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ABSTRACT Coronaviruses (CoVs) of bat origin have caused two pandemics in this
century. Severe acute respiratory syndrome (SARS)-CoV and Middle East respiratory
syndrome (MERS)-CoV both originated from bats, and it is highly likely that bat
coronaviruses will cause future outbreaks. Active surveillance is both urgent and
essential to predict and mitigate the emergence of these viruses in humans.
Next-generation sequencing (NGS) is currently the preferred methodology for vi-
rus discovery to ensure unbiased sequencing of bat CoVs, considering their high
genetic diversity. However, unbiased NGS is an expensive methodology and is
prone to missing low-abundance CoV sequences due to the high background level
of nonviral sequences present in surveillance field samples. Here, we employ a
capture-based NGS approach using baits targeting most of the CoV species. Using
this technology, we effectively reduced sequencing costs by increasing the sensitiv-
ity of detection. We discovered nine full genomes of bat CoVs in this study and re-
vealed great genetic diversity for eight of them.

IMPORTANCE Active surveillance is both urgent and essential to predict and miti-
gate the emergence of bat-origin CoV in humans and livestock. However, great ge-
netic diversity increases the chance of homologous recombination among CoVs. Per-
forming targeted PCR, a common practice for many surveillance studies, would not
reflect this diversity. NGS, on the other hand, is an expensive methodology and is
prone to missing low-abundance CoV sequences. Here, we employ a capture-based
NGS approach using baits targeting all CoVs. Our work demonstrates that tar-
geted, cost-effective, large-scale, genome-level surveillance of bat CoVs is now
highly feasible.

KEYWORDS bat, coronavirus, genome, enrichment, next-generation sequencing

Coronaviruses (CoVs) have the largest nonsegmented genomes among all RNA
viruses, reaching up to 30 kb in length. The large genomes enhance plasticity,

thereby allowing modification by mutations and recombination, which in turn leads to
greater genetic diversity and high chances of cross-species transmission (1, 2). The
major reason for this phenomenon may be the numerous subgenomic RNAs generated
during viral replication, which increase the chance of homologous recombination
among closely related genes from different lineages of CoVs or other viruses (3, 4). As
a result, CoV taxonomy is constantly changing. Currently, there are four genera (Alpha-,
Beta-, Gamma-, and Deltacoronavirus) consisting of 38 unique species in the CoV
subfamily Orthocoronavirinae, and the number is still increasing (5). Open reading frame
1b (ORF1b) is the gene used for classification, but viruses in the same species may show
great diversity in regions outside ORF1b, confounding the designation (6). Bat CoVs
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classed as the same species can differ significantly in terms of receptor usage or
virus-host interaction, as observed in bat severe acute respiratory syndrome (SARS)-
related CoVs (SARSr-CoVs) (7). This difference would not be reflected by performing
targeted PCR on short genomic fragments of ORF1b, currently a common practice for
many surveillance studies (8).

Over the past 20 years, two pandemics, SARS and Middle East respiratory syndrome
(MERS), have been attributed to CoVs (9, 10). The outbreak in 2018 of swine acute
diarrhea syndrome (SADS), another bat CoV, is a timely reminder that CoVs will
continue to emerge and cause new outbreaks in the future (11). All three disease
agents can be traced back to bats, animals known to harbor other deadly viruses,
including Ebola virus, Marburg virus, Nipah virus, and Hendra virus (12). Bat CoVs are
highly prevalent around the world and also show great genetic diversity, making up
almost 60% of all known Alpha- and Betacoronavirus species. It is generally believed
that some of these bat CoVs have the potential to spill over into humans and other
mammalian species, causing another SARS-like pandemic (13). While predicting the
potential spillover and emergence of a novel bat coronavirus is difficult, active surveil-
lance is a valuable monitoring mechanism. Surveillance programs have been designed
to aid viral discovery in wildlife reservoir hosts to mitigate infection and emergence in
the human population. These programs propose to use next-generation sequencing
(NGS) and other approaches to ensure unbiased evolutionary analysis of bat CoVs that
takes into consideration their high genetic diversity (14). In order to be effective, these
types of surveillance programs rely upon processing of samples in a high-throughput
manner and require the compilation of whole-genome sequences. Although NGS
enables unbiased pathogen discovery, implementation of this methodology for virus
surveillance is costly. Additionally, the inherent lack of sensitivity with an unbiased
approach increases the burden of data analysis and decreases the chance of detection
in field samples with low viral loads.

Strategies to improve the efficiency of NGS have been explored, including subtrac-
tion of host genetic material or enrichment of viral nucleic acid through positive
selection using a capture-based system, where the latter was proven more cost-
effective (15–17). Virus enrichment NGS has been successfully used for various viral
families, and the most common protocols rely on predesigned viral probes that share
more than 60% homology with the target virus sequence (15–17). In this study, we
utilized an enrichment NGS approach with predesigned probes targeting most of the
CoV species (18). Our aim was to strategically perform bat CoV surveillance in which
high-throughput sample processing for virus discovery would be balanced with cost
effectiveness. Ultimately, the aim is to determine the best strategy to mitigate potential
virus emergence in the future.

RESULTS
Enrichment NGS aids in the detection and characterization of diverse CoVs. In

surveillance studies, detection and characterization are fundamental requirements to
fully assess the risk that bat CoVs pose to humans. We aimed to address two main
issues encountered during surveillance studies. First, many samples are collected but
not all samples harbor viruses. Second, when viruses are detected, the high genetic
diversity of CoVs means that full-length genome sequencing is essential to fully
characterize viruses. In the context of CoV discovery, it is not time or cost-effective to
perform unbiased NGS on all samples. Most data generated from unbiased NGS can be
attributed to non-CoV-specific reads. To assess whether samples can be enriched to
allow sequencing of only CoV-specific reads, we utilized NGS in conjunction with viral
nucleic acid capture specifically targeting most of the known CoVs using a pool of 4,303
unique baits (18). These baits were designed from 90 representative CoV genomes, and
in silico analysis determined that these baits should target all known CoV species tested
here (Table S2 in the supplemental material).

