-like virus 1 3
1ib03482 Mosquilo Pool #2 Meso idae Alphamesonivirus 1 242,607
Tymaviridae Bombyx mord latent virus 1
Tymovirales Guadeloupe Culex tymo-like virus 1
1ib03504 Mosquito Pool #3 Nodaviridae Culex mosquito virus 1 29
Picornavirales Culex picorna-like virus 1 13
Tambusuiridee Culex-associated Tombus-like virus 12
flaviridae Culex-Iflavi-like virus 4 5
Riboviria Hubel chryso-like virus 1 1

were not found in dataset 1ib03433, although, for instance, the
protozoan Eimeria brunetti is known Lo cause coccidiosis In birds
(Kawahara et al,, 2014). In this group of viruses, represented by
only a few reads, we also discovered viruses that potentially infect
vertebrate hosts (Table 4 and Supplementary Table 53). This group
comprises six viruses, namely an avian orthoreovirus (1ib03428),
an unclassified kobuvirus and an astrovirus (1ib03431), an unclas-
sified hepacivirus and a pegivirus (1ib03433), and an unclassified
pestivirus (1ib02916). Although contigs could be assembled in

some instances, the information was insufficient for subsequent
EWS sleps.

Amongst the viruses represented by a low number of reads,
we also detected Usutu virus (USUV) in datasets 11b03038/1ib03039
and 1ib03422 (Table 4). These findings confirmed the previously
reported WNV/USUV co-infections in the animals from which
these datasets were derived (Santos et al, 2021). However, we
could not detect USUV reads in dataset 1ib03041/ib03042, which
was also derived from a bird that tested positive for both WNV
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Figure 2, Distributions of sequence reads within generic H1'S datasets derived from the 2018 to 2019 WNV epidemic in Germany according to
taxonomic classification. (A] Relative abundance of each superkingdom per dataset. {B) Relative abundance of each virus taxon in selected generic
HTS datasets. Frequencies of each virus taxen were normalized using the formulae in Section 2.2.2. Light gray boxes indicate that a specific virus

sequence was not detected in the dataset. Abbreviations: WNV—Wwaest Nile virus; Flavi—Flavi
Reo—Reoviridae, Astro—Astroviridae; Picorna—Picormauiridae; Toti—Totiviridae; Dicistro—Dicistroviridae; Unc. Picorna—Unclassified Picornauviy
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ales;

Hla—Iflaviridae; Unc. Riboviria—Unclassified Riboviria, Chryso—Chrysoviridee; Mesoni—Mesoniviridae, Noda—Nodaviridae, Tornbus—Tombusuiridoe,;

Tyro—Tymouiridae; Unc. Tyrmo—Unclassified Tymoutrales.

and USUV. In our previous study, viral sequence enrichment and
virus-specific multiplex PCR had to be ernployed to acquire the full
genomes of both flaviviruses (Santos et al,, 2021). Owing to the
previously performed complete analysis, here we did not pursue
USUV for EWS downstream analysis. Nevertheless, the low abun-
dance of USUV in these samples caused two true-positive and one
false-negative results regarding the presence of USUV. This high-
lights one potential drawback of this EWS, namely the eventually
limited sensitivity. This can on the one hand be caused by the size
of the available dataset, as shown in very much detail by Ebinger,
Fischer, and Hoper (2021). On the other hand, failure to detect can
likewise be due Lo sequencing of less suilable sample matrices [or
the respective virus, depending on the virus’s tissue tropism.

It is also noteworthy that three different viruses with high
abundances were found in different samples. These were sub-
sequently taken to the next level of analysis according to
the EWS concept (Fig. 1). First, reads representing the fam-
ily Mesoniviridae with highest identity with Alphamesonivirus 1
sequences were detecled in one of the datasels (1ib03482) gen-
erated from mosquito pools. Second, an unexpected orbivirus
that had not been detected in Germany before was found in
datasets 1ib03381 (>1600 reads) and 1ib03433 (>1000 reads). Third,
more than 700 reads pointing toward the presence of an unex-
pected peribunyavirid were detected in dataset 1ib03038/1ib03039.
A few reads representing the same peribunyavirid were also
detected in dataset 1ib03041/1ib03042. The subsequent analy-
ses and the cbtained results are summarized in the following
sections.

3.2 EWS follow-up analyses—genomic
characterization

3.2.1 Mosquito virus Alphamesonivirus 1

The 20,125-nucleotide long contig [rom dataset 1ib03482
{mosquito pool #2 inoculated in C6/36 cells) had 99.5per cent

nucleotide identity with an Alphamesonivirus 1 found in C.
pipiens in Italy (Accession MP281710). Its RNA-dependent RNA
polymerase (RdRp) amine acid sequence clustered with other
strains of the species Alphamesonivirus 1 {Supplementary Fig.
S1). Alphamesonivirus 1 species members are reported in a broad
range of mosquito species collected in different parts of the world
(Vasilakis et al., 2014) and as a co-infecling agent with Zika virus
in the C6/36 cell culture (Sardi et al,, 2020). Since this virus has
not been associated with disease in vertebrates so far, we stopped
the EWS investigation at this point.

3.2.2 Unexpected orbivirus in two wild birds

Nearly complete coding sequences of decapartite reovirus
genomes were assembled from datasets 1ib03381 (blue tit) and
1ih03433 (great tit). In phylogenetic analyses (Fig. 3, Supplemen-
tary Fig. 52; Table S4), these genome sequences from Germany
clustered with members of the species UMAY, with UMAV strains
from the USA forming a separate subcluster. Except for the outer
capsid protein (OCP) 1, high amino acid sequence identities among
UMAV species were observed for all proteins (Supplementary
Table S5). Sequence variations in OCP1 were expected since it
is the major virus antigen of the genus Orbivirus, inducing spe-
cific neutralizing antibodies that distinguish distinct serotypes of
each species (Mertens et al, 1989). Interestingly, further vari-
ations between the UMAV sequences were detected in their 3’
untranslated regions (3’ UTR). All UMAV excepl Lwo strains [rom
the USA have deletions in the 3’ UTR of the segments encoding the
nonstructural protein 1 and OCP1 (Supplementary Fig. S3). Sim-
ilar deletions were described before in Koyama Hill virus (KHV)
segments in comparison with UMAVY strain USA 1969 (Ejiri et al,,
2014). These deletions within the 3’ UTR may cause lower lev-
els of viral mRNA expression, as was previously shown for the
Bluetongue virug, another member of the genus Orbivirus (Boyce,
Celma, and Roy 2012). Hence, deletions at the 3’ UTR of NS1 and
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OCP1 coding segments in these viruses may affect their growth
kinetics and pathogenicity.

Phylogenetic analyses (Fig. 3 and Supplementary Fig. S2) and
comparison of the amino acid sequences derived from the RdRp
and T2 encoding sequences (Supplementary Table S5) imply that
according to the demarcation criteria specified for orbiviruses
(Attoul et al., 2012), the detected reovirus belongs to the genus
Orbivirus, species UMAV. In detail, the deduced RdRp sequences
of UMAV strains from Germany have >37.8 per cent identity with
RdRp of other orbiviruses (genus demarcation >30 per cent iden-
tity), while their deduced T2 sequences exhibit 94 per cent identity
with T2 of other members of the UMAV species (species demarca-
tion >91 per cent identity).

The species UMAV consists of the four recognized serolypes
Umatilla and Llano Seco virus from the USA, Minnal virus
from India, and Netivot virus from Israel (Mertens et al.,, 2005;
Belaganahalli et al.,, 2011). Knowledge regarding the biclogical
characteristics, host range, epidemiology, pathogenicity, and
geographical distribution of UMAV species is limited. The afore-
mentioned were mainly isolated from different Culex species
(Dandawate and Shope 1975; Gubler and Rosen 1976; Karabatsos
1985; Tesh et al., 1986; Tangudu et al., 2019); other members of the
species UMAV were detected in and isolated from Culex and Aedes
mosquitoes from Australia (UMAV and stretch lagoon orbivirus,
SLOV) and ornithophilic Culex mosquitoes in Japan (KHV). The
only report of UMAV isolation from vertebrates was in house spar-
rows (Passer domesticus) collected in the USA in 1967 (Karabatsos
1985; Belaganahalli et al., 2011). Serological data suggest that

horses, donkeys, and goats are potential vertebrate hosts of SLOV,
while neutralizing antibodies against Minnal virus were detected
insera from three human cases in India (Belaganahalli et al., 2011;
Centers for Disease Control and Prevention; Cowled et al., 2009;
Ejiri et al., 2014; Tangudu et al.,, 2019).

3.2.3 Novel peribunyavirid in captive snowy owls

To assemble the complete genome for the novel peribunyavirid,
tentatively named HEDV as it was detected in datasets derived
from captive snowy owls, additional sequence data had to be
generated (1ib03211). The new dataset was assembled with the
preexisting datasets 1ib03038/1ib03039 from the WNV study yield-
ing three segment sequences of lengths 6,965 bases (L segment),
4,606 bases (M segment), and 1,079 bases (S segment).

As for the detected reovirus, we started with phylogenetic anal-
ysis for classification of the virus. In this analysis, representatives
of the four established genera in the family Peribunyauviridae were
considered, namely Orthobunyavirus, Herbevirus, Pacuvirus, and
Shangavirus (Hughes et al., 2020). In addition, other related unclas-
sified members of the family Peribunyaviridae that are listed by the
International Committee on Taxonomy of Viruses (Hughes et al.,
2020), encompassing Akhtuba virus (Quan et al., 2013a), Fulton
virus (Williams et al., 2019), Khurdun virus (Al'’kovskhovsk et al.,
2013), Lakamha virus (Kopp et al., 2019), and largemouth bass
bunyavirus (Waltzek et al., 2019) were included (Supplementary
Table S6; results of pairwise sequence comparisons of represen-
Lative viruses see Supplementary Table S7). Some of these viruses
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uncolored represent the genera Orthobunyavirus, Pacuvirus, Shangavirus, Herbevirus, and the recently proposed genera Lakivirus, Lambavirus, and
Khurdivirus or Lhe remaining unclassifled members ol the [amily Peribunyavindae. (A) Maximum likelihood Lree of the RdRp amino acid sequences.
Ultrafast bootstrap analyses with 100,000 replicates supported the tree topolagy. Representative Orthobunyevirus species (n = 88) were collapsed into a
triangle. Tomato spotted wilt tospovirus was used as an outgroup (violet). (B} Supernetwork of the 3 ML trees calculated for the RdRp, the glycoprotein
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were assigned to the recently proposed new genera Lakivirus, Lam-
bavirus, and Khurdivirus (Fig. 4 and Supplementary Table 56) (Jens
Kuhn, personal communication). Moreaver, Asum virus (ASUMV),
which was recently reported with only its L segment sequence
and not yet designated a member species of the family Peri-
bunyaviridae (Pettersson et al., 2019; Hughes et al., 2020), was
likewise taken into account, because with 97.2per cent iden-
lity the ASUMY L segment is the closesl relative of the HEDV L
segment. To include the ASUMV complete genome in phyloge-
netic analyses, we retrieved the raw sequence dataset harbor-
ing its L segment (BioProject PRINAS16782) and mapped ASUMY
sequences using HEDV sequences as references. This resulted
in three contigs with lengths of 7,161 nucleotides (mean cov-
erage 150), 4,606 nucleotides (mean coverage 298), and 1,235
nucleotides (mean coverage 345), which were included in the phy-
logenetic reconstruction. As Fig. 4A shows, phylogenetic analysis

of the RdRp sequences suggests that HEDV and ASUMV belong
to a novel genus of the family since they do not cluster with
other established or unclassified peribunyavirid genera (Hughes
et al.,, 2020). In the supernetwork (Fig. 4B), HEDV together with
ASUMYV branches as a deep rooting lineage within the family
Peribunyaviridae.

Further in-depth analyses of the tripartite HEDV genome
showed an organizalion very similar Lo the genera Orthobunyavirus
and Pacuvirus. The HEDV RdRp has the typical motifs within the
N-terminal endonuclease domain and conserved sequences for
pre-motif A and motifs A-E (Fig. SA) (Amrcun et al,, 2017; Kopp
etal., 2019). The predicted HEDV nucleocapsid ORF (Fig. 5C) shows
two putative in-frame start codons, soCUG and 1 AUG. The non-
AUG initiation is a natural but rather inefficient start codon. The
large proportion of ribosomes will scan past the non-AUG site and
Initiate at the doewnstream AUG instead. It was assumed that this
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leaky scanning mechanism leads to the generation of multiple
protein variants with N-terminal extensions or from alternative
reading frames (Firth and Brierley 2012). Analysis of the HEDV gly-
coprotein precurser implies that it is cleaved into Gn, NSm, and
Ge proteins (Fig. SB). However, the HEDV Gn C terminus (VKATz)
does not comprise the highly conserved arginine found among the
members of the genera Orthobunyavirus and Pacuvirus. It also dif-
fers from the termini of Herbevirus, Shangavirus, and unclassified
viruses ol the Peribunyaviridae (Fig. 5D). The HEDV glycoprolein
precursar comprises a Gn zinc finger motif with conserved cys-
teine residues found in most peribunyaviridae (Fig. 50) and a Ge
fusion peptide with four canserved cysteine residues found only
in Orthobunyavirus, Pacuvirus, Shangavirus, and Khurdun virus (Fig.
SE). The Peribunyaviridae glycoprotein precursor sequence align-
ment revealed a 26-35 amino acid insertion within the C terminal
half of the HEDV Gc protein core region (Fig. 5T), Le. in the region
which mediates cell fusion (Shi et al,, 2009).

Altogether, our results show that HEDV is a novel peribun-
yavirid and a representative species of a presumed novel genus
within the family Peribunyaviridae. The second member of this
putative new genus is its closest relative ASUMV, whose genome
was previously only partially assembled from data generated from
C. pipiers mosquito pools collected in Kristianstad, Sweden, in

P D Santosetal | 11

2006-7 (Pettersson et al., 2019). Here, we were able to complete
the genome of ASUMY, and pairwise alisnments of the HEDV and
ASUMV genomes demonstrated high nucleotide sequence iden-
tities between their L {97.21 per cent), M (96.23 per cent), and S
(97.77 per cent) segments. While ASUMV was found in C. pipiens,
we detected HEDV in two captive snowy owls, Hence, this study
adds substantial knowledge regarding the vertebrate host of this
potential arbovirus.

3.3 RT-qPCR screening—additional positive
animals

Using the assembled UMAV and HEDV sequences, we designed
virus specific RT-qPCR assays. With these assays, we screened for
UMAVY and HEDV in two sample panels collected from 2018 to
2020 composed of RNA extracled [rom 125 birds and 15 mam-
mals (Table 2 and Supplementary Table S8) with known USUV
and WNV status (included in Fig. 6) and some also pretested
for other viruses. Unfortunately, RNA from some samples was
limited; therefore, we could not test all samples for both HEDV
and UMAV. Figure 6 summarizes the results of this small-scale
screening. We detected UMAV RNA in fourteen wild birds (n = 112),
hence, together with the UMAV-positive sample (dataset 1ib03433),

Hedwig Umatilla Hedwig Umatilla Hedwig Umatilla
Sample code vius  virus | Sample code virus  virus Sample code virus  virus
Lolm S 5 1 Lojly 8 5 1 Lolm S 5 1
ED-1-062/19-Snowy Owl ED-1-007/20-American flamingo ED~1-127/19-Snowy Owl
ED-1-079/18-Snowy Owl #1 | ED-1-018/20-Barn owl ED-I-128/19-Snow leopard
ED-1-082/18-Goshawk ED-1-030/20-zocbird ED-I-129/19-Snow leopard
ED-1-083/19-Great Grey Owl ED-1-031/20-zo0bird ED-I-167/18-House Sparrow
ED-1-085/19-Snowy Owl ED-1-032/20~zocbird ED-I-168/18-House Sparrow
ED-1-087/19-Blue Tit #1 B =D-1-033/20-Blue tit ED-I-169/18-House Sparrow
ED-1-089/18-Goshawk ED-1-034/20-Rook ED-I-170/18-House Sparrow
ED-1-089/19-Blue Tit #2 - ED-1-035/20~Eurasian Eagle Owl ED-I-171/18-House Sparrow
ED-1-090/18-Great Grey Owl ED-1-052/20-Northern hawk Owl | ] ED-I-172/18-House Sparrow
ED-1-094/19-Horse ED-1-057/19-Black bird ED-I1-173/18-House Sparrow
ED-I-107/18-Snowy Owl #2 - ED-I1-061/2-Blackbird #5 ED-I-174/18-House Sparrow
ED-1-109/19-Coconut lorikeet ED-1-062/20-Blackbird ED-1-180/19-Black-tailed gull
ED-1-114/18-Great Grey Owl ED-1-063/20-Blackbird #6 ED-I-181/19-African openbill
ED-1-118/19-Snowy Owl #5 [ ] ED-1-064/20~Blackbird #7 ED-I1-182/19-Cattle egret
ED-1-125/19-Inca Tern ED-1-066/20-Blue tit ED-I-183/19-Meller's duck
ED-1-127/18-Horse ED-I-067/20-Blue tit ED-1-184/19-American flamingo -
ED-1-134/19-Sparrow ED-1-068/20-Blackbird #8 ED-I-185/19-Straw-necked ibis
ED-1-135/19-Eurasian Eagle-Ow! ED-1-069/20-Blackbird ED-I-186/19-Mikado pheasant
ED-I-139/19-Great Tit #1 PV £0-1-070/20-Blackbird ED-I-187/19-White eared pheasant
ED-1-142/18-Tawny Owl ED-1-071/20-Common starling [ED-I1-188/19-Black-tailed gull
ED-1-148/19-Goshawk ED-1-072/20-Blackbird ED-1-189/19-Black-talled gull
ED-1-153/19-Goshawk ED-1-073/20-Song thrush P ED-1-190/19-Mount Omei Liocichla
ED-1-155/19-Goshawk ED-1-074/20-Blackbird ED-I1-191/19-Baer's pochard
ED-1-156/19-Goshawk ED-1-075/20-Blackbird ED-I-192/19-Mount Omei Liocichla
ED-1-157/19-Snowy Owl ED-1-076/20-Great tit ED-1-193/19-Black-tailed gull
ED-1-158/19-Andean Flamingo ED-1-077/20-Blue tit ED-1-195/19-House sparrow
ED-1-163/19-Goshawk #7 PV ED-1-078/20-Blue tit ED-I-196/19-House sparrow
ED-1-164/19-Snowy Owl ED-1-079/20-Blue tit ED-1-199/19-Kagu
ED-1-165/19-Snowy Owl ED-I1-080/18-Song Thrush ED-I-200/19-Chilean flamingo
ED-1-172/19-Great Grey Owl ED-1-080/20-Yellowhammer EDI-225/19-Black bird #3 | ]
ED-1-173/19-Great Grey Owl ED-1-081/20-Blue tit ED-1-245/19-Black bird
ED-1-177/19-Eurasian Golden Plover ED-1-082/20-Blue tit ED-1-246/19-Black bird
ED-1-201/19-Humboldt-penguin ED-1-083/20-Blue tit ED-1-259/19-Reindeer
ED-1-202/19-Chilean flamingo ED-1-088/19-Black bird ED-1-260/19-Dromedary
ED-1-205/19~Great tit #2 ED-1-093/19-Black bird #1 B  E0-1-261/19-Muskox
ED-1-208/19-Goshawk #8 1 ED-1-110/19-Blue-eyed black lemur ED-I1-262/19-Peccary
M1705Usutu-Black bird #4 ED-1-111/19-Blue-eyed black lemur ED-I-263/19-Alpaca
M1707Usutu-Black bird ED-1-112/19-Blue-eyed black lemur ED-1-264/19-Goral
M1729Usutu-Black bird ED-1-113/19-Snow leopard ED-I-265/19-Meller's duck
ViralM476-Black bird ED-1-114/19-Snow leopard ED-1-266/19-Meller's duck
ViralM477-Black bird #2 ED-I-115/19-Chinese merganser [ ED-1-267/19-Black-tailed gull
ViralM478-Black bird P ED-1-116/19-Biack~tailed guil ED-1-268/19-Chilean flamingo
ED-1-002/20-Red-whiskered bulbul ED-1-117/19-Javan pond heron ED-1-269/19-White eared pheasant
ED-1-003/20-Bateleur ED-1-119/19-Black-tailed gull ED-1-270/19-American flamingo
ED-1-004/20-Burrowing parrot ED-1-120/19-American flamingo ED-1-271/19-American flamingo
ED-1-005/20-African openbill ED-I1-126/19-Snowy Owl ED-I-272/19-Ferruginous duck [
ED-1-006/20-African openbill ED-1-273/19-Black-tailed gull

