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ABSTRACT
Public health emergencies like SARS, MERS, and COVID-19 have prioritized surveillance of
zoonotic coronaviruses, resulting in extensive genomic characterization of coronavirus diversity
in bats. Sequencing viral genomes directly from animal specimens remains a laboratory
challenge, however, and most bat coronaviruses have been characterized solely by PCR
amplification of small regions from the best-conserved gene. This has resulted in limited
phylogenetic resolution and left viral genetic factors relevant to threat assessment undescribed.
In this study, we evaluated whether a technique called hybridization probe capture can
achieve more extensive genome recovery from surveillance specimens. Using a custom panel of
20,000 probes, we captured and sequenced coronavirus genomic material in 21 swab specimens
collected from bats in the Democratic Republic of the Congo. For 15 of these specimens, probe
capture recovered more genome sequence than had been previously generated with standard
amplicon sequencing protocols, providing a median 6.1-fold improvement (ranging up to 69.1-
fold). Probe capture data also identified five novel alpha- and betacoronaviruses in these
specimens, and their full genomes were recovered with additional deep sequencing. Based on
these experiences, we discuss how probe capture could be effectively operationalized alongside
other sequencing technologies for high-throughput, genomics-based discovery and surveillance

of bat coronaviruses.

INTRODUCTION

Orthocoronavirinae, commonly known as coronaviruses (CoVs), are a diverse subfamily of
RNA viruses that infect a broad range of mammals and birds [Corman 2018, Ye 2020, Ruiz-
Aravena 2021]. Since the 1960s, four endemic human CoVs have been identified as common
causes of mild respiratory illnesses [Corman 2018, Ye 2020]. In the past two decades, additional
CoV threats have emerged, most notably SARS-CoV, MERS-CoV, and SARS-CoV-2, causing
severe disease, public health emergencies, and global crises [Drosten 2003, Zaki 2012, Hu 2015,
Corman 2018, Ye 2020, Zhou 2020]. These spill-overs have established CoVs alongside
influenza A viruses as important zoonotic pathogens and pandemic threats. Indeed, evolving
perceptions of CoV risk have led to speculation that some historical pandemics have been mis-

attributed to influenza, and they may have in fact been the spill-overs of now-endemic human

CoVs [Vijgen 2005, Corman 2018, Briissow 2021].
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Emerging CoV threats have motivated extensive viral discovery and surveillance
activities at the interface between humans, livestock, and wildlife [Drexler 2014, Frutos 2021,
Geldenhuys 2021]. Many of these activities have focused on bats (order Chiroptera). They are
the second-most diverse order of mammals, following rodents, and they are a vast reservoir of
CoV diversity [Drexler 2014, Hu 2015, Frutos 2021, Geldenhuys 2021, Ruiz-Aravena 2021].
Bats have been implicated in the emergence of SARS-CoV, MERS-CoV, SARS-CoV-2 and, less
recently, the endemic human CoVs NL63 and 229E [Li 2005, Pfefferle 2009, Tong 2009, Huynh
2012, Corman 2015, Hu 2015, Yang 2015, Tao 2017, Ye 2020, Zhou 2020, Ruiz-Aravena 2021].

Genomic sequencing has been instrumental for characterizing CoV diversity and
potential zoonotic threats, but recovering viral genomes directly from animal specimens remains
a laboratory challenge. Host tissues and microbiota contribute excessive background genomic
material to specimens, diluting viral genome fragments and vastly increasing the sequencing
depth required for target detection and accurate genotyping. Consequently, laboratory methods
for targeted enrichment of viral genome material have been necessary for practical, high-
throughput sequencing of surveillance specimens [Houldcroft 2017, Fitzpatrick 2021].

There are two major paradigms for targeted enrichment of genomic material. The first,
called amplicon sequencing, uses PCR to amplify target genomic material. It is comparatively
straightforward and sensitive, but PCR chemistry limits amplicon length and relies on the
presence of specific primer sites across diverse taxa [Houldcroft 2017, Fitzpatrick 2021]. In
practice, extensive genomic divergence within viral taxa often constrains amplicon locations to
the most conserved genes, limiting phylogenetic resolution [Drexler 2014, Li 2020]. This also
hinders characterization of viral genetic factors relevant for threat assessment like those encoding
determinants of host range, tissue tropism, and virulence. These kinds of targets are often
hypervariable due to strong evolutionary pressures from host adaptation and immune evasion,
and consequently they do not have well-conserved locations for PCR primers. Due to these
limitations, studies of CoV diversity have been almost exclusively based on small regions of the
relatively conserved RNA-dependent RNA polymerase (RdRp) gene [Drexler 2014, Geldenhuys
2021].

The second major paradigm for enriching viral genomic material is called hybridization
probe capture. This method uses longer nucleotide oligomers to anneal and immobilize

complementary target genomic fragments while background material is washed away. Probes are
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typically 80 to 120 nucleotides in length, making them more tolerant of sequence divergence and
nucleotide mismatches than PCR primers [Brown 2016]. Probe panels are also highly scalable,
allowing for the simultaneous capture of thousands to millions of target sequences. This has
made them popular for applications where diverse and hypervariable viruses are targeted, but
they have only been occasionally used to attempt sequencing of bat CoVs [Lim 2019, Li 2020].
In this study, we evaluated hybridization probe capture for enriching CoV genomic
material in oral and rectal swabs previously collected from bats. We designed a custom panel of
20,000 hybridization probes targeting the known diversity of bat coronavirus. This panel was
applied to 21 swab specimens collected in the Democratic Republic of the Congo (DRC), in
which novel CoVs had been previously characterized by partial RdRp sequencing using standard
amplicon methods [Kumakamba 2021]. We compared the extent of genome recovery by probe
capture and amplicon sequencing, and we used probe capture data in conjunction with deep
metagenomic sequencing to characterize full genomes for five novel alpha- and
betacoronaviruses. Based on these experiences, we discuss how probe capture could be
effectively operationalized alongside other targeted sequencing technologies for high-

throughput, genomics-based discovery and surveillance of bat coronaviruses.