A panel of 5 diverse CoVs (SARSr-CoV, MERS-CoV, porcine epidemic diarrhea virus
[PEDV], transmissible gastroenteritis coronavirus [TGEV], and mouse hepatitis virus
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[MHV]) were amplified in cell culture, and RNA was extracted from the supernatants.
Additionally, to test the robustness of the assay, RNA was extracted from 3 clinical
samples (oral swabs from humans infected with human CoV OC43 [HCoV-OC43],
HCoV-HKU1, and HCoV-NL63). NGS libraries were constructed and either directly se-
quenced or subjected to enrichment prior to sequencing. The 17 captured samples
were made into two pools (8 or 9 per pool) for sequencing. The total amount of data
obtained was variable across samples, but in swabs, unbiased NGS consistently pro-
duced more data (Fig. 1A). Within these data sets, the ratios of viral reads to total
number of reads increased by almost 100% for captured samples, in contrast to the
ratios of less than 1% for most of the unbiased NGS (Fig. 1B). The high ratio of viral to
total reads in conjunction with decreased data size reduces the sequencing cost and
data analysis burden. This methodology could thus greatly facilitate large-scale surveil-
lance studies.

FIG 1 Next-generation sequencing (NGS) using a coronavirus (CoV) enrichment approach. Five cultured viruses (SARSr-CoV, MERS-CoV, PEDV, TGEV, and MHV)
and three human clinical samples (HCoV-HKU1, HCoV-OC43, and HCoV-NL63) were used. (A) Amount of NGS data in megabytes (Mb). Data amounts were
compared between unbiased and enriched NGS. (B) Ratios of viral to total reads were determined by mapping reads to the respective reference genome using
CLC genomics. (C) CoV Circos plots. RNA extracted from cell culture supernatant or human oral swabs was subjected to NGS analysis. Circos plots, from outer
to inner circle: CoV genome length (bp), genome annotation, CoV bait positions, read depth from direct NGS (blue lines), and read depth from enrichment NGS
(red lines). Scale of read depth is shown as seven thin circular lines and ranges from 0 to 106. Sample details can be found in Table S2 in the supplemental
material.
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Once viral reads are detected in a sample, enrichment NGS can be retrospectively
complemented with unbiased NGS and/or additional Sanger sequencing to obtain
full-length genomes. The full-length genomes were obtained by NGS for the five
cultured viruses and with minimal further gap filling for HCoV-HKU1 (240 bp), HCoV-
NL63 (566 bp), and HCoV-OC43 (2,465 bp). The efficiency of CoV enrichment NGS was
closely related to the number of baits and cycle threshold (CT) value (Fig. 1C and
Table S2). Read depth and genome coverage were compared between unbiased NGS
and enrichment NGS. The read depth for SARS-related coronavirus (SARSr-CoV), MERS-
CoV, PEDV, and TGEV increased from 10- to 1,000-fold throughout the genome after
enrichment. The increase in read depth can be partially attributed to the high viral titers
in cultured samples. Sequencing of the full-length genome of green fluorescent
protein-labeled MHV (MHV-GFP) was successful, although the read depth was lower
than for unbiased NGS (Fig. 1C). An increase in read depth of at least 10-fold was
observed in HCoV-NL63 and HCoV-OC43 in regions where baits were present. Sequenc-
ing of the partial genome of HCoV-HKU1 was successful with enrichment NGS, but the
full-length genome was obtained with unbiased NGS (Fig. 1C). Taken together, these
data indicate that enrichment NGS not only decreases the amount of data requiring
analysis but can produce full-length genome coverage in both laboratory and clinical
samples.

Discovery of bat CoV genomes using capture-based NGS. The NGS pipeline was

assessed for CoV discovery in bat samples. Samples from representative bat CoV species
were selected based on RNA-dependent RNA polymerase (RdRp) sequence similarity to
that of reference genomes. Similar to the human swab samples (Fig. 1), more data were
obtained from unbiased NGS, but a higher ratio of viral to total reads was observed
after enrichment (Fig. 2A and B). An increase of at least 10-fold in read depth was
observed for BtMiCoV-1 (Miniopterus bat coronavirus 1), BtMiCoV-HKU8r (Miniopterus
bat coronavirus HKU8 related) (hereinafter, “r” denotes “related”), BtRhCoV-HKU2r (Rhi-
nolophus bat coronavirus HKU2 related), and BtPiCoV-HKU5r (Pipistrellus bat coronavirus
HKU5 related) in regions where baits were located (Fig. 2C). Although reads were
obtained for BtRaCoV-229Er (Human coronavirus 229E related; sampled from Rousettus
aegyptiacus bat) and BtScCoV-512r (Scotophilus bat coronavirus 512 related) after en-
richment, more virus-specific reads were obtained with unbiased NGS. Similarly, the
efficiency of unbiased NGS was poor on BtHpCoV-HKU10r (Bat coronavirus HKU10
related; sampled from Hipposideros pomona bat), BtHiCoV-CHB25 (related to Bat coro-
navirus HKU10; sampled from Hipposideros pomona bat), and BtTyCoV-HKU4r (Tylonyc-
teris bat coronavirus HKU4 related). In total, full-length genome coverage was obtained
for six of nine genomes without further gap filling. More than 75% genome coverage
was obtained for another 3 samples. Although complete genome coverage was ob-
tained mostly from unbiased NGS, targeted enrichment clearly identified the presence
of CoVs in bat samples. In a surveillance study, targeted enrichment is a valuable tool
to triage samples for further processing.

Diversity of bat CoV genomes. To assess the diversity of nine novel bat CoV

genomes, a phylogenetic tree was constructed using the conserved ORF1b protein as
a reference (Fig. 3A). The newly identified viruses were most closely related to BtPiCoV-
HKU5 (BtPiCoV-HKU5r), BtTyCoV-HKU4 (BtTyCoV-HKU4r), BtMiCoV-1 (BtMiCoV-1r),
BtRhCoV-HKU2 (BtRhCoV-HKU2r), BtRaCoV-229E (BtRaCoV-229Er), BtScCoV-512
(BtScCoV-512r), BtMiCoV-HKU8 (BtMiCoV-HKU8r), and BtHpCoV-HKU10 (BtHpCoV-
HKU10r and BtHiCoV-CHB25). In addition to the comparison with ORF1b at the protein
level, the genomes of the newly identified viruses were compared to their respective
reference genomes at the nucleotide level. The nucleotide sequence similarities were
97%, 96%, 96%, 89%, 85%, 91%, and 90% for BtPiCoV-HKU5r, BtTyCoV-HKU4r, BtMiCoV-
1r, BtRhCoV-HKU2r, BtRaCoV-229Er, BtScCoV-512r, and BtMiCoV-HKU8r, respectively.
The nucleotide sequence similarities of BtHpCoV-HKU10r and BtHiCoV-CHB25 to
BtHpCoV-HKU10 were 88% and 73%, respectively (Fig. 3B).
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The most divergent region of the genome was the region encoding the N terminus
of the spike protein, which is usually responsible for receptor binding. In this region,
seven of eight genomes showed less than 90% nucleotide identity, and five were below
40% nucleotide identity, suggesting these viruses may utilize a different receptor than
their reference viruses. The most divergent, BtMiCoV-HKU8r, shared less than 10%
sequence identity in this region. Another divergent region in the CoV genome is the
region encoding the C terminus of the product of the N gene and the 3= untranslated
region (UTR) of the accessory protein gene (Fig. 3B). CoV accessory proteins are
responsible for host response modulation and are highly variable among CoVs (1). The
diversity observed in the genomes of these newly identified viruses suggests that these
CoVs may be quite different in terms of receptor usage or virus-host interaction.