Not Tested

Legend:

Negative [ Cq values: 30-37 [l Ca values <30

Figure 6, Samples tested using HEDV-specific and UMAV-specific real-time quantitative polymerase chain reaction assays. We designed two primer
and probe sets (labeled 0 =old and n =new) specific to the HEDV L segment. Gray indicates not tested samples. The lightest shade of red indicates
negative results, while darker shades of red indicate HEDV- or UMAV-positive samples. Bold indicates WINV-positive samples, italics indicate

USUV-positive samples.
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we found UMAV in fifteen birds but not in any mammals (n = 13}.
Eight out of 125 tested bird samples were found positive for HEDV,
again, none of the lested mammals (n=15) were posilive. Qul
of the twenty-three UMAV- or HEDV-positive birds, twelve were
co-infected with WNV and/or USUV. We found one UMAV-positive
and three HEDV-positive birds with confirned WNV and USUV
co-infections (Fig. 6). Where available, we tested different organ
samples of the birds (brain, liver, spleen, kidneys, heart, and
lungs; Supplementary Table S8). Except for the relatively lower
HEDV C; value in the snowy owl #1 spleen, no marked tissue
tropism was observed for both viruses.

The available necropsy reports of the dead birds were assessed
to identify potential symptoms caused by HEDV or UMAV infec-
lion. Seven out of the hfteen UMAV-positive wild birds were neg-
ative for WINV, USUV, and Hepatitis E virus in RT-gPCR. Necropsy
reports of these seven birds described splenomegaly, suggesting
an acute infection. Three out of the eight HEDV-positive birds
were negative for both WNV and USUV; however, only for two of
these a necropsy report was available. According to these reports,
the straw-necked ibis had necrotizing dermatitis and weakly pro-
nounced interstitial pneumeoenia while the ferruginous duck had
a swollen spleen and liver, but the suspected cause of death was
septicernia due to sand penetration into the subcutaneous tissue
of its head.

3.4 Virus isolation—UMAY isolated in cell culture

From all available samples, we selected those to attempt virus
isolation based on the sequencing results and based on RT-qPCR
results for unsequenced samples. While we failed to cultivate
HEDV from the selected available organ samples in mammalian
and insect cell lines, we successfully isolated UMAV from black-
bird #1 liver in C&/36 mosquite cell lines (Supplerentary Table 59).
Failure to isolate HEDV in vitro could be caused by the cell lines
used, which may not be suitable for HEDV cultivation, or by the
long-term storage of organ samples that might have had a neg-
ative effect on the viability of HEDV (Leland and Ginocchio 2007;
@rpetveit et al., 2010},

This UMAV strain replicated in C6/36 cells with CPE but did not
replicate in BHK-21 cells. Similar cbservations were reported for
KHY, UMAV-1A08, and SLOV-IA08, which replicated and produced
CPE in C6/36 cells but not in hamster cell lines (Ejiri et al., 2014;
Tangudu et al., 2019). However, other studies reported that two
UMAV isolates replicated and preduced strong CPE in hamster cell
lines (BHK-21 cells and BSR cells, respectively) (Cowled et al., 2009;
Belaganahalli et al., 2011). For confirmation of the successful iso-
lation, we generated an lon Torrent compatible library (1ib04217;
see Table 3) with RNA isclated from UMAVY infected C6/36 cells.
We were able lo assemble the complele UMAV genorne from the
generated dataset, which was included in the phylogenetic analy-
ses. Except for the OCP1 encoding segment, this UMAVY genome is
identical with UMAV genomes from datasets great tit #2 and blue
tit #1 (Supplementary Table S5}

4. Conclusion

The introduced EWS applies well-established protocols for patho-
gen discovery and characterization to enable a quasi-hypothesis-
free screening for co-infecting and unexpected pathogens in
outbreak and surveillance sarmples without a priori knowledge of
their presence or even existence. The only hypothesis we employ
is that we assume that something might circulate unnoticed and
that it can be detected based eon its nucleic acids. This only

excludes prions. The sensitivity of the EWS for the detection
of nucleic acid containing pathogens depends on the pathogen
conlent and datasel size, as shown by the USUV example.

The EWS builds on available datasets generated in the frame-
work of routine outbreak investigations. These datasets must have
been generated applying generic and unbiased procedures. Since
no extra sample processing is necessary, the required time and
resources for protocol development and optimization, but espe-
clally for sample collection, preparation, and sequencing can
be reduced. This facilitates timely processing, enables integra-
tion into routine workflows, and hence helps identify (known)
pathogens prior to their emergence.

The three presented examples from the pilot study are a proof
of concept for the outlined EWS to detect unexpected or unknown
pathogens, showing all possible stages included in the EWS con-
cept. HEDV, detected in snowy owls and other captive birds,
together with ASUMYV forms a putative novel genus of the fam-
ily Peribunyaviridae. Moreover, we here report the first detection
of UMAV within central Europe and its re-detection in birds after
more than 50years. Based on information gained from in-depth
genomic characterization, we were able to design RT-qPCR assays
and finally isolate UMAV from a blackbird sample. This enables
additional follow-up investigations for further virus characteriza-
tion. The presented screening implies that the detected viruses
most likely have circulaled unnoticed in Germany. Hence, the
EWS can provide necessary information and facilitate the develop-
ment of diagnostic tools to respond rapidly to emerging infectious
diseases before they turn into massive epidemics.

Data availability

The nucleotide sequences from this study are available from the
INSDC databases under study accession PRJEBA5282.

Supplementary data

Supplementary data is available at Virus Evolution online.
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Table S1. The generic high throughput sequence (HTS) datasets from the 2018-29 West Nile Virus epidem

Information includes sample identification number (FLI code), dataset name (library number), common names (host name)
and species names of hosts, organ samples prepared for unbiased HTS, and total number of sequences reads per library.

{uoj10a4u

ET0'906T WIS SPIRjstaLpaLy uieg 1sod sAep g} 5|22 0JaA Ul p2ae|ndoul (s|enpialpul OT) 21eusdowioy jood oynbsow e jo jueieusadng suaidid x3jn3 i |ood ounbsoi G 09799TL A
(uonpajui ysod shep g sa _ _
01’6997 UIHSE SPIRSYALPIL UIHEY 1192 0anbsow 9¢/97) u| paIenNaou] (s|enpiajpu| Q1) 21euadowoy (00d oynbsow e Jo Jueieusadng suaidd xeina 24 1ood cunbsony e 9L 9
{uonoayu ysod shep g) 53 — -
6TZ'968°T uiji2g ‘apiysyaLpaL uipag 1123 o3inbsow g9g/g7 Ul paje[nooul (s|enpiaipul OT) a1euaSoLuoy jood olinbsouw e jo jueleusadng suaichd X3t T e e AT
996'856'7 UISYIES ZHIS0UY {11ed x|aia2) pao3 |euids snyogo3 snJaf snnbg TH# 85101 61/76-1-a3
ZIT'7ZET 1eyuy-AUoXes ‘SiNgasiap IPEIS 3NS5} uresq SHU3L raqdtay B AMBYS0D 61/807--a3
06E'€24°T Sinquapueig ‘sngnoy anssi) Leay npjoguuny snasiuatyes umn8uad-ipjoquuny 6T/T07-1-a3
9EE'807 Auoxes ‘uasyaespion )7 ‘'usgang peg jueiewsadns-ajeuadowoyuedio J0fous sniog (4R IR =CI0) 61/502--03
022'396 Auoxes ‘Bizdi] jueleusadns-ateuadowoyuedio SIS SNRJH0DII0Y oFujwe)y ueapyD ZEFE0q 61/202-1-a3
9ST'STLT AUOXBS “ZIUWAYY jueieuladns-ajeuadowoyuesio DSO|NGAL XIS S# |M0 Aalgy 183l TEFEOQ) 6T/E4T-1-03
S67'R66 Auoxes ‘zuwasy) jueleuwsadns-aieuadowoyuedio RSOING2U X135 it MO A249) 18949 0Ere0ql 6T/TLT-1-a3
250216 Auoxes ‘B1zdia ] ‘Zumauuag Juejeusadns-ajeusfowoyuesio ogqng ogng |mQ 282 uBISeNI TFEQA] 6T/5€T--03
0££'SHE'T AUOXES ‘UBSYIESPION Y1 ‘ZIMYORY jueieuladns-ajeuafowoyuedio SNN}SAUOP 43550 Mo.IedS asnoH |TrE0 6T/FET--03
T65'97F'T 1jeyuy-Auoxes ‘(ajees) ajjeH juejeusadns-ajeuadowoyuedio  snpojowABY SASSOIGOYL 19831407 INU0207) LTPE0q) 61/60T-1-03
S£0°£9L°E 1eyuy-Auoxes ‘FungapSey anss|} 42y SN30[pUDIs oging SH MO AMOUS 9CkED 6T/99T--03
07105 T 1eyuy-Aucxes “ingapseln anssiy JaAl $N20puUDIs ogng LH |MQ AMOUS STPEOq! 6T/F91--a3
60E'S20T Pla41a131g-HEYUY Y] ‘JIOpsIapUES 2Ns5(] Uleaq Sijual raqdty Lt IMBYS0D vereoall 61/£91-1-03
¥Z6'5/5°T Auoxeg ‘uazineg ¥ ‘e|yalg/zuawey anss1) uaa|ds/1aal BB SHDIANY] Jano|d usp|a8 ueiseing 6T/L4T-1-03
Fr— Auoxes ‘uspsaig EQERRRICENPICRY] Jofour sniagd T# 33 3e24D 61/6£T-1-03
TIOPIF'T Aucxes ‘|nagapey uedig SNANI30I sNIng cHIn=ng 61/68--03
11646L funquapuelg ‘uiddny-zuusudyso 31 ‘widdninay anssi} ulelq jeas SiRuaBb 123132y O MeYsosy 0TrE0q!| 6T/SST--03
090°676 Banguapue.g ‘Suepsang onss) uiedy jessd SHpUSB 13y St AMEYSOD 518 22001]] 6L/€5T-1-03
10E'TeL'e uj42g ‘ap|3Jsya1ipauy ulueg anssi) ulelq jea.d SiRual 1aydp2y T AMBYSOD 8TFE0q! 61/99T--a3
6Z5'670°T uipag ‘uiag anssi} Jeay SiRuaB sa3id12y EH# MBSO LT#E0q1 61/8%1--03
§05°958 upag "uniog anssy Jeay SNUIpUD SUBd03US0YY oSujwely ueapuy|  9TFEOT! 6T/351--03
1PV L9b'T ujpag ‘uiag anss Jeay SNoD[puUnIs ogng 9H MO AMOUS STHEOY! 6T/L5T--a3
87'LE6'T ulieg "uileg anssiy Jaall 02U DUiBISOIDT uag eyul £8E£09Y 6T/521--a3
£T9'8p5'S u||13g ‘ap|a)sydIIpaLl4 ulIeg anss|] JaAl SA30IPUDIS OgNg SH [MO Amous: Z8EE0q! 6T/81T--03
IbE8IE Y 1eyuy-Auoxes “ajjeH 2BNssi] ulelqg SN3|NI20 SAASIIBAD THUL3NG T8EEDq! 6T//8--03
EP6'TLR'E u||429 ‘Sp|a4syYa1pauy uljeg anssi} Jaal| SN3pipUDIS 0gng Tl MO AMOUS 08EE0Q! 61/58-1-03
966'000"C Heyuy Auoxes ‘B1aquanim 1pEISayINT BNSS[1I2Al D5QINGIU X175 £# IMO A2.D 18340 6LEE0G] 6T/€8--a3
EVEBOL'T 1jeyuy Auoxes ‘Blagualiip 1peisiayin anssi} Jeay Snanipunas oghg €H [MO Amous 8/E€E0q! 6T/29--a3
GVT0LE9 ujlJ2g ‘PpIsYIMpaNS UlIeg NS Aupy SNIDIPUDIS OgNg H MmO Amaus 81-£0T-1-a3
590'9/8'S u|jd=g ‘FPI4SYILPaUY UlIRg =NSss|] ulelq SN20[puUDds ogng TH MO AMOUS 81-£0T-1-A3
Z/8'096°0 ulag ‘ulliag anssn uaa|dg SNantpunaIs ogng T# MO AmoLg 81/6/--03
ST ey ulag ‘uiieg anss|y ueg SNIDIPUDIS OGN Th |PQ Amous 2T/6L-1-a3
6.6°4T0'S dinquapueig ‘e|yey LO essald anss|} pJod [eulds SMYOGO3 snJ3f sinb3 T# @sioH 8T/LTT--03
0Z8'ZTLS Funquapueig ‘e|yey Lo essald anssiy uieg snyjogo3 snJaf snnbg T# asioH 8T/L21--a3
55£°8050T Auoxes ‘usgang peg anssiy SHU3B Ja3idray TH IMeyson e1/68--a3
TI8'/9E'E H|eyuy-Auoxes Jpaelsyoneq peg anssi} 96D Xins| MO Aume) 8T/Z¥1-1-03
096'705°TT JeYuy-AUOXES JPUBSSIDM WIR|) 2nss)3 Sjaual Jazidoy THMEYSOD 8T/28-1-03
8E£'STR'S eueARg ‘BulDg X|w uesio 050/1GaU X1S T# IMO 431D 18345 8T/p1T--03
TZ8IST'6 eleaeg ‘Buiod 2Nssi} ulelq bsongal xins, T# MO A2.9 Je215 81/06--03
£55'866'9 JByuy-Auoxes ‘(2jeeg) djjeH anssp Laa|ds 056|1GIU XS 94 MO A3J9 Je319) 9zLz04! 8T/£¢--03
SPESY JO J3QUINN (101 A0 uedig aweu s3|o3ds 3p0D/1S0H quinu Aseigr 3po2 14

‘Alelqi| Jad speal saouanbas 4o Jaqunu |ejo) pue ‘s1H paselqun Joy paledaid sajdwes ueSio ‘s1soy Jo salleu sanads pue (3Weu Jsoy) ssweu

uowiwos ‘(Jaqunu Alelq)|) sweu 1aselep ‘(apod [14) J3qWinNu Uoi1edljIIuUap! 3|dWES S3PN|JUI UGIIELWIOJU| "AUBLLIBG Ul solwapide snuip 3[IN 1S3AA 67-8T0F 3Y1 woly s1aselep (S| H) asuanbas 1ndysnoiyiydiy oauas syl 1S ajgel

90



Publications

Table S2. Number of sequence reads annotated as non-viral pathogens per dataset.

Table 52. Number of sequence reads annotated as non-viral pathogens per dataset.