MATERIALS AND METHODS

Additional details for the following materials and methods are provided in Supplemental 1.

Bat swab specimens and partial RARP sequences: Rectal and oral swabs were collected
between August 2015 and June 2018 in different locations in DRC from bats that were either
captured and released or that were for sale in local markets [Kumakamba 2021]. Swabs were
collected into individual 2.0 ml screw-top cryotubes containing 1.5 ml of either Universal Viral
Transport Medium (BD) or Trizol® (Invitrogen), stored in liquid nitrogen for transport as soon
as practical and later transferred into -80°C freezers. CoV screening involved two consensus
PCR assays targeting the RNA-dependant RNA polymerase (RdRp) performed in Kinshasa,
DRC, and commercial Sanger sequencing of amplicons [Quan 2010, Watanabe 2010,
Kumakamba 2021]. Bat species were identified by ecologists in the field and verified using a
PCR targeting the Cytochrome B gene [Townzen 2008]. 21 unique specimens were shipped to

Canada: 15 as RNA extracts only, 2 as unextracted swabs in transport medium, and 4 as both
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previously extracted RNA and unextracted swabs in transport medium. Swabs in transport
medium were re-extracted upon receipt using the Invitrogen TRIzol Reagent (#15596026)
following the manufacturer’s protocol. RNA concentration and RNA Integrity Number (RIN) for
all RNA extracts were measured using the Agilent BioAnalyzer 2100 instrument with the RNA
6000 Nano kit.

Probe panel design and reference sequence coverage assessments: All available bat CoV
sequences were downloaded from NCBI GenBank on October 4, 2020. A custom panel of
20,000 hybridization probes was designed from these sequences using the ProbeTools package
(v0.0.5) [Kuchinski 2022]. Probe coverage of reference sequences was also assessed in silico
using ProbeTools. The final panel (Supplemental 2) was synthesized by Twist Bioscience (San

Francisco, CA, USA).

Library construction, probe capture, and sequencing of captured libraries: Sequencing
libraries were constructed using the NEBNext Ultra II RNA Library Prep with Sample
Purification Beads kit (E7775), then libraries were barcoded with unique dual indices from the
NEBNext Multiplex Oligos for [llumina kit (E6440). Libraries were pooled together, then the
pool was captured twice sequentially by our custom probe panel with the Twist Bioscience Fast
Hybridization kit (#100964), Universal Blockers (#100578), Binding and Purification Beads
(#100983), and Fast Wash Buffers (#100971). Probe captured libraries were sequenced on an
[llumina MiSeq instrument using V2 300 cycle reagent kits (#¥MS-102-2002). Index hops were
filtered using HopDropper (v0.0.3) (https://github.com/KevinKuchinski/HopDropper).

Control specimens were prepared by spiking 100,000 copies of a synthetic control oligo
into 200 ng of Invitrogen Human Reference RNA (#QS0639). The control oligo was
manufactured by Integrated DNA Technologies (Coralville, IA, USA) as a dsSDNA gBlock with
a known artificial sequence created by the authors. Probes targeting the control oligo were
included in the custom capture panel. Control specimens were prepared into libraries alongside
bat specimens from the same reagent master mixes, and they were included in the same pool for
probe capture. Detection and enrichment of the control oligo sequence in control specimen
libraries was used as a positive control for library construction and probe capture. Absence of

control oligo sequences in bat specimen libraries and absence of bat CoV sequences in control
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specimen libraries were used as a negative control for contamination and as a positive control for

index hop removal by HopDropper.

De novo assembly of contigs from captured reads: coronaSPAdes (v3.15.0) was used to
assemble contigs de novo from probe captured MiSeq data [Meleshko 2021]. CoV contigs were
identified using BLASTn (v2.5.0) against a local database composed of all coronaviridae

sequences in GenBank available as of October 11, 2021 [Camacho 2009].

Alignment of reads and contigs to bat CoV reference sequences: Probe captured reads were
mapped to selected reference sequences using bwa mem (0.7.17-r1188), then alignments were
filtered, sorted, and indexed using samtools (v1.11) [Li 2009a, Li 2009b]. Depth and extent of
read coverage were determined with bedtools genomecov (v2.30.0) [Quinlan 2010]. Contig
coverage was determined by aligning contigs to reference sequences with BLASTn (v2.5.0) and

extracting subject start and subject end coordinates [Camacho 2009].

Deep metagenomic sequencing of uncaptured libraries and generation of complete viral
genomes: Selected specimens were sequenced on an Illumina HiSeq X instrument by the
Michael Smith Genome Sciences Centre (Vancouver, BC, Canada). Reads were assembled and
scaffolded into draft genomes with coronaSPAdes (v3.15.3) [Meleshko 2021]. HiSeq reads were
mapped to draft genomes using bwa mem (v0.7.17-r1188), then alignments were filtered, sorted,
and indexed using samtools (v1.11) [Li 2009a, Li 2009b]. Variants were called with bcftools
mpileup and call (v1.9), then variants were applied to draft genomes with beftools consensus

(v1.9) to generate final complete genomes [Danecek 2021].

Phylogenetic analysis of novel spike gene sequences: Novel spike genes were translated from
complete genomes then queried against all translated coronaviridae spike sequences in GenBank
using BLASTp (v2.5.0) [Camacho 2009]. For each genus, novel spike genes from study
specimens were combined with the 25 closest-matching GenBank spike sequences and all spike
sequences available in RefSeq. Multiple sequence alignments were conducted with clustalw
(v2.1), then phylogenetic trees were constructed from aligned sequences using PhyML

(v3.3.20190909) [Thompson 1994, Guindon 2005].
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RESULTS

Custom hybridization probe panel provided broad coverage in silico of known bat CoV
diversity: To begin this study, we designed a custom panel of hybridization probes targeting
known bat CoV diversity. We obtained 4,852 bat CoV genomic sequences from GenBank, used
them to design a custom panel of 20,000 probe sequences, then assessed in silico how
extensively these reference sequences were covered by our custom panel (Figure 1A). For 90%
of these bat CoV sequences, the custom panel covered at least 94.32% of nucleotide positions.
We also evaluated probe coverage for the subset of these sequences representing full-length bat
CoV genomes (Figure 1B), and 90% of these targets had at least 98.73% of their nucleotide
positions covered. These results showed broad probe coverage of known bat CoV diversity at the

time the panel was designed.