DISCUSSION

Zoonotic viruses have caused most of the emerging viral disease outbreaks in recent
years, and global virome surveillance programs were launched to evaluate the feasi-
bility of preemptively mitigating pandemic threats (14). Unbiased approaches like NGS
are powerful and effective, but at the same time, these methodologies are not
cost-effective for routine or large-scale surveillance. Based on past experience, we

FIG 2 Bat CoV genome discovery using enrichment NGS. Nine bat CoV-positive samples from previous viral surveillances were used. (A) NGS data sizes were
compared. (B) Ratios of viral to total reads were determined by mapping reads to the respective reference genome using CLC genomics. (C) CoV Circos plots,
from outer to inner circle: CoV genome length (nt), genome annotation, CoV bait positions, read depth from direct NGS (blue lines), and read depth from
enrichment NGS (red lines). Scale of read depth is shown as seven thin circular lines and ranges from 0 to 106. Sample details can be found in Table S2.
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expect bat CoVs to cause future outbreaks. The goal of this study was to develop an
efficient and cost-effective pipeline to identify and characterize bat CoVs in future
surveillance projects. Toward this end, we performed unbiased and targeted NGS on
known and unknown CoVs in both laboratory and field samples.

Full-length sequences were obtained for most of the 17 CoVs in this study using
unbiased NGS, but the depth of coverage differed between samples. There was an
expected correlation between the amount of virus in the sample, as measured by
quantitative PCR (qPCR), and the read depth obtained. PCR gap filling could be used to
obtain the full-length genomes. We then compared the results of unbiased NGS with

90

100

100

80
100

100

100

100

100

100

80

40

30

0

0

20

ORF1ab

BtTyCoV-HKU4r

BtPiCoV-HKU5r

BtMiCoV-1r

BtRaCoV-229Er 

BtMiCoV-HKU8r

BtScCoV-512r

BtHpCoV-HKU10r

Identity%

BtHiCoV-CHB25

S E M N

BtRhCoV-HKU2r 

JQ065048.1 Wigeon coronavirus HKU20

JQ065047.1 Night heron coronavirus HKU19

KJ473806.1 Myotis ricketti alphacoronavirus Sax-2011

BtHpCoV-HKU10-related

EF065509.1 Pipistrellus bat coronavirus HKU5

EU420139.1 Miniopterus bat coronavirus HKU8

KJ473807.1 Rhinolophus ferrumequinum alphacoronavirus HuB-2013

AF353511.1 Porcine epidemic diarrhea virus

AY274119.3 Severe acute respiratory syndrome-related coronavirus

BtTyCoV-HKU4-related

Bt-RhCoV-HKU2-related

KF294380.2 Lucheng Rn rat coronavirus

AY700211.1 Murine coronavirus

JQ065043.2 Coronavirus HKU15

BtRaCoV-229E-related

LC119077.1 Ferret coronavirus

BtMiCoV-HKU8-related

BtMiCoV-1-related

HM245925.1 Mink coronavirus 1

KU762338.1 Rousettus bat coronavirus GCCDC1

HCoV-NL63

PEDV

AY597011.2 Human coronavirus HKU1

SARSr-CoV

JQ989271.1 Bat coronavirus HKU10

EU111742.1 Beluga whale coronavirus SW1

AJ271965.2 Alphacoronavirus 1

EF203065.1 Rhinolophus bat coronavirus HKU2 (SADS)

TGEV

JX869059.2 Middle East respiratory syndrome-related coronavirus

KF430219.1 Bat coronavirus CDPHE15

KM349742.1 China Rattus coronavirus HKU24

BtScCoV-512-related

KY073745.1 NL63-related bat coronavirus strain BtKYNL63-9b

EF065505.1 Tylonycteris bat coronavirus HKU4

HCoV-HKU1

FJ376622.1 Munia coronavirus HKU13

HCoV-OC43

BtHiCoV-CHB25

MHV

KJ473809.1 Nyctalus velutinus alphacoronavirus SC-2013

MERS-CoV

EU420138.1 Miniopterus bat coronavirus 1

AY567487.2 Human coronavirus NL63

AF304460.1 Human coronavirus 229E

JQ065049.1 Common moorhen coronavirus HKU21

BtPiCoV-HKU5-related

KC545383.1 Hedgehog coronavirus 1

M95169.1 Avian coronavirus

DQ648858.1 Scotophilus bat coronavirus 512

JQ065044.1 White-eye coronavirus HKU16

AY585228.1 Betacoronavirus 1

EF065513.1 Rousettus bat coronavirus HKU9

FJ376619.2 Bulbul coronavirus HKU11

100

100

100

100

100

100

100

99

100

100

100

100

100

100

99

90

100

100

100

100

100

95

100

100

100

100

50

100

100

63

100

100

100

99.8

100

85

100

80

100

100

59

100

99

100

100

99

100

80

91

100

64

75

2.0

KF636752.1 Bat Hp-betacoronavirus Zhejiang2013

A B
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those of enrichment NGS. The CoV enrichment NGS approach with our custom bait
panel resulted in good performance in most of the samples tested, but the sequencing
cost was dramatically reduced. In our study, the approximate per-sample cost of HiSeq
NGS (2 Gb of data) was $100, while the cost of enrichment NGS in a 10-plex sample
format was approximately $60, including the hybridization and bait costs (detailed in
Table S3 in the supplemental material). The cost (influenced by data size) can be further
reduced by multiplexing more samples in one run. Based on the data obtained in this
study, we recommend multiplexing 48 samples per sequencing run.

The use of targeted NGS for virus discovery is not new (15–17, 19). Notably, Virocap
and VirCapSeq-VERT are two well-established platforms targeting viruses that infect
vertebrate hosts (15, 17). Due to the broad nature of these platforms, the libraries only
include a relatively small proportion of CoV baits. Furthermore, the included CoV baits
are biased toward pandemic viruses, such as SARS-CoV and MERS-CoV, for which more
sequence information is available in the NCBI database. The effectiveness of these baits
for capturing CoVs was only tested on SARS-CoV and MERS-CoV (15, 17). We specifically
designed our library to target major mammalian CoVs.