Library number Taxonomic Family  counts Library number Taxonomic Family counts Library number Taxonomic Family  counts
lib02726 Sarcocystidae 11 lib03381 Plasmodiidae 64836 1ib03427 Shewanellaceae 18
Eimeriidae 1 Sarcocystidae 40 Vibrionaceae 1055197
1ib02896 Plasmodiidae 165 Eimeriidae 29 Plasmodiidae 2
Eimeriidae 31 Trypanosomatidae 1 lib03428 Hafniaceae 1
Sarcocystidae 11 lib03382 Plasmodiidae 6525 Enterococcaceae 43974
1ib02898 Plasmodiidae 25 Sarcocystidae 173 Campylobacteraceae 75760
Taeniidae 34 Eimeriidae 41 Helicobacteraceae 85050
Sarcocystidae 1 lib03383 Plasmodiidae 144181 Lactobacillaceae 1101
Eimeriidae 1 1ib03415 Plasmodiidae 346 Enterobacteriaceae 217895
Trypanosomatidae 2 Eimeriidae 2 Sarcocystidae 3
lib02914 Plasmodiidae 440 Ascarididae 1 Eimeriidae 2724
Eimeriidae 7 Sarcocystidae 3 libo3429 Clostridiaceae 4
Sarcocystidae 2 lib03416 Clostridiaceae 65 Plasmodiidae 150
Taeniidae 10 Vibrionaceae 24 Taeniidae
1ib02916 Pasteurellaceae 793 Plasmodiidae 3 Sarcocystidae 7
Plasmodiidae 310 lib03417 Plasmodiidae 21698 Trypanosomatidae 7
Eimeriidae 2 Sarcocystidae 8 1ib03430 Plasmodiidae 134
Trypanosomatidae 6 Eimeriidae 39 Sarcocystidae 23
Taeniidae 3 1ib03418 Plasmodiidae 1415 Eimeriidae 6
lib02959 Plasmodiidae 3 Sarcocystidae 23 Trypanosomatidae 10
lib02961 Clostridiaceae 228 Eimeriidae 6 lib03431 Hafniaceae 1
Plasmodiidae 1 lib03419 Plasmodiidae 313 Campylobacteraceae 99
ib02962 Clostridiaceae 33529 Sarcocystidae 4 Helicobacteraceae 13
Plasmodiidae 6 Eimeriidae 2 Clostridiaceae 2
1ib03038 Plasmodiidae 5 lib03420 Plasmodiidae 10 Plasmodiidae 204
Eimeriidae 2 Taeniidae 25 Sarcocystidae 4
Sarcocystidae 3 Eimeriidae 7 Eimeriidae 113
1ib03039 Plasmodiidae 9 lib03421 Plasmodiidae 7879 1ib03433 Hafniaceae 75303
Eimeriidae 2 Sarcocystidae 18 1ib03449 Clostridiaceae 50
1ib03041 Plasmodiidae 48282 1ib03422 Plasmodiidae 95 Plasmodiidae 12
Eimeriidae 6 1ib03423 Eimeriidae 32 Sarcocystidae 1
Sarcocystidae 1393 lib03424 Plasmodiidae 22 lib034s0 Plasmodiidae 2007
Trypanosomatidae 5 Taeniidae 1 1ib03451 Hafniaceae 1
lib03042 Plasmodiidae 15101 Eimeriidae 2 Plasmodiidae 1
Eimeriidae 109 1ib03425 Plasmodiidae 13 Schistosomatidae 7
Sarcocystidae 92 Sarcocystidae 1 lib03481 Clostridiaceae 3
Taeniidae 14 Eimeriidae 1 Plasmodiidae 9
1ib03378 Plasmodiidae 15 lib03504 Sarcocystidae 15
Eimeriidae 4 1ib03426 Plasmodiidae 190993
lib03379 Plasmodiidae 19 Babesiidae 961
Eimeriidae 4 Sarcocystidae 1834
1ib03380 Plasmodiidae 64080 Eimeriidae 4225
Eimeriidae 434 Trypanosomatidae 3
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Table S3. More detailed taxonomic classification of viral sequence reads detected in generic high throughput sequence
datasets derived from 2018-19 WNV Epidemic in Germany. Number of detected reads, length based on sequencing and
assembly, and their closest hits (accession numbers, description, and blastx identities) from the database were included.
Total number of sequence reads per library and sample information were indicated in Table S1.

Table 53. More detailed taxonomic classification of viral sequence reads detected in generic high throughput sequence datasets derived from 2018-19 WNV Epidemic in Germany. Number
of detected reads, length based on sequencing and assembly, and their closest hits (accession numbers, description, and blastx identities) from the database were included. Total number of
sequence reads per library and sample information were indicated in Table S1.

Host Library number  Taxanomic classification N”::; O i) Aesmsmmmer Description Sl me"fi;;;
Tawny Owl lib02916 Fiaviviridae 1 129 ATPEE856.1 palyprotein [Rodent pestivirus] 4138
Snowy lib03038 Figuiviridae a0 219-2342  API68248.1 polypratein precursor [Usutu virus] 78.81-100
Owl #1 4 183-508  AWIG6603.1; QDQ46558.1  polyprotein [Usutu virus] 80.81-100
L] 398 YP_164808.1 core protein € [Usutu virus] 100

7 257-372 AZP89717.1 QBA41160.1 NS5 protein [Usutu virus] 53.03-100.00

1ib03038 Peribunyaviridae 3201413} 6965 QGA70944,1 RNA-dependent RNA polymerase [Asum virus] 99,56

298 {1113) 4606 AXP32071.1 elycopratein precursor [Thimiri virus] 35.23

110(396) 1079 VP_D09507880.1 nucleacapsid protein [Guama virus] 3045

Snowy lik03041 Peribunyaviridae 21 158-720 QGAT70944.1 RNA-dependent RNA polymerase [Asum virus] 47.54-100
Owl #2 6 881 AMR73385.1 polypratein [Belmant virus] 37.35
3 758 AKD90202.1 nucleocapsid protein [Mapputta virus] 3145

Blue Tit lib03381 Reoviridoe 240 3906 Qcwo?s3ll RNA-dependent RNA palymerase [Umatilla virus] 98
#1 162 2760 Qcwo7s32.l T2 (Urmatilla virus) 99.34
172 2355 YP_009047260.1 VP3 [Umatilla virus] 48.58

185 1930 QCWD7534,1 capsid protein [Umatilla virus] 95.99

157 1923 Qcwo7535.1 tubule protein [Umatilla virus] 92.79

169 1655 BAP18636.1 VPS5 [Koyama Hill virus] 95.83

180 1356 OCwo7s37.1 wiral inclusion bady protein [Umatilla virus 98.52

113 1139 AZJ37613.1 VP7 [Stretch Lagoon orbivirus| 100

168 1073 QCwo7539.1 helicase [Umatilla virus] 91.02

108 859 BAP18640.1 NS3 [Keyama Hill virus] 97.68

Totiviridae 6 774 QGATOT70.1 capsid protein [Trichaderma koningiopsis totivirus 1] 29.29

Riboviria 2 a0 APG75875.1 hypothetical protein 2 [Hubei toti-like virus 6] 65.6-61.65

15 1244 YP_009342434.1 hypothetical protein 2 [Wuhan insect virus 27] 42.42

Goshawk #3  ib03417 Riboviria 560 863-6986 APG75978.1 hypothetical protein 2 [Hubei toti-like virus 6] 37.61-57.34
Goshawk #5  1ib03419 Riboviria 1 183 APG75978.1 hypothetical protein 2 [Hubei toti-like virus 6] 66.67
Great Tit #1 lib03422 Flaviviridae 1 342 YP_164817.1 NS4b [Usutu virus] 99.11
1 462 QBA41160.1 nanstructural protein NS5 [Usutu virus| 100

Reoviridae 1 366 YP_002925133.1 VP2 [stretch lagoon orbivirus] 56.88

Goshawk #7  lib03424 Riboviria 1 210 APG?75978.1 hypothetical protein 2 [Hubei toti-like virus 6] 6111
1 243 AGUE2876.1 RdRp [Lake Sinai virus 5 JR-2013] 387

House 1ib03428 Dicistrovitidae 1 180 ASM94063,1 putative ORFL, partial [Barns Ness breaderumb spange dicistro-like virus 2] 36.67
Sparrow Itaviridae 1 273 QacL1100.1 polypratein [King virus] 35.21
Picornavirales 2 213-237 YP_008: .1 proteins [Antarctic picorna-like virus 1] 38.38-48.72

1 198 YP_009423855.1 hypathetical protein 2 [Tiaga picorna-like virus 1] 53.33

Reoviridoe 1 180 BAQ19497 rmu B [avian orthareovirus] 98.33

1 365 AED39313.1 muC [avian orthoreovirus] 83.29

Riboviria 2 243-321 YP_009345892.1 hypothetical protein [Jingmen tombus-like virus 1] 50.82-60.19

2 180-228 AYPBET7569.1 RdRp [Nadgee virus] 34.48-38.24

1 222 QID77679.1 polyprotein [Pink bollworm virus 4] 60

1 180 YP_009333140.1 ReRp [Behai narna-like virus 21] 64.29

1 222 YP_009337713.1 hypothetical protein 1 [Sanxia picorna-like virus 11] 60.19

1 264 YP_009337755.1 hypothetical pratein 1 [Sanxia picorna-like virus 9] 47.73

Great Grey  lib03431 Picornavitidoe 3 243-453  AIUZ6252.1 polypratein [Norway rat kobuvirus 2] 50.75-63.76
Owl 45 Astroviridae 2 245246 AFB18035.1 RNA-dependent RNA polymerase [Murine astrovirus] 98.57
GreatTith2  lib03433 Flaviviridae 1 399 QDF44088.1 polyprotein [Duck hepacivirus] 3731
1 387 YP_009509001.1 putative N33 [Theiler's disease associated virus| 56.07

1 183 QaHD25538.1 polypratein [Iogalong virus] 55.36

Picornaviridae 7 150-915  YP_008272812.1 polypratein [Washingtan bat picornavirus] 43.08-71.43

Reoviridae 211 3905 Qcwo7531.1 RNA-dependent RNA palymerase [Umatilla virus] 98

1el 2736 Qcwo7ssa.l T2 [Urnatilla virus) 99.34

122 2363 YP_009047260.1 VP3 [Umatilla virus] 48.58

126 1987 QCW07534.1 capsid protein [Umatilla virus] 95.99

118 1857 QCW07535.1 tubule protein [Umatilla virus] 98.79

112 1647 BAP18636.1 VPS5 [Koyama Hill virus] 95.83

72 1385 Qcwo7s3z.1 viral inclusion body protein [Umatilla virus] 98,52

65 1140 AZI37613.1 VP7 [Stretch Lagoan orbivirus| 100

52 1077 QCW07539.1 helicase [Umiatilla virus] 91.02

23 832 BAP18640.1 NS3 [Keyama Hill virus] 97.68

Totiviridae 3 168-393 YP_009551683.1 coat protein [Eimeria stiedai RNA virus 1] 46.90-70

16 825 YP_009551684.1 RNA-dependent RNA polymerase [Eimeria sticdai RNA virus 1] 61.39

3 114-243 YP_009115499.1 coat protein [Eimeria tenella RNA virus 1] 45.71-52.08

8 273-915 YP_009115500.1 RNA-dependent RNA polymerase [Eimeria tenella RNA virus 1] 42.35-54.77

32 1484 YP_009551684.1 RNA-dependent RNA polymerase [Eimeria brunetti RNA virus 1] 47.08

14 1456 NP_108650,1 coat protein [Eimeria brunatti RNA virus 1] 39.61

3 174-177 AXA52555.1 putative polycapsid [Linepithema humile toti-like virus 1] 58.62

7 182 AAF29445,1 RNA-dependent RNA polymerase [Trichomanas vaginalis virus 2] 43.86

Riboviria 120 1438 APG78218 RedRp [Hubei partiti-like virus 48] 57.3

3 721 ADC55077.1 polyprotein [Baker wirus] 4153

1 249 APO40851.1 structural protein [Volivirus sp] 40.74

1 309 YP_009337883.1 RdRp [Hubei orthoptera virus 4] 35.90-37.86

1 201 AQMS5304.1 hypothetical pratein 1 [Cordoba virus] 68.97

1 243 ¥P_004337174.1 hypothetical protein [Hubei picorna-like virus 71] 36.36

Goshawk#8  lik03450 Riboviria 1 177 ASA47364.1 RdRp [Wilkie narna-like virus 1| 53.45
Mosquita lib03481 Chrysoviridoe 3 138288 QGAT0949,1 RaRp [Eskilstorp virus] 100
Poal #1 1 155 ASAGT448.1 hypothetical protein [Shuangao chryso-like virus 1] 67.31
Riboviria 3 111-231 ASA47351.1 hypothetical pratein [Hubei chryso-like virus 1] 71.43-84.42

Mosquita lib03482 Mesoniviridae 242607 20125 ALP32023.1 pplab polyprotein [Alphamesenivirus 1] 99.69
Pool #2 Tymaoviridae 1 198 YP_008505642.1 RdRp [Bombyx mari latent virus] 51.52
Tymovirales 1 243 QEM39124.1 RdRp [Guadeloupe Culex tymo-like virus] 4875

Mosquita lib03504 Nadaviridae 29 1766 AX004817.1 hypothetical protein [Culex mosquita virus 1] 97.04
Pool #3 Picornavirales 13 99-444 AWC26954.1 polypratein [Culex picarna-like virus 1] 75.36-100
Tombusviridae 12 111-898  YP_008552018.1 hypothetical protein [Culex-assaciated Tombus-like virus] 88.85-100

flaviridae H 111-231 YP_009553231.1 polyprotein [Culex-Iflavi-like virus 4] 57.78-100

Riboviria 1 309 AWRSS280.1 hypothetical protein [Hubei chryso-like virus 1] 93.2
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luded tubule form
7 (T13), outer capsid protein 1 (OCP1), capping enzyme or viral protein 4 (VP4), outer capsid or viral protein 5 (VP5), and

nonstructural protein 3 (NS3), RNA dependent RNA polymerase (RdRp), inner shell protein (T2), outer core or viral protein
helicase or viral protein 6 (VP6).
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Table S4. Accession numbers for different protein sequences of representative Orbivirus species. These protein sequences
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Table S5. Pairwise identity percentages of amino acid sequences of Orbivirus RdRp and Orbivirus T2 (upper box: lower left
and upper right, respectively) and Orbivirus T13 and Orbivirus OCP1 proteins (lower box: lower left and upper right,

respectively).

Table S5. Pairwise identity percentages of amino acid sequences of Orbivirus RdRp and Orbivirus T2 (upper box: lower left and upper right, respectively) and Orbivirus T13 and

Orbivirus OCP1 proteins (lower box: lower left and upper right, respectively).
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UMAV/2019/Germany/Bluetit 100 47.04 47.4 | 86.83 55.84 12.24 13.49 1135 1211 792 677 7176 795
UMAV/2019/Germany/GreatTit 100 100 47.81 47.11 4839 10.76 13.27 1133 113 616 6.85 6.64 7.59
SLOV/2018/USA/Mosquito 100 100 100
UMAV/2015/Australia/Mesguito 96.85 96.86 96.87 96.87 45.28 4834 119 13.04 1135 11.74 774 6.58 6.76 834
KHV/2011/Japan/Mosguito 96.56 96.57 96.58 96.58 99.72 5647 1151 135 1157 1154 773 652 7.28 8.08
SLOV/2002/Australia/Mosquito
UMAV/2008/USA/Mosquito g
UMAV/1969/USA/Mosquito 9341 9343 93.45 9345 9174 9145 3362 40.68 30.59 3598 2429 226 2633 1553 8
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Great Island virus 27.53 2745 2765 27.65 27.17 27.17 2633 2045 30.45 28.85 29.97 20.56 22.28 15.67
St Croix River virus 15.34 153 1553 15.53 16.05 16.05 15,53 1296 19.16 15.79 1816 16.67 17.37 1567
T13
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Table $6. Accession numbers for different protein sequences {RNA dependent RNA polymerase/RdRp, glycoprotein precursor/GPC and nucleocapsid) of representative

Peribunyaviridae virus strains and the outgreup Tomato spotted wilt virus. Virus acronym for each virus were also indicated.

Virus Family Genera

Abbreviation: Virus Name

RdRp

GPC

Nucleocapsid

Peribunyaviridae Herbevirus

Orthobunyavirus

HEBV
KIBV
TAIV
AINOV
AKTV
ALAJV
AMBVY
ANADY
BAKV
BATV
BELLYV
BIMV
BIRV
BOZOV
BRAZV
BUCRY
BUNV
BUTV
BWAV
CAlV
CAPV
CATUV
CEV
CHIV
CPV
crav
ENSV
FACY
FSV
GAMY
GGV
GIAV
GMAV
GROV
IACOV
ILEV
INGV
JATV
Icy
KEYV
KHURV
KOOV
KOWV
KRIV
LAKV
LMBV
LUKV
LUMBV
MADV
MAGY
MANV

Herbert_virus
Kibale_virus
Tai_virus

Aino_virus

Akhtuba virus
Alajuela_virus
Anhembi_virus
Anadyr_virus
Baakal_virus
Batai_virus
Bellavista_virus
Bimiti_virus
Birao_virus

Bozo virus
Brazoran_virus
Buffalo_Creek_virus
Bunyamwera_virus
Buttonwillow_virus
Bwamba_orthobunyavirus
Caimito_pacuvirus
Capim_orthobunyavirus

Catu_virus

California_encephalitis_orthobunyavirus

Chilibre_pacuvirus

Cachoeira_Porteira_orthobunyavirus

Cat_Que_virus
Enseada_virus
Facey's_Paddock_virus
Fort_Sherman_virus
Gamboa_virus
Gan_Gan_virus
Guajara_orthocbunyavirus
Guama_virus
Guaroa_virus

laco_virus

llesha_virus
Ingwavuma_virus
Jatobal_virus
Jamestown_Canyon_virus
Keystone_virus
Khurdun_virus
Koongol_virus
Kowanyama_virus
Kairi_virus
Lakamha_virus
Largemouth_bass_bunyavirus
Lukuni_virus
Lumbo_virus
Madrid_virus
Maguari_virus

Manzanilla_virus

¥P_009507855.1
YP_009362027.1
¥P_009362026.1
¥P_006590079.1
AlL53813.1
¥P_009507859.1
YP_009666889.1
ANB45710.1
QEO75%48.1
AFY52608.1
¥P_009666954.1
¥P_009507866.1
¥P_009666996.1
¥P_009667001.1
AGS94386.1
AlD77610.1
NP_047211.1
¥P_0C9666926.1
¥P_009362049.1
QCle2735
ALP92388.1
¥P_009507870.1
APA29013
QCle2738.1
AEZ35283
AXQ05038.1
¥P_009666945.1
AHY22330.1
¥YP_009666949.1
¥P_009507871.1
ALO43836.1
¥P_0C9507877.1
¥P_009507879.1
YP_009362061.1
YP_009666893.1
¥P_009666916.1
¥P_009666917.1
¥YP_009666904.1
¥P_009666884.1
¥YP_009666964.1
AHL27166.1
YP_009507885.1
AMR73391.1
¥YP_009507881.1
QEO075551.1
QDJ95875.1
¥YP_009507862.1
YP_009666968.1
¥P_009362071.1
ATI0A177.1
AHY22334.1

YP_009507854.1
YP_009362035.1
YP_009362028.1
YP_006590070.1
AlL53814.1
YP_009507856.1
YP_009666890.1
ANB45708.1
QEC75%49.1
AFY52604.1
YP_009666957.1
YP_009507865.1
YP_009666997.1
YP_009666998.1
AGS94385.1
AJD77609.1
NP_047212.1
YP_009666928.1
YP_009362064.1
QcCl62736.1
ALP92389.1
YP_009507869.1
APA2S014
QCl62739.1
AEZ35284
AXQ05038.1
YP_009666942.1
AHY22339.1
YP_009666946.1
YP_009507872.1
ALQ43837.1
YP_009507876.1
¥YP_009507878.1
YP_009362080.1
YP_009666892.1
YP_009666915.1
YP_009666918.1
YP_009666903.1
YP_009666885.1
YP_009666961.1
AHL27167.1
YP_009507886.1
AMR73392.1
YP_009507882.1
QE075552.1
QDJ95876.1
YP_009507860.1
YP_009666965.1
YP_009362079.1
ATIOA178.1
AHY223431

YP_009507853.1
YP_009362025.1
YP_009362024.1
YP_006590071.1
AIL53815.1
YP_009507857.1
YP_009666891.1
ANB45707.1
QEO75950.1
AFY52615.1
YP_009666955.1
YP_009507867.1
YP_009666994.1
YP_009666999.1
AGS94383.1
AJD77608.1
NP_047213.1
YP_009666927.1
YP_009362050.1
Qcl62737.1
ALP92390.1
YP_009507868.1
APA29015.1
Qcl62740.1
AEZ35285.1
AXQ05040.1
YP_009666944.1
AHY22348.1
YP_009666947.1
YP_009507873.1
ALQ43838.1
YP_009507875.1
YP_009507880.1
YP_009362058.1
YP_009666894.1
YP_009666913.1
YP_009666919.1
YP_009666901.1
YP_D09666882.1
YP_009666962.1
AHL27168.1
YP_009507887.1
AMR73393.1
YP_009507883.1
QF075953.1
QDJ95877.1
YP_009507861.1
YP_009666966.1
YP_009362072.1
ATI04179.1
AHY22352.1
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Table $6. Accession numbers for different protein sequences {RNA dependent RNA polymerase/RdRp, glycoprotein precursor/GPC and nucleocapsid) of representative

Peribunyaviridae virus strains and the outgreup Tomato spotted wilt virus. Virus acronym for each virus were also indicated.