Probe capture provided more extensive genome recovery than previous amplicon
sequencing for most specimens: We used our custom panel to assess probe capture recovery of
CoV material in 25 metagenomic sequencing libraries. We prepared these libraries from a
retrospective collection of 21 bat oral and rectal swabs that had been collected in DRC between
2015 and 2018. These swabs had been collected as part of the PREDICT project, a large-scale
United States Agency for International Development (USAID) Emerging Pandemic Threats
initiative that has collected over 20,000 animal specimens from 20 CoV hotspot countries [e.g.
Anthony 2017, Lacroix 2017, Nziza 2020, Valitutto 2020, Ntumvi 2022]. Most libraries (n=19)
were prepared from archived RNA that had been previously extracted from these specimens,
although some libraries (n=6) were prepared from RNA that was freshly extracted from archived
primary specimens (Table 1). CoVs had been previously detected in these specimens with PCR
assays by Quan et al. (2010) and Watanabe et al. (2010). Sanger sequencing of these amplicons
by Kumakamba et al. (2021) had generated partial RARp sequences of 286 or 387 nucleotides,
which had been used to assign these specimens to four novel phylogenetic groups of alpha- and
betacoronaviruses (Table 1).

We captured CoV genomic material in these metagenomic bat swab libraries with our
custom probe panel then performed genomic sequencing. To assess CoV recovery, we began

with a strategy that would be suitable for automated bioinformatic analysis in high-throughput
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218  surveillance settings: sequencing reads from probe captured libraries were assembled de novo
219 into contigs, then CoV sequences were identified by locally aligning contigs against a database
220 of CoV reference sequences. In total, 113 CoV contigs were recovered from 17 of 25 libraries.
221  We compared contig lengths to the partial RdARp amplicons that been previously generated for
222 these specimens (Figure 2A). The protocol by Watanabe ef al. had generated 387 nucleotide-long
223 partial RdRp sequences, but median contig size with probe capture for these specimens was 696
224 nucleotides (IQR: 453 to 1,051 nucleotides, max: 19,601 nucleotides). The protocol by Quan et
225  al had generated 286 nucleotide-long partial RARp sequences, but median contig size with probe
226  capture for these specimens was 602 nucleotides (IQR: 423 to 1,053 nucleotides, max: 4,240

227  nucleotides). Overall, 107 contigs (93.8%) were longer than the partial RdRp sequence

228  previously generated for their specimen by standard amplicon sequencing protocols,

229  demonstrating the capacity of probe capture to recover larger contiguous fragments of CoV

230  genome sequence.

231 Next, we used assembly size metrics to assess the extent to which these contigs

232 represented complete genomes. The median total assembly size was 1,724 nucleotides (IQR: 0 to
233 5,834 nucleotides), while median assembly N50 size was 533 nucleotides (IQR: 0 to 908

234 nucleotides) (Figure 2B). This assembly size-based assessment of genome completeness had

235 limitations, however. Some assembly sizes may have been understated by genome regions with
236  comparatively low read coverage that failed to assemble. Conversely, other assembly sizes may
237  have been overstated by redundant contigs resulting from forked assembly graphs, either due to
238  genetic variation within the intrahost viral population or due to polymerase errors introduced

239  during library construction and probe capture. For instance, the total assembly size for library
240 CDABO0217R-PRE was 33,195 nucleotides, exceeding the length of the longest known CoV

241  genome (Figure 2C). Another limitation of this analysis was that these assembly metrics

242 provided no indication of which regions of the genome had been recovered.

243 To address these limitations, we also applied a reference sequence-based strategy. We
244  used the contigs to identify the best available CoV reference sequences for each of the four novel
245  phylogenetic groups to which these specimens had been assigned. Sequencing reads from

246  captured libraries were directly mapped to these reference sequences and the contigs we had

247  assembled de novo were also locally aligned to them (Fig 3 and S1-S4). Based on these read

248  mappings and contig alignments, we calculated for each library a breadth of reference sequence
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recovery, i.e. the number of nucleotide positions in the reference sequence covered by either
mapped sequencing reads or contigs (Figure 4A).

The median breadth of reference sequence recovery for all libraries was 2,376
nucleotides (IQR: 306 to 9,446 nucleotides). Most libraries (48%) represented specimens from
phylogenetic group Q-Alpha-4, which had a median reference sequence recovery of 6,497
nucleotides (IQR: 733 to 9,802 nucleotides, max: 12,673 nucleotides). Phylogenetic group W-
Beta-3 also accounted for a substantial fraction of libraries (32%), and although median
reference sequence recovery was lower than for Q-Alpha-4 (2,427 nucleotides), W-Beta-3
provided the libraries with the most extensive reference sequence recoveries (IQR: 780 to 19,286
nucleotides, max: 26,755 nucleotides). As a simple way to quantify differences in recovery of
CoV genome sequence between probe capture and amplicon sequencing, we calculated the ratio
between the breadth of reference sequence recovery and the length of the previously generated
partial RdRp amplicon sequence for each library (Figure 4B). The median ratio was 6.1-fold
(IQR: 0.8-fold to 33.0-fold), reaching a maximum of 69.1-fold. Probe capture recovery was
greater for 18 of 25 libraries (72%), representing 15 of 21 specimens (71%).