Like unbiased NGS, the depth of coverage obtained by enrichment NGS was
expectedly dependent on the quantity of viral RNA in the sample. Enrichment NGS
performed poorly on samples containing low viral titers. Minimal reads were obtained
for the genomes of BtTyCoV-HKU4r and BtHpCoV-HKU10r, and both samples had small
amounts of viral RNA (CT value of �30). The technical procedure of the capture is itself
a limitation of enrichment NGS (15, 18). Key steps in the hybridization protocol, such as
washes, could result in the loss of viral nucleic acid. While this loss is tolerable when the
viral titer is high, a low level of viral RNA may give a false-negative result. We observed
this situation with BtHpCoV-HKU10r. This virus was only detected by unbiased NGS.
Similar observations have been made in previous studies, where full-length genome
sequencing of human herpesvirus 1, West Nile virus, and MERS-CoV was achieved only
when high viral titers were present (15, 18). We could improve the capture efficiency in
two ways in the future: by using newly designed probes that bind better to their targets
or by changing the steps that affect binding. For example, 65°C is the preferred
temperature for Dynabeads, and thus, any step that affected the temperature would
cause loss of yield. We can create a constant work condition for this step in future, or
we can use different beads that require a less stringent environment. Above all,
although unbiased NGS is a better choice for these samples, large-scale bat surveillance
would benefit from the reduced cost of targeted enrichment. We suggest that direct
NGS and gap-filling PCR are good complements to enrichment NGS once a positive
sample has been identified.

While the CoV enrichment NGS successfully identified nine new CoVs, the CoV-
specific enrichment also has limitations. While other enrichment NGS approaches aim
to identify a broad range of known viruses across the virome (15–17), our pipeline was
designed to identify known and diverse CoVs. The most challenging region to sequence
was the spike gene, which has the lowest bait coverage across the genome. The
genome references used in bait design do not fully reflect the diversity in this region.
This is not unexpected, as this technology was not designed to detect completely novel
viruses (15–17). One solution is to constantly update the baits in the CoV library to
include sequence variations as they are reported (20).

Once CoVs have been identified in a sample, characterization of the full-length
genome is important. Genome recombination has been documented for human CoVs,
including OC43, NL63, HKU1, SARS-CoV, and MERS-CoV (2, 4). It has also been sug-
gested that recombination between the bat SARSr-CoV strains WIV16 and Rf1-related
generated a new strain, SARSr-Civet CoV SZ3, with a breakpoint at the NSP16/spike and
S2 gene region (7). Breakpoints at the NSP16/spike and S2 gene region and nucleo-
protein/accessory protein gene region can be found in most of the bat CoV species
analyzed, suggesting that recombination is rather common. Recombination in spike or
accessory proteins may generate a new virus capable of infecting via a different receptor or
lead to different virus-host interactions. Genome diversity has not been assessed for CoV
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species like BtRhCoV-HKU2r since they were first discovered (13, 21). We should be alert and
vigilant with the knowledge that bat CoVs are likely to cause another disease outbreak, not
only because of their prevalence but also because the high frequency of recombination
between viruses may lead to the generation of viruses with changes in virulence. BtMiCoV-
HKU8r is probably a new recombinant virus that may use a different receptor than the
reference virus, considering the low similarity in their spike genes. And yet, we know very
little about the functionality of their accessary proteins or the biological significance of this
diversity. We previously provided serological evidence that HKU8r-CoV had jumped over
from bats to camels and recombined with MERS-CoV, alerting other researchers that the
CoV species could be dangerous (22). Therefore, analysis of the short RNA-dependent RNA
polymerase region, used in most CoV surveillance studies, is not sufficient and genome-
level comparison is needed to monitor the risk of alterations in species tropism and
pathogenesis.

In conclusion, we have provided a cost-effective methodology for bat CoV surveil-
lance. The high genetic diversity observed in our newly sequenced samples suggests
further work is needed to characterize these bat CoVs prior to or in the early stages of
spillover to humans.

MATERIALS AND METHODS
Sample preparation. Control viruses were cultured for RNA extraction. Porcine epidemic diarrhea

virus (PEDV), transmissible gastroenteritis coronavirus (TGEV), MERS-CoV, SARSr-CoV, and mouse hepatitis
virus (MHV) samples were cultured in Vero, swine testis (ST), Huh7, Vero E6, and DBT cells, respectively.
All cells were maintained in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS) and incubated at 37°C with 5% CO2. Once cytopathic effect (CPE) was observed, 140 �l of
supernatant was collected for RNA extraction.

To analyze clinical samples, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 were extracted from human
oral swabs. RNA for BtMiCoV-1r, BtMiCoV-HKU8r, BtHpCoV-HKU10r, BtHpCoV-CHB25, BtScCoV-512r,
BtRaCoV-229Er, BtRhCoV-HKU2r, BtPiCoV-HKU5r, and BtTyCoV-HKU4r, which were collected during pre-
vious bat CoV surveillance projects, was extracted from bat rectal swabs (11, 23, 24). To process RNA,
560 �l of buffer AVL (Qiagen) was added to the tube containing 140 �l swab sample or culture
supernatant. Samples were vortexed for 15 s and then centrifuged at 12,000 � g for 10 min to obtain a
clear supernatant. Viral nucleic acid was extracted using the QIAamp viral RNA minikit (Qiagen) following
the manufacturer’s instructions.

qPCR. For quantitative PCR (qPCR) analysis, primers based on the CoV RdRp gene were used (Table S1
in the supplemental material). RNA was reverse transcribed using PrimeScript RT master mix (TaKaRa).
The 10-�l qPCR mixture contained 5 �l 2� SYBR premix Ex Taq II (TaKaRa), 0.4 �M each primer, and 1 �l
cDNA. Amplification was performed as follows: 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and
60°C for 30 s and an additional melt step.