Virus Family Genera Abbreviation: Virus Name RdRp GPC Nucleocapsid

MAPV Mapputta_virus AlD77604 AJD77603 AJD77602
MCAYV Macaua_virus AEZ35261.1 AEZ35262.1 AEZ35263.1
MDV Main_Drain_virus AXP32030.1 AXP32031.1 AXP32032.1
MELY Melac_virus YP_009666970.1  YP_009666969.1  YP_009666971.1
MERV Mermet_orthobunyavirus AHY22335.1 AHY22344.1 AHY22353.1
MIRV Mirim_virus APMS83098.1 APM83099.1 APM83100.1
MPKV Maprik_virus AlD77607 AlD77606 AJD77605
MTBV Marituba_virus YP_009362068.1  YP_009362078.1  YP_009362069.1
NDOV Nyando_virus YP_009362066.1 YP_009362065.1 YP_009362052.1
NZV Ness_Ziona_virus QBH98892.1 QBH98893.1 QBH98894.1
ORIV Oriboca_virus ¥P_009362043.1  YP_009362062.1  YP_009362044.1
OROV Qropouche_virus NP_982304.1 NP_982303.1 NP_982305.1
ovov Oyo_virus AEE01391.1 AEE01390.1 AEE01389.1
PATV Patois_virus AXP33560.1 AXP33566.1 AXP33555.1
PEAV Peaton_virus ¥P_009666872.1  YP_009666873.1  YP_009666870.1
POTV Potosl_virus ¥P_009666985.1  YP_009666984.1  YP_009666986.1
SABOV Sabo_virus ¥YP_009666875.1 YP_009666874.1 YP_009666876.1
SANV Sango_virus YP_009666879.1  YP_009666878.1  YP_009666880.1
SAV San_Angelo_virus ¥P_009666975.1  YP_009666976.1  YP_009666973.1
SBY Schmallenberg_virus ¥P_009666911.1 YP_009666912.1 YP_009666909.1
SDNV Serra_do_Navio_virus ¥P_009666980.1  YP_009666977.1  YP_009666978.1
SEDV Sedlec_virus AXP32058.1 AXP32059.1 AXP32060.1
SHUV Shuni_orthobunyavirus ¥P_009667053.1 YP_009667050.1 YP_009667051.1
SIMV Simbu_orthobunyavirus ¥P_006590082.1  YP_006590085.1  YP_006590083.1
SORV Sororoca_virus ¥P_009666895.1 YP_009666896.1 YP_009666897.1
SSHY Snowshoe_hare_virus ABW87611.2 ABXA47014.1 ABX89407.1
TAHY Tahyna_virus ACF72885.1 ACF32415.1 ACF32417.1
TATV Tataguine_virus YP_009666936.1 YP_009666937.1 YP_009666935.1
TENV Tensaw_virus ¥P_009666865.1  YP_009666869.1  YP_009666866.1
TETEV Tete_orthobunyavirus YP_009512923.1  YP_009512922.1  YP_009512924.1
THIV Thimiri_orthobunyavirus AXP32070.1 AXP32071.1 AXP32072.1
TNTV Triniti_virus AZME8667.1 AZME8673.1 AZME8670.1
TPPV Tapirape_virus AIN55747.1 AIN55748.1 AIN55749.1
TRUV Trubanaman_virus ALQ43839.1 ALO43840.1 ALQ43841.1
VIV Trivittatus_virus ALI93835.1 ALI93834.1 ALI93832.1
UMBV Umbre_virus YP_009664559.1 YP_009664558.1 YP_009664556.1
UTIv Utinga_virus ¥YP_009666923.1 YP_009666924.1 YP_009666925.1
WBV Wolkberg_virus ¥P_009362987.1  YP_009362985.1  YP_009362986.1
WITV Witwatersrand_virus ¥YP_009667021.1  YP_009667022.1  YP_009667019.1
WYQOV Wyeomyia_orthobunyavirus ¥P_009512925.1  YP_009512926.1  YP_009512927.1
ZEGV Zegla_virus YP_009667038.1  YP_009667039.1  YP_009667037.1

Pacuvirus CARV Carapary_orthobunyavirus AGWS82134.1 AGWS82135.1 AGWS82136.1
Cvv Cache_valley_virus ¥YP_009666950.1 YP_009666951.1 YP_009666952.1
PACV Pacui_virus ¥P_009666929.1  YP_009666931.1  YP_009666930.1
RPEV Rio_Preto_da_Eva_virus YP_009666934.1  YP_009666932.1  YP_009666933.1
TCMV Tacaiuma_orthobunyavirus YP_009667044.1 YP_009667046.1 YP_009667045.1

Shangavirus SHUIV1 Shuangao_lnsect Virus_1 1 YP_009300681.1 1 YP_009300682.1 1 YP 009300683.1

Unciassifled AKAV Akabane_virus ¥P_001497159.1  YP_001497160.1  YP_001497161.1
ASUMY Asum_virus QGA70944 This study This study
BUBAV Buffalo_hayou_virus QFQ60707 NA QFQ60708
FULV Fulton_wirus QEQ50490.1 QEQ50491.1 QEQ50492.1
HEDV Hedwig_virus This study This study This study
KKV Kaeng_Khoi_virus ¥YP_009362074.1  YP_009362075.1  YP_009362076.1
LoV La_Crosse_virus ABQ12631.1 ABQ12630.1 ABQ12628.1
LEAV Leanyer_virus ¥P_009666888.1  YP_009666886.1  YP_009666887.1

Tospoviridae Orthotospovirus TSWV Tomato_spotted_wilt_virus NP_049362.1 NP_049359.1 NP_049361.1
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Table S7. Pairwise identity percentages of amino acid sequences of nucleocapsid (top), glycoprotein precursor (middle) and
RNA dependent RNA polymerase (bottom) proteins of representative Peribunyaviridae and and the outgroup Tomato
spotted wilt virus. The corresponding acronyms and accession numbers of representative peribunyaviruses were shown in
Table S2.

BUNV MAPY BRAZV ca TAPY CHIV HEDV ASUMV Sglv-1 HEBV TAIV KIBV KHURV LAKY FULV LBBYV BUBAV TSWY
BUNY
MAPY 36.86
BRAZV 3025 26.02
CAlV 25,53 25.63 2143
TAPY 30.64 2815 2594 67.62
CHIV 30,31 25.52 2313 82 57.38
HEDV 2227 2068 1986 2254 24.59 2327
ASUMY nar 20,68 1996 2254 24,59 B 99.24
Sgiv-1 1673 2125 1455 1541 18.05 17.98 17.93 17399
HEBV 205 18.11 14 46 12.45 15.35 16.12 1152 11.52 12.92
TAV 1975 186 1492 125 15.83 17.84 11.84 11394 1259 66.22
KIBY 1757 17.28 1687 1286 14.94 1523 1338 1338 1365 7257 [k:4
KHURY 1948 19.25 1772 18.91 15.97 18.07 16.81 1681 1231 16.95 15.74 17.8
LAKV 16.25 19342 15.87 16.67 17.32 17 17 1245 2467 24.34 2379 16.03
FulY 1367 128 15,51 1318 15.05 16.43 145 14.5 103 13.91 1197 1351 1319 263
LEBV 168 12.85 1321 1313 14.67 15 12.81 1246 1174 15.42 1423 1333 1757 14.06 19.49
BUBAV 1787 18.14 1509 168 15.57 1673 13.69 1369 16.79 17.24 16.68 17.67 1565 16.87 1252 15.64
TSWV 1474 13.65 1351 14.62 17.69 16.08 12.86 1286 1199 1181 852 1255 136 1158 949 1281 B98
Nucleocapsid
BUNV NAPY BRAZV CAIV TAPY CHIV HEDV ASUMY SgIv-1 HEBV TAIV KBV KHURV LAKY FULV LBBYV BUBAY TSWV
BUNV
MAPYV a0.44
BRAZV 31.85 28.63
CAIV 27.28 26.68 2701
TAPY 27.5% 25.42 2556 60,92
CHIv 27.47 25.97 2681 59.02 5835
HEDV 2414 22.06 2364 22.16 22.04 208
ASUMY 24,01 2213 2364 22.16 22,04 21.04 98.87
Sglv-1 17.4 16.17 15356 16.18 15.76 15.97 14.68 1482
HEBV 10.27 11.26 1032 10.51 10.78 10.61 11.42 1149 10.07
TANV 10.94 11.82 1145 10.64 11.04 10.54 1148 1148 875 70.59
KBV 10.96 11.56 1n.z2 10.05 10.59 9.63 115 115 9.89 69.47 67.47
KHURY 1e.69 17.23 1671 16.03 16.34 1843 16.68 1862 1298 1471 14.69 1392
LAKYV 108 46 87 857 924 5.6 10.48 1048 845 14.99 16.44 14.92 12.56
FULv 11.08 117 1059 1024 10,09 10.46 10.25 1025 938 _ 7.89 7.96 1024 792
LEBY 1142 10.23 1121 882 .41 10.44 1047 1047 854 10.67 11.01 10.76 1244 1114 1139
BUBAV
TSWY 11.74 11.34 1108 11.34 1121 10.42 10.74 1068 8.42 9.74 .56 106 12.5 8.4 a.7 10.25
GPC
BUNV MAPY BRAZV cav TAPY CHIV HEDV ASUMY Sglv-1 HEBV TAIV KIBY KHURY LARY FULV LBEBYV BUBAY TSWV
BUNV
MAPY 48,74
BRAZV 48.74 464
CAIV 43.63 41.34 43.35
TAPY 4353 4139 4328 7652
cHIv 4229 2054 3. 7111 70,13
HEDV 36.06 37 3733 361 35.83 36.94
ASUMY 36.02 36.85 37.38 326.14 3579 36.81 89.56
Sglv-1 205 2124 2087 19.92 20.26 20.15 19.71 1963
HEBV 24.83 2414 2436 24.44 24.43 23.81 2334 2342 19.89
TANV 249 24.66 2475 242 24.59 24.03 2N 271 19.81 7931
KIBV 244 2419 2449 2417 2468 2398 2288 2292 1965 7998 7861
KHURV 2108 3077 3084 2185 31.00 3093 29.68 263 2097 27.35 7792 27.48
LAKV 2574 25.92 26.16 2575 25.04 2555 2449 24.49 19.9 30.66 3091 30.54 2838
FuLv 18.16 18.24 1879 184 18.09 17.83 18.18 18.19 15.09 17.81 17.84 17.88 18.52 16.68
LBBV 21.36 20.16 2073 2093 2079 20.93 20.61 07 15.89 2014 15.04 19.87 2329 1937 17.22
BUBAYV 26.81 26.02 2589 2592 2a.11 26.9% 247 4.7 1933 371 2336 2356 2662 2353 177 18.57
TSWV 1373 1438 1411 1427 13.59 1422 13.44 1347 - 132 1353 13.07 12384 1381 12.86 12.45 13.41
RdRp
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Table S8. Samples tested in RT-qPCR screening for Umatilla virus and Hedwig virus. RNA samples grouped to panel 1 belong
to animal samples with representative organ/s processed using high throughput sequencing, while the remaining animal
samples (without representative sample for sequencing) were categorized in panel 2. NT, not tested

Table 8. Samples tested in RT-gPCR screening for Umatilla virus and Heduwig virus. RNA samples grouped to panel 1 belong to animal samples with representative organ/s proeessed using high throughput sequeneing, while the remaining animal
samples {without repr sample for ingl were g in panel 2. NT, not tested

Samplecode Year Panel Host(Common English Organ Hedwig virus (0ld  Hedwig virus {New Umnatilla Virus Sample location; Sample location; Specific details
number name) primers and primers and probes) Federal States
prohes}
L-Seg L-Seg S-Seg Seg-5 Seg-1
ED-1-062/19 2019 1 Snowy Ow| heart NT neg neg neg neg Saxany-Anhalt Tierpark Wittenberg
ED-I-079/18 2018 1 Snowy Owl Brain 26.84 NT NT NT NT Berlin Tierpark
ED-I-079/18 2018 1 Snowy Owl Spleen 21.77 NT NT NT NT
ED-I-079/18 2018 1 Snowy Owl Liver 22,6 NT NT NT NT
ED-I-079/18 2018 1 Snowy Owl Heart 22.73 NT NT NT NT
ED-I-075/18 2018 1 Snowy Owl Kidney 2276 NT NT NT NT
ED-1-075/18 2018 1 Snowy Owl Brain 25.18 NT NT neg neg
ED-1-075/18 2018 1 Snowy Owl Spleen 18.06 19.06 19.69 neg neg
ED-1-082/18 2018 1 Goshawk Brain Neg NT NT NT NT Saxony-Anhalt Klein-WeiRandt
ED-I-085/18 2018 1 Goshawk Brain neg neg neg neg neg Saxony Bad Diiben
ED-1-083/19 2019 1 Great Grey Owl liver Neg neg neg neg neg Saxony-Anhalt
ED-I-085/19 2019 1 snawy Owl Brain Neg neg neg neg neg Berlin Tierpark Berlin
ED-1-085/19 2019 1 Snowy Owl Spleen Neg heg heg neg neg
ED-1-085/19 2019 1 Snowy Owl Liver Neg neg heg neg neg
ED-1-085/19 2019 1 Snowy Owl Kidney neg neg neg neg neg
ED-I-085/19 2019 1 Snowy Owl Brain neg NT NT NT NT
ED-1-085/19 2019 1 SnowyOwl Spleen neg NT NT NT NT
ED-1-085/19 2019 1 Snowy Owl Liver neg NT NT NT NT
ED-1-085/19 2019 1 Snowy Owl Kidney neg NT NT NT NT
ED-1-085/19 2019 1 Snowy Owl liver neg NT NT neg neg
ED-I-087/19 2019 1 Blue Tit brain neg NT NT 27.43 29.13  Saxany-Anhalt Halle (Saale)
ED-1-089/19 2019 1 Blue Tit organ neg NT NT neg 37.03  Saxony Radebeul
ED-1-090/18 2018 1 Great Grey Owl Brain neg neg neg neg neg Bavaria Wildpark Poing
ED-1-094/19 2019 1 Horse Spinal Spinal cord neg NT NT neg neg Saxany Landkreis Nordsachsen
ED-I-107/18 2018 1 Snowy Owl Brain 25.24 NT NT NT NT Berlin Tierpark
ED-I-107/18 2018 1 Snowy Owl Liver 22.61 NT NT NT NT
ED-I-107/18 2018 1 Snowy Owl Spleen 27.77 NT NT NT NT
ED-I-107/18 2018 1 Snowy Owl Kidney 25.8 NT NT NT NT
ED-I-107/18 2018 1 Snowy Owl Heart 28.51 NT NT NT NT
ED-I-107/18 2018 1 Snowy Owl Lungs 25.99 NT NT NT NT
ED-I-107-18 2018 1 Snowy Ow! Brain 237 NT NT heg neg
ED-I-107-18 2018 1 Snowy Owl Kidney 238 NT NT heg neg
ED--109/19 2019 1 Coconut lorikeet Organ homogenate neg NT NT NT NT  Saxony-Anhalt Zoo Halle
supernatant
ED-I-114/18 2018 1 Great Grey Owl Organmix probe neg NT NT neg neg Bavaria Wildpark Poing
ED-I-118/19 2019 1 Snowy Owl Brain 42.42 NT NT neg neg Berlin Tierpark
ED-I-118/19 2019 1 Snowy Owl Spleen 36.08 NT NT neg neg
ED-I-118/19 2019 1 SnowyOwl Liver 32.56 NT NT neg neg
ED-1-118/19 2019 1 ShowyOwl Kidney 331 NT NT neg neg
ED-I-118{19 2019 1 Snowy Owl Brain 34.48 NT NT NT NT
ED-I-118/19 2019 1 Snowy Owl Spleen 31.92 33.54 3141 NT NT
ED-I-118/19 2019 1 Snowy Owl Liver 30.64 30.49 3049 NT NT
ED-I-118/19 2019 1 Snowy Owl Lung 32.46 32.97 32.22 NT NT
ED-I-118/19 2019 1 Snowy Owl liver 29.04 NT NT neg neg
ED-I-125/19 2019 1 Inca Tern liver neg NT NT NT NT Berlin Zoo Berlin
ED-125/19 2019 1 IncaTern Brain neg neg neg neg neg
ED-125/19 2019 1 IncaTern Liver neg neg neg neg neg
ED-1-127/18 2018 1  Horse Brain neg NT NT neg neg  Brandenburg Elbe-Elster-Kreis
ED-1-127/18 2018 1  Horse Spinal cord neg NT NT neg neg
ED-1-127/18 2018 1  Horse Spinal cord neg NT NT neg neg
ED--134/19 2019 1 Sparrow O e e neg neg neg neg neg. Saxony Landkreis Nordsachsen
supernatant
ED-1-135/19 2019 1 Eurasian Eagle-Owl irsz:n:r;g:genale neg neg neg neg neg Saxony
04828 Bennewitz,
ED-1-135/19 2019 1 Great Tit heart/liver neg NT NT 32.03 29.21  Saxony Dresden,
ED-I-142/18 2018 1 Tawny Owl Brain neg neg neg neg neg Saxony-Anhalt 06246 Bad Lauchstidt
ED-1-148/19 2019 1 Goshawk heart neg neg neg neg neg Berlin
ED-I-153/19 2019 1 Goshawk brain neg neg neg neg neg Brandenburg Brieselang
ED-I-155/19 2019 1 Goshawk brain neg neg neg neg neg Brandenburg Neuruppin
ED-I-156/19 2019 1 Goshawk brain neg neg neg neg neg Berlin
ED--157/19 2019 1 Snawy Owl heart neg neg neg neg neg Berlin Zoo Berlin
ED-I-158/19 2019 1 Andean Flamingo heart neg neg neg neg neg Berlin Zoo Berlin
ED-I-163/19 2019 1 Goshawk brain neg NT NT 31.53 28.11  Saxony-Anhalt Sandersdorf,
ED-I-164/198 2019 1 Snowy Owl liver neg neg neg neg neg y-Anhalt Zoo leburg
ED-I-165/19 2019 1 Snowy Owl liver neg neg neg neg neg S y-Anhalt Zoo {eburg
ED-1-172/19 2019 1 Great Grey Owl Organ homogenate neg NT NT NT NT Saxony }
supernatant Tierpark Chemnitz
ED4173/19 2019 1 GreatGrey Owl SEATIEHC TS neg NT NT NT NT  saxony ) )
supernatant Tierpark Chemnitz
ED-1-177/19 2019 1 Eurasian Golden Plover  Spleen/liver neg NT NT neg neg Saxony Kamenz / Biehla
ED-I-201/19 2019 1 Humboldt-penguin Heart neg NT NT neg neg Brandenburg Tierpark Cottbus
. . Qrgan homogenate
ED-1-202/19 2019 1 Chilean flamingo supernatant neg neg neg neg neg Saxony Zoo Leipzig
ED4-205/19 2019 1 Greattit 2:52:'1:?::%9"3'5 neg neg neg NT NT  saxony Bad Ditben,
ED-I-208/19 2019 1 Goshawk brain neg NT NT 36.44 34.02 Saxony-Anhalt Stadt Merseburg,
M1705Usutu 2019 2 Black bird Spleen neg neg neg neg 37.96 Siji;‘emhm Baden, Baden,
M1707Usutu 2019 2 Black bird Spleen neg neg neg neg neg Ba"den
Wirttamburg
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Sample code Year  Panel Host (Cammon English Organ Hedwig virus {Old  Hedwig virus (New primers Umatilla Virus sample location; sample location; Specific details
number name) primers and and probes) Federal States
probes)