Probe capture recovery limited by in vitro sensitivity: No CoV sequences were recovered
from 4 of 25 libraries (representing 3 specimens), despite partial RARp sequences being obtained
from them previously. Furthermore, probe capture did not yield any complete CoV genomes, and
many specimens displayed scattered and discontinuous reference sequence coverage (Figures S1-
S4). We considered two explanations for this result. First, CoV material in these libraries may
not have been completely captured because they were not targeted by any probe sequences in the
panel. Second, CoV material in these specimens may not have been incorporated into the
sequencing libraries due to factors limiting in vitro sensitivity, e.g. low prevalence of viral
genomic material; sub-optimal nucleic acid concentration and integrity in archived RNA and
primary specimens; and library preparation reaction inefficiencies.

First, we assessed in vitro sensitivity. To exclude missing probe coverage as a confounder
in this analysis, we evaluated recovery of the previously sequenced partial RdRp amplicons.
Since their sequences were known, we could assess probe coverage in silico and demonstrate
whether these targets were covered by the panel. All partial RARp amplicons had at least 95.3%
of their nucleotide positions covered by the probe panel (Figure 5A), but this did not translate
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into extensive recovery. For 12 of 25 libraries, no part of the partial RdRp sequence was
recovered, and full/nearly-full recovery (>95%) of the partial RdARp sequence was achieved for
only 7 of 25 libraries (Figure 5A). These results demonstrated that genome recovery had been
limited by factors other than probe panel inclusivity.

Next, we examined nucleic acid concentration and integrity, two specimen characteristics
associated with successful library preparation. Median RNA Integrity Number (RIN) values and
RNA concentrations for these specimens were low: 1.1 and 14 ng/ul respectively, as was
expected from archived material (Figure 5B). To assess the impact of RIN and RNA
concentration on probe capture recovery, we compared these specimen characteristics against
breadth of reference sequence recovery from the corresponding libraries (Figure 5B). Weak
monotonic relationships were observed, with lower RNA concentration and lower RIN values
generally leading to worse genome recovery. This relationship was significant for RNA
concentration (p=0.045, Spearman’s rank correlation), but not for RNA integrity despite trending
towards significance (p=0.053, Spearman’s rank correlation). These weak associations suggested
additional factors hindered recovery, e.g. low prevalence of viral material or missing probe
coverage for genomic regions outside the partial RARp target. Missing probe coverage is
considered in the next section. Prevalence of viral material was not practical to consider as there
are no established pan-CoV methods for quantifying genome copies in RNA specimens, a
limitation that would also preclude attempts to triage surveillance specimens based on viral

abundance in high-throughput settings.

Inclusivity of custom probe panel against CoV taxa in study specimens: Next, we considered
if blind spots in the probe panel had contributed to incomplete genome recovery from these
specimens. This inquiry suffered a counterfactual problem: to assess whether the CoV taxa in our
specimens were fully covered by our probe panel, we would need their complete genome
sequences. We did not have their full genome sequences, however, because the probes did not
recover them. Instead, we evaluated probe coverage of the reference sequences assigned to each
phylogenetic group, assuming they were the available CoV sequences most similar to those in
our specimens.

Probe coverage was nearly complete for all reference sequences (Figure 6). Nonetheless,

reference sequence recovery did not exceed 92.3% for any of these libraries, and complete spike

10
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genes were conspicuously absent (Figure 3, S1-S4). This included specimens like CDAB0203R-
PRE, CDABO0217R-PRE, and CDAB0492R-PRE where recovery was otherwise extensive and
contiguous, suggesting genomic material was sufficiently abundant and intact for sensitive
library construction. These results indicated the presence of CoVs similar to Bat coronavirus
CMR704-P12 and Chaerephon bat corornavirus/Kenya/KY?22/2006, except with novel spike
genes that diverged from the spike genes of these reference sequences and all other CoV's

described in GenBank.

Recovery of complete genome sequences from five novel bat alpha- and betacoronaviruses:
Analysis of our probe capture data confirmed the presence of several novel coronaviruses in
these specimens, as had been previously determined by Kumakamba et al. (2021). Our results
also suggested the CoVs in these specimens contained spike genes that were highly divergent
from any others that have been previously described. This led us to perform deep metagenomic
sequencing on select specimens to attempt recovery of complete CoV genomes. We selected the
following nine specimens, either due to extensive recovery by probe capture (indicating
comparatively abundant and intact viral genomic material) or to ensure representation of the four
novel phylogenetic groups: CDAB0017RSV, CDAB0040RSV, CDAB0174R, CDABO0203R,
CDABO0217R, CDABO113RSV, CDAB0491R, and CDAB0492R.

Complete genomes were only recovered from 5 specimens: CDABO0O17RSV,
CDABO0040RSV, CDAB0203R, CDAB0217R, and CDAB0492R. The abundance of CoV
genomic material in these 5 specimens was estimated by mapping reads from uncaptured
libraries to the complete genome sequence that we recovered. On-target rates, i.e. the percentage
of total reads mapping to the CoV genome, were calculated (Figure 7A). These ranged from
0.003% to 0.064%, revealing the extremely low abundance of viral genomic material present in
these swabs. Considering these were the most successful libraries, these results highlighted that
low prevalence of viral genomic material is one challenging characteristic of swab specimens.

We also used the complete genome sequences that we recovered to assess how
effectively probe capture enriched target genomic material in these specimens. Valid reads from
probe captured libraries were mapped to the complete genomes from their corresponding
specimens. On-target rates for captured libraries ranged from 11.3% to 45.1% of valid reads

(Figure 7B).
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Due to insufficient library material remaining after probe capture, new libraries had been
made for deep metagenomic sequencing. Consequently, we did not pair on-target rates for these
libraries to calculate fold-enrichment values. Instead, we compared mean on-target rates for the
deep-sequenced unenriched metagenomic libraries (0.029% mean on-target) against the original
probe captured libraries (29.6% mean on-target); we observed a 1,020-fold difference between
these means, with the probe captured on-target rates significantly higher (p<0.001, t-test on 2
independent means). These results confirmed effective enrichment by probe capture of CoV

material present in these libraries.