Preparation of Illumina DNA libraries from RNA. Libraries for NGS were constructed from total
RNA using the TruSeq stranded mRNA library preparation kit for Illumina (Illumina) according to the
manufacturer’s instructions. Briefly, 8 �l of total RNA was added to first-strand synthesis buffer and
random primers before a 4-min incubation at 94°C to generate RNA fragments larger than 300
nucleotides (nt). Following first- and second-strand cDNA synthesis, double-stranded cDNA was purified
using Agencourt AMPure XP beads (Beckman Coulter Genomics) and eluted in 20 �l nuclease-free H2O.
To obtain a library size larger than 300 nt, the library was amplified by PCR using the following
conditions: initial denaturation at 98°C for 30 s, 10 cycles of denaturation for 10 s at 98°C, annealing for
30 s at 60°C, and extension for 30 s at 72°C, and then a final extension for 5 min at 72°C. Libraries were
purified using Agencourt AMPure XP beads (Beckman Coulter Genomics), eluted in 10 �l nuclease-free
H2O, visualized on a 1.5% agarose gel, and quantified using a Bioanalyzer high-sensitivity DNA assay
(Agilent). Once prepared, the libraries were divided in two. Half the library was sequenced directly to
obtain the unbiased reads, and half was enriched prior to NGS.

Enrichment of CoV sequences in libraries. Targeted CoV genome enrichment was achieved using
our customized biotinylated 120-mer xGen Lockdown baits (Integrated DNA Technologies) (18). Prior to
capture of viral sequences, 2 �l of xGen universal blocker-TS mixture (Integrated DNA Technologies),
matched according to the library index, was added to 20 �l of library DNA. To block binding of baits to
nonviral regions of library fragments, 0.5 �l of 5 �g Cot-1 DNA (Invitrogen) was added. Blocked libraries
were ethanol precipitated and resuspended in 2.5 �l of nuclease-free H2O, 3 �l NimbleGen hybridization
solution, and 7.5 �l NimbleGen 2� hybridization buffer (Roche). Following a 10-min incubation at room
temperature, resuspended libraries were denatured at 95°C for 10 min and cooled on ice before the
addition of the CoV bait pool. A total of 3 pmol of baits was added and hybridized to the libraries for 4
h at 65°C. To capture virus-specific library fragments, 100 �l of Dynabeads M-270 streptavidin magnetic
beads (Life Technologies) was added to the hybridization reaction mixture and the mixture was
incubated for a further 45 min at 65°C with shaking at 2,000 rpm on a ThermoMixer C shaker (Eppendorf).
Streptavidin beads were washed to remove unbound DNA, using the SeqCap EZ hybridization and wash
kit (Roche) according to the manufacturer’s instructions. A postcapture PCR amplification with P1 and P2
primers (Illumina) was performed using the following conditions: initial denaturation at 95°C for 2 min,
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20 cycles of denaturation for 20 s at 95°C, annealing for 20 s at 65°C, and extension for 15 s at 72°C, and
then a final extension step for 3 min at 72°C. The enriched library was purified using Agencourt AMPure
XP beads (Beckman Coulter Genomics) and eluted in 10 �l nuclease-free H2O, visualized on a 1.5%
agarose gel, and quantified using a Bioanalyzer high-sensitivity DNA assay (Agilent). All samples were
subjected to the same library preparation and enrichment.

Data analysis. Each unbiased NGS library was run on one HiSeq lane. The 17 enriched libraries were
made into two pools (8 or 9 per each) and run on HiSeq lanes. NGS reads were assembled into genomes
using the Galaxy platform (25). PCR and Sanger sequencing were used to fill the genome gaps. All
genomes were interrogated for ORFs using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). The
search parameters were set to ignore nested ORFs and filter out ORFs of less than 150 bp. The standard
genetic code and the “ATG only” rule were selected. Each ORF was identified and annotated through
BLASTN and BLASTX using the NCBI database. Read mapping or PCR resequencing was used to verify
novel ORFs. Read depth was assessed by mapping reads from direct or enriched NGS to their respective
genomes using CLC Genomics Workbench version 12.0 (Qiagen). Bait positions were calculated by
aligning baits to each genome by BLASTN. The ratio of viral reads to total reads was calculated for each
sample. The ORF1b sequences of 38 ICTV reference genomes and 17 CoV genomes from this study were
aligned by ClustalW (version 2.1). The phylogenetic tree was generated using the neighbor-joining
method in the maximum-composite-likelihood model in MEGA (version 7.0.18) with nucleotide substi-
tution type and 1,000 bootstrap iterations. The schematic diagrams of CoV genomes, including bait
positions and read depths of NGS, were prepared using Circos (version 0.69.8). Graphs displaying the data
size and viral read ratios were generated using Prism (GraphPad Prism 7).

Data availability. Viral genome data for new CoVs obtained from this study are available in GenBank
under accession numbers MN611517 to MN611525.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TABLE S1, XLSX file, 0.1 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 0.03 MB.
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ABSTRACT So far, dromedary camels are the only known animal reservoir for Mid-
dle East respiratory syndrome (MERS) coronavirus (MERS-CoV). Previous published se-
rological studies showed that sera of Bactrian camels were all negative for MERS-
CoV antibodies. However, a recent study revealed that direct inoculation of Bactrian
camels intranasally with MERS-CoV can lead to infection with abundant virus shed-
ding and seroconversion. In this study, we examined the presence of MERS-CoV anti-
bodies in Bactrian and hybrid camels in Dubai, the United Arab Emirates (where
dromedaries are also present), and Bactrian camels in Xinjiang, China (where drome-
daries are absent). For the 29 serum samples from Bactrian camels in Dubai tested
by the MERS-CoV spike (S) protein-based enzyme-linked immunosorbent assay (S-
ELISA) and neutralization antibody test, 14 (48%) and 12 (41%), respectively, were
positive for MERS-CoV antibodies. All the 12 serum samples that were positive with
the neutralization antibody test were also positive for the S-ELISA. For the 11 sera
from hybrid camels in Dubai tested with the S-ELISA and neutralization antibody
test, 6 (55%) and 9 (82%), respectively, were positive for MERS-CoV antibodies. All
the 6 serum samples that were positive for the S-ELISA were also positive with the
neutralization antibody test. There was a strong correlation between the antibody
levels detected by S-ELISA and neutralizing antibody titers, with a Spearman coeffi-
cient of 0.6262 (P � 0.0001; 95% confidence interval, 0.5062 to 0.7225). All 92 Bac-
trian camel serum samples from Xinjiang were negative for MERS-CoV antibodies
tested using both S-ELISA and the neutralization antibody test. Bactrian and hybrid
camels are potential sources of MERS-CoV infection.

IMPORTANCE Since its first appearance in 2012, Middle East respiratory syndrome
(MERS) has affected �25 countries, with �2,400 cases and an extremely high fatality
rate of �30%. The total number of mortalities due to MERS is already greater than
that due to severe acute respiratory syndrome. MERS coronavirus (MERS-CoV) has
been confirmed to be the etiological agent. So far, dromedaries are the only known
animal reservoir for MERS-CoV. Previously published serological studies showed that
sera of Bactrian camels were all negative for MERS-CoV antibodies. In this study, we
observed that 41% of the Bactrian camel sera and 55% of the hybrid camel sera
from Dubai (where dromedaries are also present), but none of the sera from Bac-
trian camels in Xinjiang (where dromedaries are absent), were positive for MERS-CoV
antibodies. Based on these results, we conclude that in addition to dromedaries,
Bactrian and hybrid camels are also potential sources of MERS-CoV infection.