L-Seg L-Seg 5-5eg Seg-5 Seg-1
M1729Usutu 2019 2 Thrush Spleen neg neg neg neg neg Baden Wiirttemburg.
ViralM476 2020 2 Black bird Spleen neg neg neg neg neg  Baden Wirttemburg Karlsruhe
viralM477 2020 2 Black bird Spleen neg neg neg neg neg  Baden Wiirttemburg Heidelberg
ViralM478 2020 2 Blackbird Spleen neg neg neg 3154 38.63  Baden Wiirttemburg Heidelberg
ED-I-002/20 2019 2 Red-whiskered bulbul Brain NT neg neg neg neg  Berlin Tierpark Berlin
ED-I-002/20 2019 2 Red-whiskered bulbul Spleen NT neg neg neg neg
ED-I-003/20 2019 2 Bateleur Brain NT neg neg neg neg  Berlin Tierpark Berlin
ED-1-003/20 2019 2 Bateleur Spleen NT neg neg neg neg
ED-1-004/20 2013 2 Burrewing parrot Brain NT neg neg neg neg Berlin Tierpark Berlin
ED--004/20 2018 2 Burrowing parrot Spleen NT neg neg neg neg
ED-1-005/20 2019 2 African openbil Brain NT neg neg neg neg  Berlin Tierpark Berlin
ED-1-005/20 2019 2 African openbill Spleen/Liver NT neg neg neg neg
ED-1-005/20 2019 2 african openbill Kidney NT neg neg neg neg
ED-1-006/20 2019 2 African openbill Brain NT neg neg neg neg  Berlin Tierpark Berlin
ED-1-006/20 2019 2 African openbill Spleen NT neg neg neg neg
ED-I-007/20 2019 2 American flamingo Brain NT neg neg neg neg  Berlin Tierpark Berlin
ED-I-007/20 2019 2 American flaminga Spleen NT neg neg neg neg
ED-I-018/20 2020 2 Barnowl Brain NT neg neg neg neg NWZ';TP::::E 59597 Erwitte-Weckinghausen
ED--018/20 2020 2 Barnowl Liver NT neg neg neg neg
ED-1030/20 2020 2 zoabird Brain NT neg neg neg neg  Lower Saxony 21224 Rosengarten
ED-1-030/20 2020 2 zoabird Liver NT neg neg neg neg
ED-1-031/20 2020 2 200bird Brain NT neg neg neg neg  Lower Saxony 21224 Rosengarten
ED-1-031/20 2020 2 zoobird Liver NT neg neg neg neg
ED-1-032/20 2020 2 zoabird Brain NT neg neg neg neg  Lower Saxony 21224 Rosengarten
ED-1-032/20 2020 2z zoobird Liver NT neg neg neg neg
ED-1033/20 2020 2 Bluetit Brain NT neg neg neg g RN TR e e e Fisis

Pomerania

ED-1-033/20 2020 2 Bluetit Liver/Kidney NT neg neg neg neg
ED-I-034/20 2020 2 Rook Brain NT neg neg neg neg NW"F':F‘::::' 5944 Soest
ED-1-034/20 2020 2 Roek Liver NT neg neg neg neg
ED-1-035/20 2020 2 Eurasian Eagle Owl Brain NT neg neg neg neg NW”E::P::::E -
ED-1-035/20 2020 2 Eurasian Eagle Owl Liver NT neg neg neg neg
ED-1-052/20 2020 2 Narthern hawk-awl Brain NT 25.66 25.05 neg neg Lower Saxony Wingst,
ED-1-052/20 2020 2 Nerthern hawk-owl Liver NT 24.68 24.77 neg neg
ED--057/19 2015 2 Carrioncrow Liver NT neg neg neg neg mz:'ps::ge PR
ED-I-061/20 2020 2 Blackbird Brain NT neg neg 27.61 24.01 NW'ZTP::':‘:E Minden
ED-1-061/20 2020 2 Blackbird Liver/Spleen NT neg neg 28.44 2512
ED-1-062/20 2020 2 Blackbird Brain NT neg neg neg neg  Lower Saxony 31552 Rodenberg
ED-1-062/20 2020 2 Blackbird Liver/Spleen NT neg neg neg neg
ED--063/20 2020 2 Blackbird Brain NT neg neg nep neg m:‘:’p:::ge Bad Oeynhausen,
ED-1-063/20 2020 2 Blackbird Liver/Spleen NT neg neg 32455,00 28.67
ED-1-064/20 2020 2 Blackbird Brain NT neg neg neg neg  LowerSaxony Bad Nenndorf
ED-1-064/20 2020 2 Blackbird Liver/Splaen NT neg neg 34.69 29.97
ED-1-066/20 2020 2 Bluetit Brain NT neg neg neg neg  Rhineland-Palatinate 54338 Schweich
ED-1066/20 2020 2 Bluctit Liver/Heart NT neg neg neg neg
ED-I-067/20 2020 2 Blue tit Brain NT neg neg neg neg Rhineland-Palatinate 56754 Dinfus
ED-I-067/20 2020 2 Blue tit Liver/Heart NT neg neg neg neg
ED-1-068/20 2020 2 Blackbird Brain NT neg neg 302 2649 Lower Saxony Stadthagen
ED-I-068/20 2020 2 Blackbird Liver/Spleen NT neg neg 29.7 27.07
ED-1-069/20 2020 2 Blackbird Brain NT neg neg neg neg  Lower Saxony 31867 Lauenau
ED-I-069/20 2020 2 Blackbird Liver/Spleen NT neg neg neg neg
ED-1-070/20 2020 2 Blackbird Brain NT neg neg neg neg  LowerSaxony 31629 Leaseringen
ED-1-070/20 2020 2 Blackbird Liver/Splaen NT neg neg neg neg
ED--071/20 2020 2 Common starling Brain NT neg neg neg neg Lower Saxony 31547 Minchenhagen
ED--071/20 2020 2 Common starling Liver/Spleen NT neg neg neg neg
ED--072{20 2020 2 Blackbird Brain NT neg neg neg neg Lower Saxony 31789 Hameln
ED--072{20 2020 2 Blackbird Liver/Spleen NT neg neg neg neg
ED-1-073/20 2020 2 Songthrush Brain NT neg neg neg 3416 Lower Saxony Sachsenhagen,
ED-1-073/20 2020 2 Songthrush Liver/Spleen NT neg neg 34.45 34.98
ED-1074/20 2020 2 Blackbird Brain NT neg neg neg heg an:thp::‘::? 22584 Lohme
ED-1-074/20 2020 2 Blackbird Liver/Spleen NT neg neg neg neg
ED--075/20 2020 2 Blackbird Brain NT neg neg neg neg Lower Saxony 49419 Wagenfeld
ED-1-075/20 2020 2 Blackbird! Liver/Spleen NT neg neg neg neg
ED-1-076/20 2020 2 Greattit Brain NT neg neg neg neg  Rhineland-Palatinate 55606 Meckenbach
ED-1-076/20 2020 2 Greattit Liver/Heart NT neg neg neg neg
ED-I-077/20 2020 2 Blue tit Brain NT neg neg neg neg Rhineland-Palatinate 55767 Briicken
ED-I-077/20 2020 2 Bluetit Liver/Heart NT neg neg nep neg
ED-1-078/20 2020 2 Bluetit Brain NT neg neg neg neg  Rhinelond-Polatinate oo oo o
ED-1-078/20 2020 2 Bluetit Liver/Heart NT neg neg neg neg
ED-1-079/20 2020 2 Bluetit Brain NT neg neg neg neg Palatinate 55757
ED-1-078/20 2020 2 Bluetit Liver/Heart NT neg neg neg neg
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Samplecode  Year  Panel Host(Common English Organ Medwig virus (ol 15948 virs (News primers Unmatilla Virus Sample location; Sample lacation; Specific details
number name) primers and probes) and probes} Federal States
L-Seg L-5eg 5508 Seg-s Seg-1
ED--080/18 2018 2 Song Thrush Brain neg neg neg NT NT Berlin Tierpark Berlin
ED--080/18 2018 2 Song Thrush Spleen neg neg neg NT NT
ED--080/18 2018 2 Song Thrush Kidney neg neg neg NT NT
ED--080/18 2018 2 Song Thrush Spleen neg neg neg NT NT
ED--080/20 2020 2 Yellowhammer Brain NT neg neg neg neg Rhineland-Palatinate 57610 Ingelbach
ED--080/20 2020 2 Yellowhammer Liver/Heart NT neg neg neg neg
ED--081/20 2020 2 Bletit Brain NT neg neg neg neg Rhineland-Palatinate 57632 Rott
ED1-081/20 2020 2 Bletit Liver/Heart NT neg neg neg neg
ED--082/20 2020 2 Blue tit Brain NT neg neg neg neg Rhineland-Palatinate 57629 Streithausen
ED--082/20 2020 2 Bluetit Liver/Heart NT neg neg neg neg
ED--083/20 2020 2 Bletit Brain NT neg neg neg neg Rhineland-Palatinate 57610 Altenkirchen
ED--083/20 2020 2 Bluetit Liver/Heart NT neg neg neg neg
ED--088/19 2019 2 Black bird Liver neg neg neg neg neg c;’i‘p::;i'f 58313 Herdecke
ED--088/13 2019 2 Black bird Spleen neg neg neg neg neg
ED--088/19 2019 2 Black bird Spleen neg neg neg neg neg
ED1-093/18 2019 2 Black bird spleen neg neg neg 28.04 24.87 ::;;i:"::'g WSt gentin,
ED--093/19 2019 2 Black bird Liver neg neg neg 20.02 2451
ED-093/19 2019 2 Black bird Brain neg neg neg 27.27 24.07
ED1-093/13 2019 2 Black bird Lungs neg neg neg 26.48 22.95
ED-1-093/13 2019 2 Glack bird Kidney neg neg neg 27.67 2355
ED--083/13 2019 2 Black bird Heart neg neg neg 27.14 2368
ED-1-093/19 2019 2 Black bird Liver neg neg neg 29.02 24.51
ED--093/19 2019 2 Black bird Liver neg neg neg 2008 23.87
ED--093/19 2019 2 Black bird Spleen neg neg neg 2804 2487
ED--110/19 2019 2 Blue-eyed black lemur Brain neg neg neg neg neg Berlin Tierpark Berlin
ED4-110/13 2019 2 Blue-eyed black lemur Spleen neg neg neg neg neg
ED4-111/19 2019 2 Blue-eyed black lemur Brain neg neg neg neg neg Berlin Tierpark Berlin
ED1-111/13 2019 2 Blue-eyed black lemur Spleen neg neg neg neg neg
112/19 2019 2 Blue-eyed black lemur Liver neg neg neg neg neg Berlin Tierpark Berlin
112/19 2019 2 Blue-eyed black lemur Spleen neg neg neg neg neg
113/19 2019 2 Snowleopard Spleen neg neg neg neg neg Berlin Tierpark Berlin
113/19 2019 2 Snowleopard Liver neg neg neg neg neg
114/19 2019 2 Snowleopard Brain neg neg neg neg neg Berlin Tierpark Berlin
114/19 2019 2 Snowleopard Spleen neg neg neg neg neg
115/19 2019 2 Chinese merganser Brain 32.91 22.96 233 neg neg Berlin Tierpark Berlin
115/19 2019 2 Chinese merganser Spleen 3232 23.13 23.69 neg neg
115/19 2019 2 Chinese merganser Liver 3227 20.57 20.87 neg neg
115/19 2019 2 Chinese merganser Kidney neg 24.29 24.85 neg neg
116/19 2019 2 Black-tailed gull Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--116/19 2019 2 Black-tailed gull Spleen neg NT NT NT NT
EDI-116/19 2019 2 slack-tailod gull Liver neg neg neg neg neg
EDJ-117/19 2019 2 Javan pond heron Brain neg neg neg neg neg Berlin Tierpark Berlin
EDH-117/19 2019 2 Javan pond heron Liver neg neg neg neg neg
EDH-119/19 2019 2 Black-tailed gull Brain neg neg neg neg heg Berlin Tierpark Berlin
EDH-119/19 2019 2 Black-tailed gull Liver neg neg neg neg heg
ED--119/19 2019 2 Black-tailed gull Kidney neg neg neg neg neg
ED--119/19 2019 2 Black-tailed gull Heart neg neg neg neg neg
ED--120/13 2019 2 American flamingo Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--120/19 2019 2 American flamingo Liver neg neg neg neg neg
ED--120/19 2019 2 American flamingo Kidney neg neg neg neg neg
ED--120/19 2019 2 American flamingo Heart neg neg neg neg neg
ED--126/19 2019 2 SnowyOwl EDTA-Full bload neg neg neg neg neg Berlin Tierpark Berlin
EDH-127/19 2019 2 SnowyOwl EDTA-Full blood neg neg neg neg neg Berlin Tierpark Berlin
ED-128/19 2019 2 Snowleopard EDTA-Full blood neg neg neg neg neg Berlin Tierpark Berlin
ED1-129/19 2019 2 Snowleopard EDTA-Full blood neg neg neg neg neg Berlin Tierpark Berlin
ED-167/18 2018 2 House Sparraw Spleen neg neg neg NT NT Berlin Berlin-Johannisthal
ED--168/18 2018 2 House Sparrow Spleen neg neg neg NT NT Berlin Berlin-Johannisthal
ED-169/18 2018 2 House Sparrow Spleen neg neg neg NT NT Berlin Berlin-Johannisthal
ED-170/18 2018 2 House Sparrow Spleen neg neg neg NT NT Berlin Berlin-Johannisthal
ED-171/18 2018 2 House Sparrow Spleen neg neg neg NT NT Berlin Berlin-Johannisthal
ED-172/18 2018 2 House Sparrow Spleen neg neg neg NT NT Berlin Berlin-Johannisthal
ED-173/18 2018 2 House Sparrow spleen neg NT NT NT NT Berlin Berlin-Johannisthal
ED--174/18 2018 2 House Sparrow spleen neg NT NT NT NT Berlin Berlin-Johannisthal
ED-180/19 2019 2 Blacktailed gull Liver neg neg neg neg neg  Berlin Tierpark Berlin
ED--180/19 2019 2 Blacktailed gull Kidney neg neg neg neg neg
ED--181/19 2019 2 African openbill Liver neg neg neg neg neg Berlin Tierpark Berlin
ED--181/19 2019 2 African openbill Kidney neg neg neg neg neg
ED--182/13 2019 2 Cattle egret Liver neg neg neg neg neg Berlin Tierpark Berlin
EC--182/19 2019 2 Cattle egret Kidney neg neg neg neg neg
ED--183/19 2019 2 Meller'sduck Liver neg neg neg neg neg Berlin Tierpark Berlin
ED--183/19 2019 2 Meller'sduck Kidney neg neg neg neg neg
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Table 58, Samples tested in RT-qPCR screening for Umatilla virus and Hedwig virus, RNA samples grouped to panel 1 belong to animal samples with representative organ/s processed using high throughput sequencing, while the remaining animal
samples {without representative sample for were categorized in panel 2. NT, not tested