Phylogenetic analysis of novel spike gene sequences: Novel spike gene sequences were
translated from the complete genomes we had recovered, then these were compared to spike
protein sequences from other CoVs in GenBank. Spike protein sequences from specimens
CDABO0017RSV and CDAB0040RSV formed a monophyletic clade, as did those from
specimens CDAB0203R and CDABO0217R, reflecting their membership in partial RdARp-based
phylogenetic groups W-Beta-2 and W-Beta-3 respectively (Figure 8). These novel spike proteins
also grouped with spike protein sequences from three betacoronaviruses in GenBank:
HQ728482.1, MG693168.1, and NC 048212.1 (Figure 8). The spike protein sequence from
specimen CDABO0492R, the lone Q-Alpha-4 representative, grouped with spikes from two
alphacoronaviruses in GenBank: HQ728486.1 and MZ081383.1 (Figure 9).

Pairwise global alignments of amino acid sequences were conducted between these novel
spike genes and the spike genes from GenBank with which they grouped phylogenetically.
Alignments completely covered all novel spike sequences, but they were all less than 76.5%
identical and less than 85.7% positive (Table 2). We compared host species and geographic
collection locations for our study specimens and the phylogenetically related spike sequences.
Only specimens CDAB0203R and CDABO0217R were collected from the same bat species as
their closest spike protein matches in GenBank (Eidolon helvum). Other specimens were
detected in bat genera different from their closest GenBank match. All study specimens were
collected from the DRC, but their closest GenBank matches were collected from diverse locales,
including neighbouring Kenya, Cameroon in West Africa, and Yunnan province in China. Taken
together, these low alignment scores, disparate host species, and dispersed collection locations

suggested these viruses belong to extensive but hitherto poorly characterized taxa of CoV.
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We also conducted pairwise global alignments of nucleotide sequences. This was done to
confirm that probe capture had been hindered by divergence of these novel spike genes from
their closest matches in GenBank, which we had used to design our custom panel. For specimen
CDABO017RSV, sequence similarity was so low that no alignment was generated for the spike
gene. Nucleotide alignments for the other specimens were all incomplete (18% to 83% coverage

of the novel spike sequence) with low nucleotide identities (71.5% to 84.6%).

DISCUSSION

This study highlights the potential for probe capture to recover greater extents of CoV genome
compared to standard amplicon sequencing methods. In discovery and surveillance applications,
this would permit characterization of CoV genomes outside of the constrained partial RARp
regions that are typically described, enabling additional phylogenetic resolution among
specimens with similar partial RdRp sequences. Recovering more extensive fragments from
diverse regions of the genome would also provide additional genetic sequence to compare
against reference sequences in databases like GenBank and RefSeq. This could permit more
confident identification of known threats and better assessment of virulence and potential spill-
over from novel CoVs. Sequences from additional genome regions could also be used to identify
CoVs where recombination has occurred, which is increasing recognized as a potential hallmark
of zoonotic CoVs [Hu 2015, Corman 2018, Ye 2020, Ruiz-Aravena 2021].

This study also showed the usefulness of probe capture for identifying specimens that
warrant the expense of deep metagenomic sequencing for more extensive characterization. The
genomic regions missed by the probe panel can provide as much insight into viral novelty as the
sequences that are recovered. In this study, failure to capture complete spike gene sequences,
even from libraries with otherwise extensive coverage, was successfully used to predict the
presence of novel spike genes. Furthermore, contiguity across recovered regions can be used to
evaluate abundance and intactness of viral genomic material, identifying specimens where deep
metagenomic sequencing is likeliest to succeed. This is valuable when targeting higher
taxonomic levels where methods for directly quantifying viral genome copies are hindered by the
same genomic variability that constrains amplicon sequencing.

This study also revealed two important limitations for probe capture in CoV discovery

and surveillance applications. The first, which appeared to be the most limiting in this study, is
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the in vitro sensitivity of this method. Probe capture must be performed on already constructed
metagenomic sequencing libraries. The library construction process involves numerous
sequential biochemical reactions and bead clean-ups, where inefficiencies result in compounding
losses of input material. Combined with the low prevalence of viral genomic material in swab
specimens, these loses of input material can lead to the presence of incomplete viral genomes in
sequencing libraries and stochastic recovery during probe capture. Amplicon sequencing does
not suffer the same attrition because enrichment occurs as the first step of the process, allowing
library construction to occur on abundant amplicon input material. Further work optimizing
metagenomic library construction protocols could be done to improve sensitivity for probe
capture. Also, this study relied on archived material in suboptimal condition, so better results
could be expected from fresh surveillance specimens.

The second limitation highlighted by this work is the challenge of designing
hybridization probes from available reference sequences for poorly characterized taxa. Currently,
the extent of human knowledge about bat CoV diversity remains limited, especially across
hypervariable genes like spike, and it seems impossible to design a broadly inclusive pan-bat
CoV probe panel at this moment. As recently as 2017, it was observed that only 6% of CoV
sequences in GenBank were from bats, while the remaining 94% of sequences concentrated on a
limited number of known human and livestock pathogens [Anthony 2017]. The vastness of CoV
diversity that remains to be characterized is evident by the continuing high rate of novel CoV
discovery by research studies and surveillance programs, this current work included [e.g. Tao
2017, Wang 2017, Markotter 2019, Wang 2019, Nziza 2020, Valitutto 2020, Kumakamba 2021,
Shapiro 2021, Tan 2021, Wang 2021, Zhou 2021, Alkhovsky 2022, Ntumvi 2022].