KEYWORDS Bactrian camel, hybrid camel, MERS coronavirus, antibody
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Since its first appearance in 2012, Middle East respiratory syndrome (MERS) has
affected more than 25 countries in 4 continents, with more than 2,400 cases and an

extremely high fatality rate of more than 30%. The total number of mortalities due to
MERS is already greater than that due to severe acute respiratory syndrome. MERS
coronavirus (MERS-CoV), a betacoronavirus from subgenus Merbecovirus, has been
confirmed to be the etiological agent (1). Human dipeptidyl peptidase 4 was found to
be the cellular receptor for MERS-CoV (2). Subsequent detection of MERS-CoV and its
antibodies in dromedary, or one-humped, camels (Camelus dromedarius) in various
countries in the Middle East and North Africa have suggested that these animals are
probably the reservoir for MERS-CoV (3–5). Other betacoronaviruses in bats from the
subgenus Merbecovirus (e.g., Tylonycteris bat CoV HKU4, Pipistrellus bat CoV HKU5,
Hypsugo bat CoV HKU25), and hedgehogs were found to be closely related to MERS-
CoV (6–9).

In addition to the dromedaries, there are two additional surviving Old World camels,
the Bactrian, or two-humped, camels (Camelus bactrianus) and the wild Bactrian camels
(Camelus ferus), both inhabitants of Central Asia. Moreover, a dromedary and a Bactrian
camel can mate and result in a hybrid camel offspring. Previous published serological
studies showed that sera of Bactrian camels were all negative for MERS-CoV antibodies,
suggesting that Bactrian camels may not be a reservoir of MERS-CoV (Fig. 1) (10–14).
However, a recent study revealed that direct inoculation of Bactrian camels intranasally
with MERS-CoV can lead to infection with abundant virus shedding and seroconversion
(15). Therefore, we hypothesize that those Bactrian camels, and even the hybrid camels,
that reside in countries where there are dromedaries can be infected with MERS-CoV.
To test this hypothesis, we examined the presence of MERS-CoV antibodies in Bactrian
and hybrid camels in Dubai, the United Arab Emirates (where dromedaries are also
present), and Bactrian camels in Xinjiang, China (where dromedaries are absent), using
a MERS-CoV spike (S) protein-based enzyme-linked immunosorbent assay (ELISA) and
neutralization antibody test.

A total of 29 and 11 serum samples, respectively, were collected from 29 Bactrian
camels and 11 hybrid camels from a private collection in Dubai (April to May 2019)
(Table 1), and 92 serum samples were collected from Bactrian camels on a camel farm
in Xinjiang (November 2012) (16). Antibodies against the S protein of MERS-CoV were
tested using microplates precoated with purified (His)6-tagged recombinant receptor-
binding domain of S (RBD-S) of MERS-CoV and detected with 1:8,000 diluted horse-
radish peroxidase-conjugated goat anti-llama IgG (Life Technologies, Carlsbad, CA,
USA) conjugate (S-ELISA) (17). The cutoff of the ELISA was defined as three standard
deviations above the mean absorbance value of 10 dromedary serum samples that
tested negative with the neutralization antibody test. The neutralization antibody test
was performed by incubating serially diluted camel sera with 100 50% tissue culture
infective dose (TCID50) MERS-CoV for 2 hours before infecting the Vero cells for 1 hour.
The cytopathic effect (CPE) was observed for 5 days, and the sera were regarded as
positive for neutralizing antibody if no CPE was observed in the infected cells (18). All
tests were performed in triplicate.

For the 29 serum samples from Bactrian camels in Dubai tested with the S-ELISA and
neutralization antibody test, 14 (48%) and 12 (41%), respectively, were positive for
MERS-CoV antibodies (Fig. 2A and Table 1). All the 12 serum samples that were positive
with the neutralization antibody test were also positive for the S-ELISA. For the 11
serum samples from hybrid camels in Dubai tested with the S-ELISA and neutralization
antibody test, 6 (55%) and 9 (82%), respectively, were positive for MERS-CoV antibodies
(Fig. 2A and Table 1). All the 6 serum samples that were positive for the S-ELISA were
also positive with the neutralization antibody test. There was a strong correlation
between the antibody levels detected by S-ELISA and neutralizing antibody titers, with
a Spearman coefficient of 0.6262 (P � 0.0001; 95% confidence interval, 0.5062 to
0.7225) (Fig. 2B). All 92 Bactrian camel serum samples from Xinjiang were negative for
MERS-CoV antibodies tested with both S-ELISA and the neutralization antibody test
(Fig. 2A and Table 1).
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We showed that MERS-CoV antibodies were present in Bactrian and hybrid camels
from Dubai. When the reservoir of MERS-CoV was first discovered in dromedaries (3), it
was wondered whether Bactrian camels are also another possible source of the virus.
However, in all the studies that looked for MERS-CoV in both wild (China, n � 190;
Kazakhstan, n � 95; Mongolia, n � 200) and captive (the Netherlands, n � 2; Chile,
n � 2; Japan, n � 5; Germany, n � 16) Bactrian camels, it was found that none of the
Bactrian camels, as tested with neutralization antibody test, ELISA, immunofluorescence
assay, plaque reduction neutralization test, and/or protein microarray, had MERS-CoV
antibodies (10–14). However, the sera from all these studies were obtained from
Bactrian camels in geographical regions where there were no dromedaries that were
positive for MERS-CoV or its antibodies. Interestingly, in a recent study that investigated
the susceptibility of Bactrian camels to MERS-CoV, upon intranasal inoculation with 107

TCID50 of MERS-CoV, the Bactrian camels developed clinical signs of transient upper
respiratory tract infections, such as nasal discharge and coughing, with shedding of up
to 106.5 to 106.8 plaque forming units/ml of MERS-CoV from the upper respiratory tract
and development of neutralizing antibodies against MERS-CoV (15). This suggested that

FIG 1 Geographical distribution of dromedaries and Bactrians. Places with MERS-CoV-seropositive dromedaries (red camels) and MERS-CoV-seronegative
Bactrians (black camels) from previous studies are labeled.