Sample code  Year Panel Host (Common English  Organ Hedwig virus {Old Hedwig virus (New Umatilla Virus Sample location; Sample location; Specific details
number name} primers and primers and probes) Federal States.
probes)

L-Seg L-Seg 5-Seg Seg-5 Seg-1
ED-I-184/19 2019 2 American flamingo Liver neg 20.93 24,14 neg neg Berlin Tierpark Berlin
ED--184/19 2019 2 American flamingo Kidney neg 20.31 23.42 heg neg
ED-I-185/19 2019 2 Straw-necked ibis Spleen 26.45 28.2 25 neg neg Berlin Tierpark Berlin
ED-l-185/19 2019 2 Straw-necked ibis Liver 28.62 305 29 NT NT
ED--186/18 2019 2 Mikado pheasant Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-I-186/15 2019 2 Mikado pheasant Spleen neg neg neg neg neg
ED-I-187/19 2019 2 White eared pheasant  Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-I-187/19 2019 2 White eared pheasant  Spleen neg neg neg neg neg
ED-I-187/19 2019 2 White eared pheasant  Liver neg neg neg neg neg
ED--187/18 2019 2 white eared pheasant  Kidney neg neg neg neg neg
ED-I-187/19 2019 2 White eared pheasant  Heart neg neg neg neg neg
ED-I-188/15 2019 2 Black-tailed gull Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--188/19 2019 2 Black-tailed gull Liver neg neg neg neg neg
ED--189/13 2019 2 Black-tailed gull Brain neg neg neg neg neg Berlin
ED--189/15 2019 2 Black-tailed gull Liver neg neg neg neg neg
ED-I-190/19 2019 2 Maount Omei Liocichla Brain neg neg neg neg heg Berlin Tierpark Berlin
ED-I-190/18 2019 2 Mount Omei Liacichla Liver neg neg neg neg neg
ED-I-191/19 2019 2 Baer's pochard Brain neg neg neg neg neg  Berlin Tierpark Berlin
ED--191/18 2019 2 Baer's pochard Liver neg neg neg neg neg
ED-I-192/18 2019 2 Mount Omei Liocichla Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--192/18 2019 2 Mount Omei Liocichla  Liver neg neg neg neg neg
ED-I-193/19 2019 2 Black-tailed gull Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-I-193/18 2019 2 Black-tailed gull Liver neg neg neg neg neg
ED-I-195/19 2019 2 House sparrow Spleen neg neg neg neg neg  Berlin Tierpark Berlin
ED-I-195/15 2019 2 House sparrow Liver neg neg neg neg neg
ED--196/13 2019 2 House sparrow Liver neg neg neg neg neg Berlin Tierpark Berlin
ED--196/12 2019 2 House sparrow Kidney neg neg neg neg neg
ED-I-199/19 2019 2 Kagu Brain neg neg neg neg heg Berlin Zoo Berlin
ED-I-199/18 2019 2 Kagu Spleen neg neg neg heg heg
ED-I-199/19 2019 2 Kagu Liver neg neg neg neg neg
ED-1-200/15 2019 2 Chilean flamingo Brain neg neg neg neg neg  Berlin Zoo Berlin
ED-1-200/19 2019 2 Chilean flamingo Liver neg neg neg neg neg
EDI-225/19 2019 2 Blackbird Liver neg neg neg neg 36.63 ::::‘pﬁz:: 58730 Frondenberg in NRW, Westfalen,
EDI-225/19 2019 2 Black bird Spleen neg heg neg 35.74 33.99
ED--225/19 2019 2 Black bird Spleen neg neg neg 35.74 33.99
ED-1-225/19 2019 2 Black bird Liver neg neg neg neg 36.68
ED-1-225/19 2019 2 Black hird Brain neg neg neg neg 36.68
ED--225/19 2019 2 Black hird Spleen neg neg neg 32.17 25.49
ED-l-245/19 2019 2 Black bird Liver neg neg neg neg neg North Rhine Westpl both juvenile black birds from 57074 Siegen [Kreis 5
ED--246/18 2019 2 Black bird Liver neg neg neg heg heg North Rhine Westphalia
ED-1-259/18 2019 2 Reindeer Spleen neg neg neg neg neg  Berlin Tierpark Berlin
ED-1-259/18 2019 2 Reindeer Liver neg neg neg neg neg
ED-1-260/13 2019 2 Dromedary Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--260/19 2019 2 Dromedary Spleen neg neg neg neg neg
ED--261/15 2019 2 Muskox Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-I-261/13 2019 2 Muskox Spleen neg neg neg neg neg
ED-1-262/19 2019 2 Peccary Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--262/19 2019 2 Paccary Spleen neg neg neg neg haeg
ED-1-263/19 2019 2 Alpaca Brain neg heg neg heg heg Berlin Tierpark Berlin
ED-1-263/13 2019 2 Alpaca Spleen neg neg neg neg neg
ED--264/19 2019 2 Goral Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--264/15 2019 2 Goral Spleen neg neg neg neg neg
ED--265/18 2019 2 Meller's duck Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--265/18 2019 2 Meller's duck Heart neg neg neg neg neg
ED--266/19 2019 2 Meller's duck Brain neg neg neg neg heg Berlin Tierpark Berlin
ED-I-266/19 2019 2 Meller's duck Spleen+Heart neg heg neg heg heg
ED--267/19 2019 2 Black-tailed gull Spleen+Kidney neg neg neg neg neg  Berlin Tierpark Berlin
ED-I-267/19 2019 2 Black-tailed gull Liver+Lung neg neg neg neg neg
ED--268/19 2019 2 Chilean flamingo Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-1-268/13 2019 2 Chilean flamingo Spleen neg neg neg neg neg
ED--269/19 2019 2 White eared pheasant  Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-1-269/19 2019 2 White eared pheasant  Spleen neg neg neg neg neg
ED--270/19 2019 2 American flamingo Brain neg neg neg neg neg Berlin Tierpark Berlin
ED-1-270/19 2019 2 American flamingo Spleen neg neg neg neg neg
ED-1-271/19 2019 2 American flamingo Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--271/19 2019 2 American flamingo Spleen neg neg neg neg neg
ED--272/19 2019 2 Ferruginous duck Brain 2938 342 325 NT NT Berlin Tierpark Berlin
ED--272/19 2019 2 Ferruginous duck Spleen 30.49 29.4 325 neg neg
ED--273/19 2019 2 Black-tailed gull Brain neg neg neg neg neg Berlin Tierpark Berlin
ED--273/19 2019 2 Black-tailed gull Spleen neg neg nes neg neg
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Table S9. Results of reverse transcription quantitative polymerase chain reaction (RT-qPCR) Results for (A) Umatilla virus or
(B) Hedwig virus specific screening in different cell cultures passages.

Table 59. Results of reverse transcription quantitative polymerase chain reaction (RT-gPCR) Results for (A) Umatilla virus or (B) Hedwig virus specific screening in different cell

cultures passages.

Inoculum Cells Passage (?|ays p.“t Epprlils CT values HTS
number infection effect
A, Umatilla virus Segl Seg 5
ED-1-93/19 Blackbird Liver BHK-21 cells: 24 well plate 1 3 None 33.1 34.14
Crude cell extracts from P1 BHK-21 cells: 24 well plate 2 3 None NA 39.12
Crude cell extracts from P2 BHK-21 cells: 24 well plate 3 3 None NA NA
ED-1-93/19 Blackbird Spleen BHK-21 cells: 24 well plate 1 3 None 34.61 34.82
Crude cell extracts from P1 BHK-21 cells: 24 well plate 2 3 None NA 38.47
Crude cell extracts from P2 BHK-21 cells: 24 well plate 3 3 None NA NA
ED-1-93/19 Blackbird Liver Mosquita C6/36 cells: 24 well plate 1 7 Present 17.46 16.67
Crude cell extracts from P1 Mosquita C6/36 cells: 24 well plate 2 7 Present 17.22 15.74
Crude cell extracts from P2 Mosquito C6/36 cells: 24 well plate 3 7 Prasent 17.66 15.66 1ib04217
ED-1-93/19 Blackbird Spleen Mosquita C6/36 cells: 24 well plate 1 7 Present 34.29 34.52
Crude cell extracts from P1 Mosquita C6/36 cells: 24 well plate 2 7 Present 37.81 36.05
Crude cell extracts from P2 Mosquito C6/36 cells: 24 well plate 3 7 Prasent 35.65 3529
B. Hedwig virus L-Segment S segment
ED-l 185/19 Straw necked-ihis Liver Vera Cells B4 T12.5 Flask 1 5 Atypical neg Neg
ED-l 185/19 Straw necked-ihis Liver €6/36 cells T12.5 Flask 1 5 None 37.46 Neg
€6/36 cells T12.5 Flask 1 [ None Neg Neg
ED-l 185/19 Straw necked-ibis Liver Vera Cells E6 T12.5 Flask 1 4 None neg Neg
Vero Cells E6 T12.5 Flask 1 6 Neone neg neg
ED-l 185/19 Straw necked-ibis Liver C6/36 cells T12.5 Flask 1 4 Atypical neg neg
€6/36 cells T12.5 Flask 1 [ Atypical neg neg
ED-l 185/19 Straw necked-ihis Liver BHK-21 T12.5 Flask 1 4 None neg neg
BHK-21 T12.5 Flask 1 6 None neg neg
ED-l 185/19 Straw necked-ibis Kidney Vera Cells B4 T12.5 Flask 1 4 Atypical neg neg
ED-l 185/19 Straw necked-ihis Kidney C6/36 cells T12.5 Flask 1 4 None 35.71 neg
ED-1 185/19 Straw necked-ibis Kidney Vero Cells E6 T12.5 Flask 1 4 None neg neg
ED-1-272/19 Ferruginous duck spleen Vera Cells E6 T12.5 Flask 1 4 None neg neg
Vera Cells E6 T12.5 Flask 1 [ Neone neg neg
ED-1-272/19 Ferruginous duck spleen C6/36 calls T12.5 Flask 1 4 Atypical neg neg
BHK-21 T12.5 Flask 1 4 None neg neg
ED-1-272/19 Ferruginous duck spleen €6/36 cells T12.5 Flask 1 6 Atypical neg neg
BHK-21 T12.5 Flask 1 6 None neg neg
ED-1-115/19 Chinese merganser Liver €6/36 cells T12.5 Flask 1 4 Atypical 32.23 33.56
6/36 cells T12.5 Flask 1 [} Atypical 29.72 31.83
ED-I-115/19 Chinese merganser Liver BHK-21 T12.5 Flask 1 4 None 344 33.19
BHK-21 T12.5 Flask 1 ] None 36.79 37.36
Supernatant from P1 ED-1-115/19 C6/36 cells T12.5 Flask 2 4 None neg Neg
Chinese merganser Liver in C6/36 cells T12.5 Flask 6 dpi C6/36 cells T12.5 Flask 2 5 None neg Neg
C6/36 cells T12.5 Flask 2 & None 32.46 35.26
C6/36 cells T12.5 Flask 2 7 None 3392 36.18
Supernatant from P1 ED-I-115/1% BHK-21 T12.5 Flask 2 4 erminated earlier
Chinese merganser Liver in C6/36 cells T12.5 Flask 6 dpi BHK-21 T12.5 Flask 2 & erminated earlier
BHK-21 T12.5 Flask 2 6 erminated earlier
BHK-21 T12.5 Flask 2 7 erminated earlier
Supernatant from P2 ED-I-115/19 C6/36 cells T12.5 Flask 3 4 None Neg neg
Chinese merganser Liver in C6/36 cells T12.5 Flask & dpi C6/36 cells T12.5 Flask 3 5 None 3955 neg
€6/36 cells T12.5 Flask 3 [ None Neg neg
C6/36 cells T12.5 Flask 3 7 Nene 39.83 neg
Supernatant from P2 ED-I-115/19 Vero Cells E6 T12.5 Flask 3 a None Neg neg
Chinese merganser Liver in C6,/36 cells T12.5 Flask 6 dpi Vero Cells E6 T12.5 Flask 3 5 None Neg neg
Vero Cells E6 T12.5 Flask 3 & Nene Neg neg
Vero Cells E6 T12.5 Flask 3 7 None 39.21 neg
ED-1-52/20 Northern hawk-ow!| Brain BHK-21 24 well plates 1 3 None
Supernatant from P1 ED-I-52/20 Northern hawk-owl Brain BHK-21 BHK-21 24 well plates 2 3 None Neg neg
Supernatant from P2 ED-I-52/20 Northern hawk-ow! Brain BHK-21 BHK-21 24 well plates 3 3 None Neg neg
ED-1-52/20 Northern hawk-ow! Liver BHK-21 24 well plates 1 3 None
Supernatant from P1 ED-I-52/20 Northern hawk-owl Liver BHK-21 BHK-21 24 well plates 2 3] None Neg neg
Supernatant from P2 ED-I-52/20 Northern hawk-owl Liver BHK-21 BHK-21 24 well plates 3 3 None Neg neg
ED-I-52/20 Brain BHK-21 24 well plates 1 3 None
Supernatant from P1 ED-I1-52/20 Northern hawl-owl Brain BHK-21 KC cells 24 well plates 2 7 None
Supernatant from P2 ED-I-52/20 Northern hawk-owl Brain KC Cells BHK-21 24 well plates 3 3 None Neg neg
Supernatant from P3 ED-I-52/20 Northern hawk-owl Brain BHK-21 KC cells 24 well plates a 7 None Neg neg
ED-I-52/20 Brain KC cells 24 well plates 1 7 None
Supernatant from P1 ED-I-52/20 Northern hawk-owl Brain KC Cells BHK-21 24 well plates 2 3 None Neg neg
Supernatant from P2 ED-I-52/20 Northern hawk-owl Brain BHK-21 KC cells 24 well plates 3 7 None Neg neg
ED-1-52/20 Liver BHK-21 24 well plates 1 3 None
Supernatant from P1 ED-I-52/20 Northern hawk-owl Liver BHK-21 KC cells 24 well plates % 7 None
Supernatant from P2 ED-I-52/20 Northern hawk-owl Liver KC Cells BHK-21 24 well plates 3 3 None Neg neg
Supernatant from F3 ED-I-52/20 Northern hawlk-owl Liver BHK-21 KC cells 24 well plates 4 7 None Neg neg
ED-1-52/20 Liver KC cells 24 well plates 1 7 None
Supernatant from P1 ED-I-52/20 Northern hawk-owl Liver KC Cells BHK-21 24 well plates 2 3 None Neg neg
Supernatant from P2 ED-I-52/20 Northern hawk-owl Liver BHK-21 KC cells 24 well plates 3 7 None Neg neg
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5. Results and Discussion

Early warning systems (EWS) and outbreak investigations are two effective approaches
for mitigating and preventing future infectious disease outbreaks. In this thesis, a unified and
generic pipeline was established for outbreak investigation and surveillance of novel and
unexpected pathogens using high-throughput sequencing (HTS) approaches, bioinformatics,
and virus characterization techniques (Figure 4). As a proof-of-concept, this unified pipeline
evaluated generic HTS datasets derived from the 2018-19 West Nile virus (WNV) epidemic

accompanied by the ongoing Usutu virus (USUV) epizooty in Germany [Publication II].
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FIGURE 4. The proposed model for the enhanced outbreak investigation. A. The unified and generic pipeline for
outbreak investigation and the early warning system (EWS). Violet lines indicate analyses that can be performed
using generic HTS datasets, and green lines indicate possible analyses using targeted HTS datasets (i.e., target
enrichment HTS approach, PCR amplicon HTS approach). *Datasets generated using the target enrichment HTS
approach can also be utilized for the EWS. B. The proposed addition of the unified pipeline for outbreak
investigation and EWS in key response to viral outbreaks. Figure 4B was modified from Kinsella et al. [Publication
I, Figure 1] under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Outbreak samples (n=39) with sufficient WNV viral loads (quantitation cycle or Cq
values <20) or with interesting conditions (e.g., horse samples, samples with USUV co-infection)
were selected for the generic HTS approach to yield WNV whole-genome sequences. Overall,
WNV whole-genome sequences were obtained from 34 generic HTS datasets [Publication II],
while five generic HTS datasets have 0-16 WNV sequence reads [Publication IV]. In this study,
WNYV whole-genome sequences were assembled from generic HTS datasets with >500 WNV
sequence reads. Selected generic HTS datasets (e.g., with few WNV sequences or samples with
suspected USUV co-infection) were examined using a metagenomic analysis tool to check for
other potential pathogens that may have caused infections in corresponding birds and horses

(Figure 4, violet line). Interestingly, sequence reads from USUV and an unclassified
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peribunyavirus were also detected in these tested HTS datasets. Hence, an EWS utilizing
repurposed generic HTS datasets was established since these datasets can contain abundant
sequence information from novel, unexpected, and silently circulating pathogens [Publication
v].

Generic HTS libraries that yield insufficient virus sequences can be subjected to re-
sequencing to generate more sequence reads and complete viral genome sequences. However,
re-sequencing the same HTS libraries can be costly, especially when these libraries were derived
from samples with low virus-to-host nucleic acid (NA) ratios. For example, only five WNV
sequence reads were detected in datasets derived from snowy owl #1 samples
(libo3038:1ibo3039), consisting of 11,308,585 sequence reads [Publication IV]. Therefore, re-
sequencing these libraries to acquire the WNV whole-genome sequence is impractical, and
other HTS approaches should be considered.