Fortunately, probe capture is highly adaptable and existing panels can be easily
supplemented with additional probes as new CoV taxa are described. For instance, the genomes
recovered in this study could be used to design supplemental probes for re-capturing existing
specimens as well as for future projects with new specimens. Improved recovery would be
especially expected for projects returning to similar geographic regions targeting similar bat
populations. These probe design limitations are also only a meaningful impediment for CoV
discovery, specifically the gold standard recovery of complete genomes, as surveillance activities
do not require recovery of the entire genome to adequately detect known pathogenic threats.

Furthermore, extensive sequencing of zoonotic CoV taxa that have already emerged has
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provided abundant reference sequences for probe design geared towards genomic detection of
these known pathogenic threats.

Our results lead us to conclude that probe capture amounts to a trade-off; sensitivity
limitations mean that CoV sequence recovery may occur less frequently than with amplicon
sequencing, but when it does succeed, CoV sequences may be more extense and more diverse.
Likewise, probe panel designs may not be broadly inclusive enough to recover complete
genomes in all cases, but the sequencing depth required — and thus the cost per specimen — to
attempt recovery will be fractional compared to untargeted methods. Consequently, probe
capture is not a replacement for amplicon sequencing or deep metagenomic sequencing, but a
complementary method to both.

Based on these observations, we propose that the most effective CoV discovery and
surveillance programs will combine amplicon sequencing, probe capture, and deep metagenomic
sequencing. The simplicity, sensitivity, and affordability of amplicon sequencing makes it well-
suited for initial screening. This method also requires the least laboratory infrastructure, much of
which already exists in surveillance hotspots at facilities with extensive experience and
established track records of success. Screening by amplicon sequencing would enable direct
phylogenetic comparisons between specimens across consistent genomic loci and enable a
preliminary assessment of threat and novelty. This screening would also identify CoV-positive
specimens warranting further study, limiting the number of specimens to be transported to more
specialized laboratories with probe capture and deep sequencing capacity.

Probe capture on select CoV-positive specimens would be valuable for potentially
acquiring additional sequence information which could refine assessments of threat and novelty.
As new CoVs are characterized and probe panel designs are expanded, recovery of host range
and virulence factors by probe capture would steadily increase.

Finally, probe capture results would be used to identify interesting specimens warranting
the expense of deep metagenomic sequencing. It would also be used to triage specimens based
on the abundance and intactness of viral genomic material inferred from the probe capture
results. Deep sequencing would allow for the most extensive characterization and evaluation of
novel CoV genomes, especially for hypervariable host range and virulence factors like spike

gene. It would also provide novel sequences for updating probe panel designs. Deploying these
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methods in conjunction, with each used to its strength, would enable highly effective genomics-

based discovery and surveillance for bat CoVs.

DATA AVAILABILITY

The sequence data from this study is available at National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) as BioProject PRINA823716. The assembled
coronavirus genomes are available at GenBank with following accession numbers: ON313743
(CDAB0017RSV); ON313744 (CDAB0040RSV); ON313745 (CDAB0203R); ON313746
(CDABO0217R); ON313747 (CDAB0492R).
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686

687  Figure 1: Custom hybridization probe panel provided broadly inclusive coverage of known
688  bat coronavirus diversity in silico. Bat CoV sequences were obtained by downloading all

689  available alphacoronavirus, betacoronavirus, and unclassified coronaviridae and coronavirinae
690 sequences from GenBank on Oct 4, 2020 and searching for bat-related keywords in sequence
691  headers. A custom panel of 20,000 probes was designed to target these sequences using the

692  makeprobes module in the ProbeTools package. The ProbeTools capture and stats modules were
693  used to assess probe coverage of bat CoV reference sequences. A) Each bat CoV sequence is

694  represented as a dot plotted according to its probe coverage, i.e. the percentage of its nucleotide
695  positions covered by at least one probe in the custom panel. B) The same analysis was performed

696  on the subset of sequences representing full-length genomes (>25 kb in length).
697
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698  Table 1: Bat specimens and sequencing libraries analyzed in this study. Collaborators
699  Kumakamba et al. provided archived RNA previously extracted from 19 oral and rectal swabs
700 along with 6 archived oral and rectal swab specimens, which were newly extracted with Trizol
701  reagent upon receipt. Swabs had been collected in the Democratic Republic of the Congo
702  between 2015 and 2018. Kumakamba et al. (2021) generated partial sequences from the RNA-
703  dependent RNA polymerase gene using amplicon sequencing protocols by Quan et al. (2010)
704  and Watanabe et al. (2010), which were used to assign these specimens to four novel
705  phylogenetic groups of alpha- and betacoronaviruses.
Specimen ID Library ID Host Swab RNA extraction Phylogenetic
type method group
CDABO0017RSV CDABO017RSV-PRE  Micropteropus pusillus Rectal Previously-extracted W-Beta-2
CDABO0040R CDABO0040R-PRE Myonycteris sp. Rectal Previously-extracted W-Beta-2
CDABO0040RSV CDABO0040RSV-PRE Myonycteris sp. Rectal Previously-extracted W-Beta-2
CDABO305R CDABO305R-PRE Micropteropus pusillus Rectal Previously-extracted W-Beta-2
CDABO0146R CDABO0146R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO158R CDABO158R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO160R CDABO160R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO173R CDABO173R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO0174R CDABO0174R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO0203R CDABO0203R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO0212R CDABO0212R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO0217R CDABO0217R-PRE Eidolon helvum Rectal Previously-extracted W-Beta-3
CDABO113RSV CDABO113RSV-PRE  Hipposideros cf. ruber Rectal Previously-extracted W-Beta-4
CDABO0486R CDABO0486R-PRE Chaerephon sp. Rectal Previously-extracted Q-Alpha-4
CDABO0488R CDABO0488R-PRE Mops condylurus Rectal Previously-extracted Q-Alpha-4
CDABO0488R CDABO0488R-TRI Mops condylurus Rectal Trizol re-extraction Q-Alpha-4
CDABO0491R CDABO0491R-PRE Mops condylurus Rectal Previously-extracted Q-Alpha-4
CDABO0491R CDABO0491R-TRI Mops condylurus Rectal Trizol re-extraction Q-Alpha-4
CDABO0492R CDABO0492R-PRE Mops condylurus Rectal Previously-extracted Q-Alpha-4
CDABO0492R CDABO0492R-TRI Mops condylurus Rectal Trizol re-extraction Q-Alpha-4
CDAB04940 CDAB04940-TRI Mops condylurus Oral Trizol re-extraction Q-Alpha-4
CDABO0494R CDABO0494R-PRE Mops condylurus Rectal Previously-extracted Q-Alpha-4
CDABO0494R CDABO0494R-TRI Mops condylurus Rectal Trizol re-extraction Q-Alpha-4
CDABO04950 CDABO04950-PRE Mops condylurus Oral Previously-extracted Q-Alpha-4
CDABO0495R CDABO0495R-TRI Mops condylurus Rectal Trizol re-extraction Q-Alpha-4
706
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710  Figure 2: De novo assembly of probe captured libraries yielded more genome sequence