TABLE 1 MERS-CoV neutralizing antibody titer of Bactrian and hybrid camel sera

Neutralizing
antibody titer

No. of samples (%) for:

Dubai Bactrian
camel (n � 29)

Dubai hybrid
camel (n � 11)

Xinjiang Bactrian
camel (n � 92)

�10 17 (58.6) 2 (18.2) 92 (100)
10 0 (0) 0 (0) 0 (0)
20 0 (0) 0 (0) 0 (0)
40 0 (0) 0 (0) 0 (0)
80 0 (0) 0 (0) 0 (0)
160 1 (3.4) 1 (9.1) 0 (0)
320 2 (6.9) 2 (18.2) 0 (0)
640 9 (31.1) 6 (54.5) 0 (0)
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FIG 2 (A) Scatter plot showing MERS-CoV antibody levels detected using S-ELISA in Bactrian and hybrid
camel sera from Dubai and Xinjiang. The test results were plotted as optical density at 450 nm (OD450)
values. The horizontal line indicates the cutoff value (0.557) for positive diagnosis. (B) Scatter plot
showing correlation between antibody levels detected using S-ELISA and neutralizing antibody titers of
Bactrian and hybrid camel sera for MERS-CoV.
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Bactrian camels can be susceptible to MERS-CoV infection and may actually be another
possible reservoir for MERS-CoV. In the present study, we showed that MERS-CoV
antibodies were present in 41% of the Bactrian camels and 55% of the hybrid camels
from a private collection in Dubai using two independent assays. These camels were
kept as hobby animals. They had occasional contacts with dromedaries from camel
farms that breed dromedaries for racing. MERS-CoV has been consistently detected in
these camel farms in the last few years, and the MERS-CoV seropositive rate increased
as the age of the dromedaries increased (17). The Bactrian camels were imported from
Kazakhstan more than 10 years ago, whereas the hybrid camels were the offspring of
mating between dromedaries and the Bactrian camels. Some of the hybrid camels were
sometimes used for camel racing and therefore had more frequent contacts with
dromedaries. It is likely that some of the Bactrian and hybrid camels might have
acquired the MERS-CoV during their contacts with dromedaries that were shedding the
virus, and the virus subsequently infected other Bactrian and hybrid camels in the
collection.

To prevent MERS in humans, it might be worthwhile to immunize Bactrian and
hybrid camels in addition to the dromedaries. So far, as determined from the results of
phylogenomic analyses, several clades of MERS-CoV are circulating in dromedaries.
Although it seems that the ultimate origin of MERS-CoV was from bats (6), there are still
significant differences between the genome sequences of these betacoronaviruses in
bats from the subgenus Merbecovirus and MERS-CoV, suggesting that interspecies
jumping from bats to camels may not be a very recent event, and hence the drome-
daries are probably the reservoir of MERS-CoV where the virus was transmitted to
humans. In the last few years, a number of MERS-CoV vaccines have been developed
for their potential use in dromedaries (19–23). In this study, our results indicated that
Bactrian and hybrid camels are also potential sources of MERS-CoV infection. Therefore,
Bactrian and hybrid camels, in addition to the dromedaries, should be immunized in
order to reduce the chance of transmitting the virus to humans.
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Abstract 25 

Recently a novel coronavirus (2019-nCoV) has emerged from Wuhan, China, 26 

causing symptoms in humans similar to those caused by SARS coronavirus (SARS-27 

CoV). Since SARS-CoV outbreak in 2002, extensive structural analyses have revealed 28 

key atomic-level interactions between SARS-CoV spike protein receptor-binding domain 29 

(RBD) and its host receptor angiotensin-converting enzyme 2 (ACE2), which regulate 30 

both the cross-species and human-to-human transmissions of SARS-CoV. Here we 31 

analyzed the potential receptor usage by 2019-nCoV, based on the rich knowledge about 32 

SARS-CoV and the newly released sequence of 2019-nCoV. First, the sequence of 2019-33 

nCoV RBD, including its receptor-binding motif (RBM) that directly contacts ACE2, is 34 

similar to that of SARS-CoV, strongly suggesting that 2019-nCoV uses ACE2 as its 35 

receptor. Second, several critical residues in 2019-nCoV RBM (particularly Gln493) 36 

provide favorable interactions with human ACE2, consistent with 2019-nCoV’s capacity 37 

for human cell infection. Third, several other critical residues in 2019-nCoV RBM 38 

(particularly Asn501) are compatible with, but not ideal for, binding human ACE2, 39 

suggesting that 2019-nCoV has acquired some capacity for human-to-human 40 

transmission. Last, while phylogenetic analysis indicates a bat origin of 2019-nCoV, 41 

2019-nCoV also potentially recognizes ACE2 from a diversity of animal species (except 42 

mice and rats), implicating these animal species as possible intermediate hosts or animal 43 

models for 2019-nCoV infections. These analyses provide insights into the receptor 44 

usage, cell entry, host cell infectivity and animal origin of 2019-nCoV, and may help 45 

epidemic surveillance and preventive measures against 2019-nCoV. 46 

47 
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Significance 48 

The recent emergence of Wuhan coronavirus (2019-nCoV) puts the world on 49 

alert. 2019-nCoV is reminiscent of the SARS-CoV outbreak in 2002-2003. Our decade-50 

long structural studies on the receptor recognition by SARS-CoV have identified key 51 

interactions between SARS-CoV spike protein and its host receptor angiotensin-52 

converting enzyme 2 (ACE2), which regulate both the cross-species and human-to-53 

human transmissions of SARS-CoV. One of the goals of SARS-CoV research was to 54 

build an atomic-level iterative framework of virus-receptor interactions to facilitate 55 

epidemic surveillance, predict species-specific receptor usage, and identify potential 56 

animal hosts and animal models of viruses. Based on the sequence of 2019-nCoV spike 57 

protein, we apply this predictive framework to provide novel insights into the receptor 58 

usage and likely host range of 2019-nCoV. This study provides a robust test of this 59 

reiterative framework, providing the basic, translational and public health research 60 

communities with predictive insights that may help study and battle this novel 2019-61 

nCoV.  62 

63 
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Introduction 64 

A novel coronavirus (2019-nCoV) from Wuhan, China has recently caused over 65 

500 confirmed cases of human infections and at least 17 deaths in China 66 

(https://www.cdc.gov/coronavirus/novel-coronavirus-2019.html). There are also 67 

numerous confirmed cases of 2019-nCoV infections in other countries including USA. 68 