The virus enrichment approach for HTS can also involve the propagation of virus-
positive samples in cell culture. However, virus cultivation can be time-consuming, labor-
intensive, and the virus may not successfully replicate in cell culture [119,123]. For example,
USUV failed to replicate in the Vero B4 cell culture after attempting to co-propagate WNV and
USUV [Publication III, Table S4]. As a result, only WNV sequence reads were detected in the
HTS dataset derived from harvested cell culture supernatant inoculated with a WNV and USUV
double-positive tissue sample (5 days post-infection).

This study employed two established targeted HTS approaches to generate viral whole-
genome sequences of samples with low viral loads [reviewed in 50]. In particular, the probe-
based target-enrichment HTS approach [64] was utilized to improve WNV sequence detection
in six generic sequencing libraries [Publications II and III] and the USUV-specific multiplex
PCR-HTS approach [68] was applied on samples with WNV and USUV co-infection. These
respective targeted approaches yielded three WNV whole-genome sequences, three WNV
partial genome sequences, five USUV whole-genome sequences, and one nearly complete USUV
genome sequence [Publications II and III]. Hence, these targeted HTS approaches were
incorporated in the unified pipeline as supplementary methods for acquiring viral genome
sequences (Figure 4, green line).

Both targeted HTS approaches have higher sensitivity in sequencing target viruses than
the generic HTS approach. The PCR amplicon-HTS approach is typically pathogen species-
specific; however, few mismatches between target genomes and primers can prevent successful
amplification. On the contrary, the probe-based target-enrichment HTS approach can
simultaneously enrich several virus species [reviewed in 50]. For instance, Wylezich and
colleagues [64] designed a probe panel targeting >30 viral pathogen sequences and reported the

simultaneous enrichment of different virus species in a sequencing library. However, the latter
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was not utilized for USUV genome sequencing since USUV-specific probes were not included
in this specific panel [64]. In general, datasets produced using targeted HTS approaches are not
optimal for the screening part of the proposed EWS due to their limited ability to sequence
novel and highly divergent pathogens [reviewed in 50]. Nevertheless, datasets from the target
enrichment HTS approach can still contain sequences from novel viruses with low sequence
identities to the probe panel since this approach can tolerate a few mismatches between probes
and target sequences [64]. Thus, these datasets should also be investigated using the EWS.
This unified pipeline delivered viral whole-genome sequences that facilitated the
genomic-based investigation of the 2018-19 WNV epidemic in Germany using phylogenetic and
phylogeographic analyses [Publication II] and presented substantial evidence for WNV and
USUV co-infection in avian hosts [Publication III; see section 5.1]. In addition, the EWS detected
sequences from USUV and other potential pathogens using the same generic HTS datasets
derived from the WNV epidemic. Among these sequences, two new viruses were further
characterized using genomic analyses, molecular-based screening, and virus cultivation
[Publication IV, see section 5.2]. This thesis recommends incorporating the unified and generic
workflow in the key response to viral outbreaks [Publication I] to enhance the outbreak

preparedness and response strategy (Figure 4).

5.1 HTS-based outbreak investigation: a response to the West Nile virus
epidemic accompanied by a Usutu virus epizooty in Germany 2018-19

In 2018, WNV-infection in birds and horses was reported for the first time in Germany,
followed by the emergence of a WNV epidemic the following year. The WNV epidemic caused
considerably higher numbers of infected birds and horses, and the first autochthonous human
cases and WNV-positive mosquito samples were reported [Publication II]. The WNV epizooty
and epidemic overlapped with the ongoing USUV epizooty in Germany. USUV has been
circulating since 2010 [124-128]. Six suspected WNV and USUV co-infection cases in birds were
reported during the first two years of WNV and USUV co-circulation in Germany. These samples
have high USUV-specific Cq values (28.76-37.83), with two samples considered “possible” USUV-
positive (Cq values > 37). Hence, WNV and USUV genome sequences were obtained to present
the first reliable evidence for flavivirus co-infection in captive and wild birds [Publication III].

The wild and resident bird monitoring study from 2017-18 was the latest published
information regarding the USUV epizooty in Germany [129]. Hence, phylogenetic analyses of
USUV partial and whole-genome sequences provide preliminary insights regarding the 2019
USUV epizooty in Germany. These phylogenies exhibited the further dispersal of the USUV
lineage Africa 3 and the probable overwintering of USUV lineage Europe 2 in Germany.

However, phylogenetic inferences using USUV partial envelope gene sequences were
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insufficient to trace the immediate origin of the USUV lineage Africa 3. Moreover, a
comprehensive genomic epidemiology investigation for USUV epizooty was not performed in
Publication III since only six samples were sequenced out of >1,200 USUV-positive cases in
Germany from 2018-19. Additionally, only partial envelope sequences were available from the
2017-18 USUV epizooty in Germany [129].

In contrast, the phylogenetic and phylogeographic inferences allow comprehensive
analyses of the 2018-19 WNV epidemic in Germany. West Nile virus variants involved in this
epidemic belonged to the Central and Eastern European clade (CEC) and branched into six
distinct subclades. The majority of the German WNV variants clustered into a well-defined
monophyletic subclade named the “Eastern German Clade (EGC),” including viruses derived
from humans, mosquitoes, birds with WNV and USUV co-infection, and a horse [Publications
II and III].

It was hypothesized that the WNV EGC subclade was introduced to Germany as a single
introduction event [Publication II]; therefore, branching within the WNV EGC subclade was
further investigated using two phylogenetic inferences (Figure 5). Interestingly, the ML
phylogenetic tree demonstrated six distinct branches with reliable bootstrap replicates (=70%)
within the WNV EGC subclade, and minimal substitutions per site were observed among WNV
EGC variants (Figure 5C). In contrast, the Bayesian MCC inference exhibited four distinct
branches with only one internal node having a significant posterior probability value (pp =0.9;
Figure 5D). These two phylogenetic trees demonstrated almost similar topologies except for two
differences. First, WNV variants that clustered in the WNV EGC branch 3 of the Bayesian MCC
tree were found in three distinct branches (3.1 -3.3) of the ML phylogenetic tree. Second, the
WNV LR743430 had inconsistent clustering between these phylogenetic trees (Figure 5; red
dot). These inconsistencies probably arise due to the low frequency of nucleotide substitutions
among WNV EGC variants. Furthermore, the factor of time and location were included in the
reconstruction of the Bayesian MCC tree.

These phylogenetic inferences provide hints that the WNV EGC subclade was more
likely introduced to Germany in multiple introduction events. For example, WNV EGC branch
1 variants are relatively divergent compared to other WNV EGC variants (Figure 5C). Moreover,
the most recent common ancestor (MRCA) between branch 1 variants and branches 2-4 variants
was estimated to exist around 2012 (Figure 5D). Thus, if the WNV EGC subclade was introduced
to Germany in a single event, then the MRCA of WNV EGC variants should have circulated in
Germany some years before the first report of WNV-infection in 2018. However, this assumption
is highly unlikely since the nationwide surveillance network, which systematically monitors

WNV in birds, horses and mosquitoes, reported all WNV-negative results until 2018 [124-132].
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Figure 5. Phylogenetic inferences of European West Nile virus (WNV) lineage 2 complete coding sequences. Overview of

maximum likelihood phylogenetic tree (A.) and Bayesian maximum credibility clade phylogenetic tree (B.) using European
WNV lineage 2 sequences. (C.) Magnified view of maximum likelihood phylogenetic tree focusing WNV Eastern German clade
variants. Scale bar indicates units of substitutions per site. Tip labels include the accession number and sample collection
year. Sample locations were also included in variants collected >200 kilometers (blue dot) from the location of clusters and
the variant with inconsistent clustering. Bootstrap values >70% were shown and significant values are highlighted in red.
Figures showed the host species origin of the WNV sequences; otherwise, WNV sequences were acquired from avian hosts.
(D.) Magnified view of Bayesian maximum credibility clade phylogenetic tree focusing WNV Eastern German clade variants.
The scale at the bottom of the tree represents calendar years. Tip labels include accession number, host species and bird
habitat: Z — zoo birds and W — wild bird. Sample locations were also included in variants collected >200 kilometers from the
location (blue dot; labeled in the box) of clusters and the variant with inconsistent clustering. Posterior probabilities >60%
were shown and significant values are highlighted in red. The estimated time to the most recent common ancestor (MRCA)
of three nodes were shown with 95% posterior time intervals in parentheses (HPD -highest posterior density). Regarding the
main differences of these trees: Distinct branches in this phylogenetic tree were indicated by numbers 1-4. Variants that
clustered in the WNV EGC branch 3 in the Bayesian MCC tree were distributed in three distinct branches in ML phylogenetic
tree WNV EGC branches 3.1-3.3. A red dot indicated the variant that inconsistently clustered in two phylogenies. Images of
samples were acquired from Pixabay under the Pixabay license (https://pixabay.com/service/terms/#license).
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Therefore, WNV EGC branch 1 variants are most likely transferred to Germany in a separate and
recent introduction event.

Furthermore, the Bayesian MCC tree also suggested that WNV EGC branch 2-4 variants
were introduced to Germany in multiple introduction events (Figure 5D). The MRCA of WNV
EGC branch 2-4 variants was estimated to exist around May/June 2015, while WNV EGC branch
3-4 variants’ MRCA probably existed around 2016. However, uncertainties of these calculated
ages overlapped, as shown by 95% HPD values in nodes 2 and 3. Moreover, unknown factors
may increase these uncertainties (Figure 5D). Given these data, probable locations and ages of
these MRCA and the number of WNV EGC introduction events in Germany cannot be precisely
estimated.

The majority of WNV EGC branch 3 (3.1-3.3) and branch 4 variants were detected in
clusters of WNV cases (hotspot areas) in Saxony and Saxony Anhalt (branch 3), and Berlin
(branch 4; Figure 5D). These geographical clustering can indicate that their progenitors
successfully caused localized outbreaks. Moreover, very few variants from these branches were
detected >200 km outside of these clusters, ie., MH986056 (Rostock) and MN794939
(Hamburg). WNV MHg86056 and MN794939 were detected in a blackbird and a dunnock,
categorized as both resident and partial migrant birds [130,133]. These birds potentially got
infected within these WNV-infection hotspot areas and dispersed these WNV variants to
Rostock and Hamburg during migration. Thus, bird migration and movement patterns should
be monitored in more detail to understand the local WNV dispersal.

As of 2019, progenitors of WNV EGC branches 3 and 4 variants can be considered the
most successful WNV German variants for causing local WNV outbreaks. However, which
factors made them more successful than other WNV EGC variants? In genetic factors, WNV
German variants have low and homogenous genetic variations across their genomes, although
the WNV EGC subclade shared a distinct nonsynonymous mutation in their NS3 gene
[Publication II; Figure 7]. However, it can only be hypothesized whether this unique mutation
provided the WNV EGC variants with an extra advantage. So far, WNV MHg86056, MN794939,
and other WNV EGC variants (branches 1 and 2) have not yet been reported to cause a localized
outbreak. Hence, ecological and environmental factors may have played a more important role
in a variant’s ability to cause outbreaks, as stated in the review of Rizzoli and colleagues [134].

Potential WNV mosquito vectors occur throughout Germany and are active within the
vegetative seasons [135]. Moreover, most reported WNV cases were collected in areas with a low
average extrinsic incubation period (EIP), a temperature-dependent variable that calculates
mosquitoes’ ability to transmit WNV [Publication II, Figure 1]. Briefly, WNV transmission risks
increase (=decrease EIP) as average local temperatures increase. Hence, these newly introduced

variants may have comparable opportunities for causing outbreaks. However, changes in
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temperature and EIP in the following years after WNV introduction should also be accounted.
For instance, the decreased average temperatures in Poing and Rostock in 2019 may have
hindered the WNV re-emergence in these areas [Publication II].

In terms of vertebrate hosts, WNV is an ecological generalist [136] and feeding patterns
of most WNV vectors have extreme host heterogeneity, enabling multi-host species WNV
transmission [137-139]. The absence of clustering based on host species in the WNV EGC
subclade supports these statements (Figure 5sD). However, different avian species have varying
susceptibility and reservoir competence to WNV. For instance, avian species under taxonomic
orders Passeriformes, Charadriiformes, Falconiformes, and Strigiformes can be considered
competent WNV reservoirs [140]. The ecology of WNV and its mosquito vectors demonstrate
that areas with dense naive and susceptible bird populations (e.g., zoological gardens) are highly
vulnerable to a WNV outbreak emergence, as shown in, e.g., Berlin [Publication II]. This factor
likely increased the success of WNV EGC branches 3 and 4’s progenitors since several of their
member variants were derived from competent bird species collected in zoos (Figure 5D).

However, WNV EGC branch 1variants (Wittenberg), LR743448 (Cottbus), and LR743437
and LR743437 (Poing) were also derived from competent and susceptible birds collected in
zoological gardens, but a local outbreak was not detected in these areas. The detection of WNV
infection in captive birds is a good indicator that a local mosquito population infected with
WNV is present in the area. Hence, varying densities of potential WNV vectors and competent
bird populations may have caused different WNV transmission rates in these zoological
gardens.

Moreover, an introduced WNV variant most likely needs sufficient time to adapt to a
new area successfully. The review from Pesko and Ebel [136] highlighted the evidence of WNV
geographic clustering being only observed a few years after a WNV variant was introduced into
a new area. In this study, strong geographical clustering was only observed a year after the first
report of WNV-infection within Saxony and Saxony-Anhalt (branch 3) and Berlin (branch 4).
Hence, the outbreak potential of other WNV variants is unclear since most of them were
collected in 2019 [Publication II, Figure 2]. Therefore, the situation of the 2020 WNV epidemic
in Germany can provide better insights into whether other WNV variants have managed to
cause outbreaks.

This thesis provided evidence that the presence of susceptible bird species and time have
important roles in a WNV variant’s outbreak potential. However, this study cannot elucidate
whether a specific mutation provided advantages for the WNV EGC variants; hence, this
hypothesis has to be studied in more detail in further analyses. In addition, including detailed
information regarding the density of competent host and vector populations in WNV-infected

areas, such as Kampen and colleagues’ study [135], may elucidate their effects on the outbreak
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potential of a WNV variant. Other factors were also not included in this analysis, including
sampling bias, mosquito species distributions, human interventions, host immunity, and others.
Hence, this study suggested to incorporate these factors in future WNV phylogenetic analyses
to understand WNYV lineage 2 dispersal, establishment, and viral population diversity.

Within the European context, geographical-based clustering in the WNV lineage 2
phylogenetic tree was observed in variants from Italy, Greece, and Germany (EGC subclade). In
contrast, WNV variants from Austria, the Czech Republic, Slovakia, and Germany (non-EGC
variants) are interspersed in the Bayesian MCC tree [Publication II, Figure 2]. These
observations were supported by Zehender and colleagues’ [141] phylogeographic analysis, which
revealed that Greece and Italy are receiving areas (sinks) of the European WNV lineage 2
migration while Hungary and Austria serve as radiation centers (virus sources). Therefore, it is
interesting to observe Germany’s role in WNV lineage 2 migration and dispersal in Europe.
Recently, Sikkema and colleagues [142] demonstrated that WNV CEC variants from Utrecht, the
Netherlands (MW036633-MWo036634: mosquito pools from 2020) clustered with WNV CEC
variant from Cottbus, Germany (LR743448: captive bird from 2019). However, the most recent
ancestors, origin and mode of dispersal of these variants have to be further investigated.

Although Publications II and III provided 42 WNV whole-genome sequences from the
2018-19 WNV epidemic in Germany, missing WNV whole-genome sequences from different
European countries (from 2004 to present), especially from Eastern Europe, hinder the more
precise reconstruction of the phylogenetic and phylogeographic inferences of the WNV lineage
2 circulation in Europe and Germany. Oude Munnink and colleagues [68] encountered similar
problems in reconstructing the evolutionary history of Usutu virus in Europe even when their
study included 112 USUV whole-genome sequences from the Netherlands (2016-18). Their study
could not elucidate the emergence of USUV lineages Africa 3 and Europe 2 in the Netherlands
since USUV whole-genome sequences from other European countries (e.g., Germany, Belgium)
are unavailable.

Since the countrywide WNV and USUV monitoring and sequencing are inadequate to
elucidate the evolutionary histories of these viruses, this study strongly recommends systematic
WNV and USUV whole-genome sequencing from representative virus-positive samples (e.g.,
birds, mosquitoes, horses, humans) collected in different European countries at continuous
sampling periods, including past and recent outbreaks. This study also highlights the necessity
of a “One-health” approach in monitoring WNV and USUV infections in clinical, veterinary, and
environmental settings. Moreover, long-term international collaboration among countries
affected by WNV or USUV is highly recommended to enhance the exchange of information,
protocols, and strategies for the surveillance and control of these pathogens. Different research

institutions are also encouraged to employ an open data-sharing platform, such as the
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Nextstrain [go], to provide real-time interactive analyses of WNV or USUV evolution and

transmission in Europe.

5.2 Advanced outbreak preparedness through an early warning system: A
pilot study using the 2018-19 WNV epidemic generic HTS datasets

An early warning system (EWS) enables the timely detection of emerging pathogens,
which is helpful in preventing a “spillover event” or containing an outbreak. However, utilizing
metagenomic HTS for EWS can be time-consuming, labor-intensive, and expensive. As a
possible alternative, this study proposed to exploit the rich sequence information found in
generic HTS datasets obtained from previous surveillance and outbreak studies to screen for
sequences of novel pathogens.

The proposed EWS consists of pathogen screening using generic HTS datasets and
pathogen characterization techniques to determine the relevance of detected pathogens in
public and animal health. This EWS is a generic platform, which can be established when the
following components are available: (1) generic HTS datasets, (2) bioinformatic tools for
metagenomic analysis and phylogenetic analyses, (3) samples associated with HTS datasets, and
(4) capacities for HTS, RT-qPCR, and cell and virus culture [Publication IV, Figure 1]. These
components are also utilized in the routine HTS-based outbreak investigation. This EWS aimed
to maximize the extracted information from outbreak and surveillance samples without
spending additional resources for sample collection and sequencing. However, the added
sequence information offered by the EWS depends on samples (e.g., sample type and quality,
pathogen concentration) processed by previous studies. Moreover, the sizes of available HTS
datasets may also affect EWS’s ability to detect other pathogens.