711  than standard amplicon sequencing methods for most specimens. Reads from probe captured
712 libraries were assembled de novo with coronaSPAdes, and coronavirus contigs were identified
713 by local alignment against a database of all coronaviridae sequences in GenBank. A) The size
714 distribution of contigs from all libraries is shown. Dots are coloured to indicate whether the

715  length of the contig exceeded partial RNA-dependent RNA polymerase (RdRP) gene amplicons
716  previously sequenced from these specimens. B) Total assembly size and assembly N50

717  distributions for all libraries. C) Each contig is represented as a dot plotted according to its

718  length. Assembly N50 sizes and total assembly sizes are indicated by the height of their bars.
719
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721

722 Figure 3: Coverage of reference sequences by probe captured libraries was used to assess
723  extent and location of recovery. Reference sequences were chosen for each previously

724 identified phylogenetic group (indicated in panel titles). Coverage of these reference sequences
725  was determined by mapping reads and aligning contigs from probe captured libraries. Dark grey
726  profiles show depth of read coverage along reference sequences. Blue shading indicates spans
727  where contigs aligned. The locations of spike and RNA-dependent RNA polymerase (RdRP)
728  genes are indicated in each reference sequence and shaded light grey. This figure shows the 6
729 libraries with the most extensive reference sequence coverage. Similar plots are provided as

730  Figures S1-S4 for all libraries where any coronavirus sequence was recovered.

731
732
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Figure 4: Probe captured libraries provided more extensive coverage of reference genomes
than standard amplicon sequencing protocols for most specimens. Reference sequences were
selected for the previously identified phylogenetic groups to which these specimens had been
assigned by Kumakamba et al. (2020). A) Coverage of these reference sequences was
determined by mapping reads and aligning contigs from probe captured libraries. Each library is
represented as a dot, and dots are coloured according to whether reference sequence coverage
exceeded the length of the partial RNA-dependent RNA polymerase (RdRP) gene sequence that
had been previously generated by amplicon sequencing. B) The number of reference sequence
positions covered by probe captured libraries was divided by the length of the partial RARP
amplicon sequences from these specimens. This provided the fold-difference in recovery

between probe capture and standard amplicon sequencing methods.
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749  Figure 5: Recovery of CoV genomic material was limited in vitro by method sensitivity. A)
750  Sensitivity was assessed by evaluating recovery of partial RNA-dependent RNA polymerase
751  (RdRp) gene regions that had been previously sequenced in these specimens by amplicon

752  sequencing. Probe coverage of partial RdRp sequences was assessed in silico to exclude

753  insufficient probe design as an alternate explanation for incomplete recovery of these targets. B)
754  Library input RNA from these specimens had low RNA concentrations and RNA integrity

755  numbers (RINs). The impact of these specimen characteristics on recovery by probe capture (as
756  measured by reference sequence coverage) was assessed using Spearman’s rank correlation (test
757  results stated in plots). An outlier was omitted from this analysis: RNA concentration for

758  specimen CDABO160R was recorded as 190 ng/ul, a value 4.7 SDs from the mean of the

759  distribution.
760
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763  Figure 6: In silico assessment of probe panel coverage for reference genomes. Reference
764  sequences were chosen for each previously identified phylogenetic group (indicated in panel
765 titles). Blue profiles show the number of probes covering each nucleotide position along the
766  reference sequence. Probe coverage, i.e. the percentage of nucleotide positions covered by at
767  least one probe, is stated in panel titles. Ambiguity nucleotides (Ns) are shaded in orange, and
768  these positions were excluded from the probe coverage calculations. The locations of spike and
769  RNA-dependent RNA polymerase (RdRP) genes are indicated in each reference sequence

770  (where available) and shaded grey.
771
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774  Figure 7: CoV genomic material was low abundance in swab specimens but effectively

775  enriched by probe capture. A) Reads from uncaptured, deep metagenomic sequenced libraries
776  were mapped to complete genomes recovered from these specimens to assess abundance of CoV
777  genomic material. On-target rate was calculated as the percentage of total reads mapping that
778  mapped to the CoV genome sequence. B) Reads from probe captured libraries were also mapped
779  to assess enrichment and removal of background material. Most libraries used for probe capture
780 (-PRE and -TRI) had insufficient volume remaining for deep metagenomic sequencing, so new

781  libraries were prepared (-DEEP) from the same specimens.
782
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784  Figure 8: Phylogenetic tree of translated spike gene sequences from alphacoronaviruses.

785  Spike sequences are coloured according to whether they were from study specimens (blue),
786  human CoVs (red), RefSeq (black), or GenBank (grey). Only the 25 closest-matching spike
787  sequences from GenBank were included, as determined by blastp bitscores. GenBank and

788  RefSeq accession numbers are provided in parentheses. The scale bar measures amino acid

789  substitutions per site.