In this pilot study, the EWS investigated generic HTS datasets derived from the 2018-19
WNV epidemic in Germany, focusing on potential virus pathogens. The metagenomic analysis
pipeline “RIEMS” [143] detected sequences of several putative pathogens, including bacteria,
protozoa, WNV, and other viruses. However, characterizing all detected putative pathogen
sequences can be a highly demanding task. Moreover, some sequences may have incorrect
taxonomic classifications. Therefore, stepwise criteria were specified in selecting suspected
pathogens for the EWS reporting (criteria I-IT) and EWS downstream analyses (criteria I-1V). In
detail, these criteria include: (I) virus sequence reads must have true-positive taxonomic
classification at least in the realm level; (II) sequences are unlikely to originate from other
samples; (IIT) suspected viruses should have adequate sequence information; and (IV) suspected
viruses can be associated with vertebrate hosts.

Criterion I requires that pathogen sequences have accurate taxonomic classification.

Taxonomic classifications are based on the contents of the selected reference database, such as

116



Results and Discussion

public databases (e.g., Genbank nucleotide collection nr/nt database). Public databases can
contain sequences with erroneous taxonomic assignments since these databases are not
curated. For example, several sequence reads initially classified as Guanarito mammarenavirus
were, in fact, identified as ribosomal RNA sequences from eukaryotic organisms after
performing a confirmatory homology search (Table 2).

Table 2. Representative virus sequences (non-WNV) detected in generic HTS datasets obtained from the 2018-

19 WNV epidemic. The red box and “X” indicate that the sequence did not attain the respective criterion, the
orange box and “?” indicate difficulty in verification, and the green box denotes that the criterion was satisfied.

l Virus Family Species Library number Count | 1l Il IV Assessment |
Arenaviridae Guanarito 1ib02898, 1-61 False hit. Sequence
mammarenavirus 1ib03038:1ib03039 from eukaryotic rRNA
1ib03041:1ib03042 sequences.
lib03383,1ib03417
lib03431
Peribunyaviridae = Bunyamwera lib03426, 1; False hit. Sequence
Orthobunyavirus lib03038: 1 from eukaryotic rRNA
lib03039 sequences.
Rhabdoviridae European bat 1 1ib02898 2 False hit. True hit but
lyssavirus a cross-contaminant
Phenuiviridae Rift Valley fever 1ib03431; 1; ? Unclear hit. Possible
phlebovirus 1ib03432; il cross-contaminants but
lib03433 2 with unknown source.!
Reoviridae Avian lib03428 2 Reported in the EWS
orthoreovirus Few sequence
information.
Unclassifired Wuhan insect lib03381 15 Reported in the EWS
Ribovaria virus 27 Invertebrate associated
virus
Myoviridae Escherichia virus lib03423 1 Reported in the EWS
VR7 Bacteriophage
Totiviridae Eimeria stiedai lib03433 76 Reported in the EWS
RNA virus 1; Few sequence
Eimeria tenella information; Protist
RNA virus 1; associated virus
Chrysoviridae Eskilstorp virus lib03481 3 Reported in the EWS
Few sequence
information; Mosquito
associated virus
Mesoniviridae Alphamesonivirus  1ib03482 24260 Reported in the EWS
1 7 Mosquito-associated
virus
Flaviviridae Usutu virus 1ib03038: 50; Reported in the EWS
1ib03039, Too few sequence
lib03422 2 information?
Reoviridae Umatilla virus 1ib03381, 1588; EWS reporting +
species 1ib03422,1ib03433 1; 960 downstream analysis
Peribunyaviridae  Peribunyaviridae 1ib03038:1ib03039 151; EWS reporting +
species lib03041:1ib03042 9 downstream analysis

1 — Colleagues are informed for follow-up investigations. 2 — Confirmed the suspicion for WNV and USUV co-infection

Criterion II checks that these sequences are unlikely to originate from other samples
(cross-contaminants). It also excludes falsely labeled sequence reads due to index hopping and
contaminants from run-to-run carryover, commonly reported in the Illumina sequencing
platform [49,55]. For instance, two European Bat 1 lyssavirus (EBLV-1) sequences were detected

in libo2898. These sequences were considered contaminants since 1ibo2898 and EBLV-1-positive
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HTS libraries were processed in parallel (Table 2). The alignment of EBLV-1 sequences from
these sequencing libraries showed very high nucleotide sequence identities. Suspected virus
sequences, which passed criteria I and II, were reported to respective colleagues from different
institutions for follow-up investigations.

In some cases, tracing the origin of viral sequences can be challenging. For example, Rift
Valley fever virus (RVFV) sequence reads were detected in three generic HTS datasets derived
from bird samples (Table 2). RVFV sequences are suspected cross-contaminants since an RVFV-
related outbreak has not been reported in Europe [144]. Moreover, RVFV-related diseases are
commonly reported in humans, ruminants, and camels [144].

In this EWS, potential sources of RVFV sequences were traced to confirm whether they
are contaminants or derived from a potential circulating RVFV strain in Germany. The EWS
traced an RVFV-positive library that was processed before the preparation of libo3431, libo3432,
and libo3433. Short RVFV sequences detected by the EWS were aligned with RVFV sequences
obtained from the laboratory and public database. This alignment demonstrated high
nucleotide identities (>99%), which led to an inconclusive assessment. Thus, the HTS library
libo3433 was also subjected to probe-based target enrichment to enhance RVFV sequence
detection; however, an RVFV sequence was not detected in the targeted HTS dataset. This result
suggests that RVFV sequences were derived from a run-to-run carryover or the target-
enrichment HTS approach is inefficient for RVFV sequence enrichment. However, Wylezich
and colleagues [64] demonstrated that the same probe-based target-enrichment HTS approach
effectively enriches RVFV sequence reads. Thus, in the selected example, RVFV sequences can
be considered as contaminants. For further confirmation, this finding was also forwarded to
colleagues from the reference laboratory for follow-up investigations.

Criteria III and IV are specified for selecting potential viruses for EWS downstream
analyses. Criterion III requires that the sequence information should be adequate for further
virus characterization. For instance, RIEMS detected two avian orthoreovirus sequences in the
dataset 1libo3428, which are inadequate for RT-qPCR design and reconstruct a reliable
phylogenetic tree. Thus, the EWS investigation for this putative virus was paused until new
sequences will be found in other datasets. However, some relevant viruses (e.g., disease-related
viruses) may not always comply with criterion III due to sensitivity issues of the generic HTS
approach, as described in the study of Schlaberg and colleagues [120]. When there is a hint that
the virus sequence is related to a relevant infection, then an appropriate HTS approach should
be performed to increase virus sequence reads. For example, <60 USUV sequence reads were
detected in two generic HTS datasets (Table 2), providing stronger evidence for WNV and USUV
co-infection in their respective samples. However, these USUV sequences were inadequate for

USUYV subspecies classification and reconstruction of a reliable USUV phylogenetic tree. Thus,
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an USUV-specific multiplex PCR-HTS approach was employed to obtain adequate USUV
genome sequences, which were finally analyzed in Publication III.

Criterion IV requires that the putative viruses can be associated with vertebrate hosts.
The RIEMS pipeline classified several sequences as viruses associated with bacteria, protists,
and invertebrates (Table 2). Moreover, the phylogenetic inference demonstrates that viral
sequences from dataset 1ibo3482 clustered with mosquito-associated viruses (Mesoniviridae)
[Publication IV, Figure S1], suggesting that this virus has a low probability of infecting vertebrate
hosts. Thus, the EWS investigation for these viruses was stopped at this point.

Virus sequences classified as mosquito-borne Reoviridae (Umatilla virus; UMAV) and
unclassified Peribunyaviridae (Hedwig virus; HEDV) comply with all four criteria for the EWS
downstream analysis. Nearly complete coding sequences of UMAV and partial genome
sequences of HEDV were detected in a few generic HTS datasets (Table 2). Although their
closest relatives were detected from mosquitoes [145-149], these virus sequences were
discovered in HTS libraries derived from WNV-infected bird samples.

These two potential pathogens were characterized using genetic analyses, molecular
screening, and attempts for virus cultivation. The UMAYV coding sequences were completed by
re-sequencing libo3381 and libo3433, while an initial RT-qPCR was developed based on HEDV
partial genome sequences to select the best candidate sample for the generic HTS approach
[Publication IV]. The HEDV complete coding sequences were assembled from dataset
libo3038:1ibo3039 and dataset libo3211 derived from the tissue sample with the highest HEDV
RNA concentration. Newly developed virus-specific RT-qPCR assays detected 8 (6.4% of 125
tested bird samples) HEDV-positive captive birds and 14 (12.5% of 112 tested bird samples)
UMAV-positive wild birds in small sample sets. Another UMAV-positive sample, confirmed by
the metagenomic analysis, was not tested using RT-qPCR assay since its RNA sample was
already depleted. Splenomegaly was observed in seven UMAV only-positive wild birds, which
suggests an acute infection. Meanwhile, HEDV only-positive birds demonstrated varying
diagnoses in their necropsy reports. Furthermore, Umatilla virus was successfully propagated in
a mosquito cell culture [Publication IV].

The developed EWS also aims to enhance outbreak responses by providing viral genome
sequences essential for developing molecular and serological diagnostic assays and targeted-
HTS approaches (Figure 4). Virus-specific RT-qPCR assays were already developed in
Publication IV, while a new probe panel for the target enrichment HTS approach was designed
using UMAV and HEDV genome sequences for future outbreak investigation. However, the
EWS does not include virus characterization techniques that can prove the association of newly
discovered viruses with the disease based on Henle-Loeffler-Koch’s postulates [118] or the

modified metagenomic Henle-Loeffler-Koch’s postulates [27]. Nevertheless, the EWS provides
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important contributions to test these postulates. Virus-specific RT-qPCR assays are essential
tools to screen for viruses in healthy and diseased animals. Moreover, the propagated Umatilla
virus in C6/36 mosquito cells can serve as starting material to produce pure virus stocks, which
can be utilized in infection trials and pathogenicity studies or for the development of additional

diagnostic assays (e.g., virus neutralization test) [1].

5.3 Conclusions

The here reported study provided evidence that the unified and generic pipeline is an
effective tool to jointly investigate outbreaks and discover potential pathogens using the same
generic HTS datasets. As a proof-of-concept, this pipeline obtained 34 WNV whole-genome
sequences and detected sequences of USUV and other unexpected viruses from generic HTS
datasets derived from the 2018-19 WNV epidemic and USUV epizooty in Germany. In addition,
two targeted HTS approaches were incorporated in this pipeline to resolve the limitation of the
generic HTS approach in obtaining sufficient virus sequences in samples with low viral loads.

Viral genome sequences acquired by the unified pipeline were utilized in understanding
the 2018-19 WNV epidemic in Germany using phylogenetic and phylogeographic analyses,
providing substantial evidence for the first reported WNV and USUV co-infection cases in birds,
and detecting and characterizing suspected virus pathogens using the EWS. In particular, this
EWS led to the first detection of UMAV in Europe and the discovery of a novel peribunyavirus
in birds. Therefore, incorporating this unified and generic pipeline in routine outbreak
investigation workflows, especially with investigations adhering to the “One-Health” approach,
can advance preparedness and response strategies by early detection of novel and unexpected
pathogens before they spillover to humans or cause a larger epizooty in animal populations.

As an outlook, this unified pipeline can also utilize third-generation sequencing
technologies (e.g., Oxford Nanopore Technologies), especially in combination with the PCR
amplicon HTS approach. For instance, the multiplex PCR assays specific for USUV and Zika
virus were designed and optimized for second-generation and third-generation HTS
technologies [66,150]. However, further development and refinement are needed to incorporate
third-generation sequencing technologies with the generic HTS approach and the target
enrichment HTS approach since they have high reported error rates (10-30%) and relatively

low-throughput (<100,000 reads per flow cell) [151,152].
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6. Summary

Infectious diseases remain a significant threat to the wellbeing of humans and animals
worldwide. Thus, infectious disease outbreaks should be investigated to understand the
emergence of these pathogens, leading to prevention and mitigation strategies for future
outbreaks. High-throughput sequencing (HTS) and bioinformatic analysis tools are reshaping
the surveillance of viral infectious diseases through genome-based outbreak investigations. In
particular, analyzing generic HTS datasets using a metagenomic analysis pipeline enable
simultaneous identification, characterization, and discovery of pathogens.

In this thesis, generic HTS datasets derived from the 2018-19 WNV epidemic and USUV
epizooty in Germany were evaluated using a unified pipeline for outbreak investigation and an
early warning system (EWS). This pipeline obtained 34 West Nile virus (WNV) whole-genome
sequences and detected several sequences of Usutu virus (USUV) and other potential
pathogens. A few WNV and USUV genome sequences were completed using targeted HTS
approaches. Phylogenetic and phylogeographic inferences, reconstructed using WNV whole-
genome sequences, revealed that Germany experienced at least six WNV introduction events.
The majority of WNV German variants clustered into the so-called “Eastern German clade
(EGC),” consisting of variants derived from birds, mosquitoes, a horse, and human cases. The
progenitors of the EGC subclade probably circulated within Eastern Europe around 2o0u. These
flavivirus genome sequences also provided substantial evidence for the first reported cases of
WNV and USUV co-infection in birds. Phylogenetic inferences of USUV genome sequences
showed the further spread of the USUV lineage Africa 3 and might indicate the overwintering
of the USUV lineage Europe 2 in Germany. Among viral sequences reported in the EWS, Hedwig
virus (HEDV; a novel peribunyavirus) and Umatilla virus (UMAV; detected in Europe for the
first time) were investigated using genome characterization, molecular-based screening, and
virus cultivation since these viruses were suspected of causing co-infections in WNV-infected
birds. The EWS detected overall 8 HEDV-positive and 15 UMAV-positive birds in small sets of
samples, and UMAYV could be propagated in a mosquito cell culture Future studies are necessary
to investigate the pathogenicity of these viruses and their role in the health of wild and captive
birds.

In conclusion, this study provided a proof-of-concept that the developed unified and
generic pipeline is an effective tool for outbreak investigation and pathogen discovery using the
same generic HTS datasets derived from outbreak and surveillance samples. Therefore, this
thesis recommends incorporating the unified pipeline in the key response to viral outbreaks to

enhance outbreak preparedness and response.
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7. Zusammenfassung

Infektionskrankheiten stellen nach wie vor eine erhebliche Bedrohung fiir das
Wohlergehen von Menschen und Tieren weltweit dar. Daher sollten Ausbriiche von
Infektionskrankheiten untersucht werden, um die Entstehung dieser Erreger zu verstehen und
Praventions- sowie Eindammungsstrategien fiir kiinftige Ausbriiche entwickeln zu kénnen. Die
Hochdurchsatz-Sequenzierung (HTS) und bioinformatische Analysetools verandern die
Uberwachung viraler Infektionskrankheiten durch genombasierte Ausbruchsuntersuchungen.
Insbesondere die Analyse von generischen HTS-Datensdtzen mit Hilfe einer metagenomischen
Analysepipeline ermoglicht die gleichzeitige Identifizierung, Charakterisierung und
Entdeckung von Pathogenen.

In dieser Arbeit wurden generische HTS-Datensdtze, die von der WNV-Epidemie 2018-
19 und der USUV-Epizootie in Deutschland stammen, mit einer einheitlichen Pipeline fiir die
Ausbruchsuntersuchung und einem Frithwarnsystem (EWS) ausgewertet. Diese Pipeline
lieferte 34 Ganzgenomsequenzen des West-Nil-Virus (WNV) und wies mehrere Sequenzen des
Usutu-Virus (USUV) und anderer potenzieller Erreger nach. Einige WNV- und USUV-
Genomsequenzen wurden durch gezielte HTS-Ansdtze vervollstandigt. Phylogenetische und
phylogeographische Schlussfolgerungen, die anhand von WNV-Ganzgenomsequenzen
rekonstruiert wurden, ergaben, dass es in Deutschland mindestens sechs WNV-
Einschleppungsereignisse gab. Die Mehrzahl der deutschen WNV-Varianten stammt von Fallen
bei Vogeln, Stechmiicken, einem Pferd und Menschen und wurde in der so genannten "Eastern
German Clade” (EGC) zusammengefasst. Die Vorlaufer der EGC-Subklade zirkulierten
wahrscheinlich um 201 in Osteuropa. Diese Flavivirus-Genomsequenzen lieferten auch
wesentliche Beweise fiir die ersten gemeldeten Falle von WNV- und USUV-Koinfektionen bei
Vogeln. Phylogenetische Riickschliisse aus den USUV-Genomsequenzen zeigten die weitere
Verbreitung der USUV-Linie Afrika 3 und kénnten auf die Uberwinterung der USUV-Linie
Europa 2 in Deutschland hinweisen. Von den im EWS gemeldeten Virensequenzen wurden das
Hedwig-Virus (HEDV; ein neuentdecktes Peribunyavirus) und das Umatilla-Virus (UMAV;
zum ersten Mal in Europa entdeckt) mittels Genomcharakterisierung, molekularbasiertem
Screening und Viruskultivierung untersucht, da diese Viren im Verdacht standen, Co-
Infektionen bei WNV-infizierten Vogeln zu verursachen. Das EWS wies insgesamt 8 HEDV-
positive sowie 15 UMAV-positive Vogel in kleinen Probensatzen nach auflerdem konnte UMAV
in einer Stechmiicken-Zellkultur vermehrt werden. Es sind zukiinftig weitere Studien
notwendig, um die Pathogenitat dieser Viren und ihre Rolle fiir die Gesundheit von Wildvogeln

und in Gefangenschaft gehaltenen Végeln zu untersuchen.
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Zusammenfassend lasst sich sagen, dass diese Studie den Nachweis erbracht hat, dass
die entwickelte einheitliche und generische Pipeline ein wirksames Instrument fiir die
Untersuchung von Ausbriichen und die Entdeckung von Krankheitserregern ist, wobei
dieselben generischen HTS-Datensdtze verwendet werden, die aus Ausbruchs- und
Uberwachungsproben stammen. Daher wird in dieser Arbeit empfohlen, die einheitliche
Pipeline in die zentrale Reaktion auf Virusausbriiche einzubeziehen, um die Bereitschaft und

Reaktion auf Ausbriche zu verbessern.
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