32


https://doi.org/10.1101/2022.04.25.489472
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.25.489472; this version posted April 26, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

SARS coronavirus Tor2 (NC_004718)
Sarbecovirus sp. isolate YN2020G (OK017857)
BtRs-BetaCoV/YN2013 (KJ473816)
Sarbecovirus sp. isolate Anlong-103 (KY770858)
Sarbecovirus sp. isolate Anlong-112 (KY770859)
Betacoronavirus sp. RsYNOQ9 strain bat/Yunnan/RsYN09/2020 (MZ081382)
Severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1 (NC_045512)
Bat coronavirus BM48-31/BGR/2008 (NC_014470)
Bat Hp-betacoronavirus/Zhejiang2013 (NC_025217)
Murine hepatitis virus strain JHM (AC_000192)
Murine hepatitis virus strain MHV-A59 C12 mutant (NC_001846)
Murine hepatitis virus strain A59 (NC_048217)
Rat coronavirus Parker (NC_012936)
Bovine coronavirus isolate BCoV-ENT (NC_003045)
Human coronavirus OC43 strain ATCC VR-759 (NC_006213)
Rabbit coronavirus HKU14 (NC_017083)
Betacoronavirus HKU24 strain HKU24-R05005I (NC_026011)
Human coronavirus HKU1 (NC_006577)
— Tylonycteris bat coronavirus HKU4 (NC_009019)
Pipistrellus bat coronavirus HKU5 (NC_009020)
Middle East respiratory syndrome-related coronavirus isolate HCoV-EMC/2012 (NC_019843)
Betacoronavirus England 1 isolate H123990006 (NC_038294)
Betacoronavirus Erinaceus/VMC/DEU/2012 isolate ErinaceusCoV/2012-174/GER/2012 (NC_039207)
DA88817R§V
DABO0040RSV
Eidolon bat coronavirus/Kenya/KY24/2006 S (HQ728482)
DA38203R
DAB0217R
Bat coronavirus isolate CMR704-P12 (MG693168)

Bat coronavirus (NC_048212)
-{ﬁBat coronavirus HKU9-1 (EF065513)

Rousettus bat coronavirus HKU9 (NC_009021)

Rousettus bat coronavirus/Kenya/KY06/2006 S (HQ728483)

Rousettus bat coronavirus HKU9 isolate Rousettus spp/Jinghong/2009 (MG762674)
L—Bat coronavirus HKU9-4 (EF065516)

_IROUSEHUS bat coronavirus isolate GCCDC1 346 (KU762337)

Rousettus bat coronavirus GCCDC1 (MT350598)
Rousettus bat coronavirus isolate GCCDC1 356 (KU762338)
Rousettus bat coronavirus isolate GCCDC1 356 (NC_030886)
Bat coronavirus HKU9-2 (EF065514)
Bat coronavirus HKU9-5-2 (HM211099)
Bat coronavirus HKU9-10-2 (HM211101)

4Bat coronavirus HKU9-3 (EF065515)

Bat coronavirus HKU9-5-1 (HM211098)

Bat coronavirus HKU9-10-1 (HM211100)
Coronavirus BtRt-BetaCoV/GX2018 isolate MCL_19_Bat_606_2 (MT337386)
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790
791  Figure 9: Phylogenetic tree of translated spike gene sequences from betacoronaviruses.

792  Spike sequences are coloured according to whether they were from study specimens (blue),
793  human CoVs (red), RefSeq (black), or GenBank (grey). Only the 25 closest-matching spike
794  sequences from GenBank were included, as determined by blastp bitscores. GenBank and

795  RefSeq accession numbers are provided in parentheses. The scale bar measures amino acid

796  substitutions per site.
797
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Table 2: Alignments between translated spike sequences from study specimens and
phylogenetically proximate entries from GenBank and RefSeq. Alignments were conducted

with blastp. Reference sequence host and collection location were obtained from GenBank entry

summaries.
Reference
Reference Alignment
sequence Alignment Alignment
Reference sequence query
Specimen Specimen host GenBank identity positivity
sequence host collection coverage
accession (%) (%)
location (%)
number
CDABO0492R Mops condylurus HQ728486.1 Chaerephon sp. Kenya 100 71.2 80.1
Chaerephon Yunnan,
CDABO0492R Mops condylurus MZ081383.1 100 65.8 71.5
plicatus China
Micropteropus
CDABO017RSV HQ728482.1 Eidolon helvum Kenya 99 76.5 85.7
pusillus
Micropteropus
CDABO017RSV MG693168.1 Eidolon helvum Cameroon 99 63.7 77.7
pusillus
CDABO0040RSV Mpyonycteris sp. HQ728482.1 Eidolon helvum Kenya 99 75.9 84.7
CDABO0040RSV Mpyonycteris sp. MG693168.1 Eidolon helvum Cameroon 99 64.4 71.7
CDABO0203R Eidolon helvum HQ728482.1 Eidolon helvum Kenya 100 73.7 85.3
CDABO0203R Eidolon helvum MG693168.1 Eidolon helvum Cameroon 100 65.6 78.8
CDABO0217R Eidolon helvum HQ728482.1 Eidolon helvum Kenya 100 73.5 85.1
CDABO217R Eidolon helvum MG693168.1 Eidolon helvum Cameroon 100 65.2 79.0
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803  Table 3: Nucleotide alignments between novel spike genes from study specimens and
804  phylogenetically related sequences from GenBank and RefSeq. Alignments were conducted
805  with blastn. Discontinuous alignments are represented as multiple lines in the table, e.g.

806 CDABO217R vs MG693168.1.

Reference sequence

Alignment query coverage Alignment identity
Specimen GenBank accession
(%) (%)
number

CDAB0492R HQ728486.1 60 81.0
CDAB0492R MZ081383.1 18 71.5
CDABO0040RSV HQ728482.1 83 75.4
CDABO0203R HQ728482.1 78 75.5
CDABO0203R MG693168.1 45 76.6
CDABO0217R HQ728482.1 71 76.0
CDABO0217R MG693168.1 47 75.7
CDABO0217R MG693168.1 47 84.6
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