Many of the symptoms caused by 2019-nCoV, such as acute respiratory syndrome, are 69 

similar to those caused by SARS coronavirus (SARS-CoV). SARS-CoV emerged in 70 

2002-2003 and transmitted among humans, causing over 8000 confirmed cases of human 71 

infections and about 800 deaths (1-4). It briefly re-emerged in 2003-2004, with 4 72 

confirmed cases of mild human infections and no human-to-human transmission (5-7). 73 

SARS-CoV has also been isolated from animals and been adapted to lab cell culture (5, 74 

8-11). It is believed that bats and palm civets were the natural and intermediate reservoirs 75 

for SARS-CoV, respectively, and that SARS-CV transmitted from palm civets to humans 76 

in an animal market in Southern China (12-14). It has been reported that 2019-nCoV also 77 

infected humans in an animal market in Wuhan, although the animal source of the 78 

outbreak is currently unknown. Moreover, it has been confirmed that 2019-nCoV has the 79 

capacity to transmit from human to human. 80 

Coronaviruses are a large family of single-stranded enveloped RNA viruses and 81 

can be divided into four major genera (15). Both SARS-CoV and 2019-nCoV belong to 82 

the -genus. An envelope-anchored spike protein mediates coronavirus entry into host 83 

cells by first binding to a host receptor and then fusing viral and host membranes (16). A 84 

defined receptor-binding domain (RBD) of SARS-CoV spike specifically recognizes its 85 
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host receptor angiotensin-converting enzyme 2 (ACE2) (17, 18). Different lines of 86 

research have shown that which host is susceptible to SARS-CoV infection is primarily 87 

determined by the affinity between the viral RBD and host ACE2 in the initial viral 88 

attachment step (19-23).  In a span of about 10 years, we determined a series of crystal 89 

structures of SARS-CoV RBD complexed with ACE2; the RBDs were from SARS-CoV 90 

strains isolated from different hosts species in different years and the ACE2 receptor 91 

orthologues were derived from different animal species (18, 24-26). These structures 92 

showed that SARS-CoV RBD contains a core structure and a receptor-binding motif 93 

(RBM), and that the RBM binds to the outer surface of the claw-like structure of ACE2 94 

(Fig. 1A) (25). Importantly, we identified two virus-binding hotspots on human ACE2 95 

(24, 26). A number of naturally selected RBM mutations occurred near these two virus-96 

binding hotspot and these residues largely determined the host range of SARS-CoV (Fig. 97 

1B, 1C). Furthermore, we discovered specific amino acids at 442, 472, 479, 480 and 487 98 

positions that enhance viral binding to human ACE2, and some other amino acids at these 99 

same positions that enhance viral binding to civet ACE2 (Fig. 1C). Importantly, when all 100 

human-ACE2-favoring residues were combined into one RBD, this RBD binds to human 101 

ACE2 with super affinity and the corresponding spike protein mediates viral entry into 102 

human cells with super efficiency (Fig. 1C) (26). An RBD with super affinity for civet 103 

ACE2 was also designed and empirically confirmed (Fig. 1C) (26). These gain-of-104 

function data provided strong supporting evidence for the accuracy of our structural 105 

predictions. A long-term goal of these earlier studies is to establish a structure-function 106 

predictive framework for improved epidemic surveillance. More specifically, we aim to 107 

predict the receptor usage and host cell infectivity of future SARS-CoV or SARS-like 108 
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viral strains and identify their possible animal origins and animal models, based on the 109 

sequences of their spike proteins and the known atomic structures of original SARS-CoV 110 

RBD/ACE2 complex. Here, based on the newly released sequence of 2019-nCoV RBD, 111 

we reiteratively apply this predictive framework to provide novel insights into the 112 

receptor usage and likely host range of 2019-nCoV. 113 

 114 

Results 115 

The 2019-nCoV spike phylogeny is firmly rooted among other -genus lineage b 116 

bat SARS-like coronaviruses (Fig. 2), but is ancestral to both human SARS-CoV 117 

(epidemic strain isolated in year 2002) and bat SARS-CoV strains that use ACE2 118 

receptor to enter and infect primary host lung cells (11, 17). The overall sequence 119 

similarities between 2019-nCoV spike and SARS-CoV spike (isolated from human, civet 120 

or bat) are around 76%-78% for the whole protein, around 73%-76% for the RBD, and 121 

50%-53% for the RBM (Fig. 3A, 3B). In comparison, human coronavirus MERS 122 

coronavirus (MERS-CoV) and bat MERS-like coronavirus HKU4 share lower sequence 123 

similarities in their spikes, RBDs or RBM (Fig. 3C), and yet they recognize the same 124 

receptor dipeptidyl peptidase 4 (DPP4) (27, 28). Thus, sequence similarities between 125 

2019-nCoV and SARS-CoV spikes suggest the possibility for them to share the same 126 

receptor ACE2. Importantly, compared to SARS-CoV RBM, 2019-nCoV RBM does not 127 

contain any deletion or insertion (except for a one-residue insertion on a loop away from 128 

the ACE2-binding region) (Fig. 3A), providing additional evidence that 2019-nCoV uses 129 

ACE2 as its receptor. Furthermore, among the 14 ACE2-contacting residues in the RBD, 130 

9 are fully conserved and 4 are partially conserved among 2019-nCoV and SARS-CoV 131 
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from human, civet and bat (Fig. 3A). A final piece of strong evidence supporting ACE2 132 

as the receptor for 2019-nCoV surrounds the five residues in 2019-nCoV RBM that 133 

underwent natural selections in SARS-CoV and played critical roles in the cross-species 134 

transmission of SARS-CoV (i.e., residue 442, 472, 479, 480, 487 in SARS-CoV RBD) 135 

(Fig. 1B). We discuss these residues in more details below. 136 

First, residue 493 in 2019-nCoV RBD (corresponding to residue 479 in SARS-137 

CoV) is a glutamine (Fig. 1B, 1D). A previously designed SARS-CoV RBD is optimal 138 

for binding to human ACE2 (Fig. 1B, 1C) (26). Residue 479 in SARS-CoV RBD is 139 

located near virus-binding hotspot Lys31 (i.e., hotspot-31) on human ACE2 (Fig. 1C). 140 

Hotspot-31 consists of a salt bridge between Lys31 and Glu35 buried in a hydrophobic 141 

environment. In civet SARS-CoV RBD (year 2002), residue 479 is a lysine, which 142 

imposes steric and electrostatic interference with hotspot-31. In human SARS-CoV RBD 143 

(year 2002), residue 479 becomes an asparagine. The K479N mutation removes the 144 

unfavorable interaction at the RBD/human ACE2 interface, enhances viral binding to 145 

human ACE2, and played a critical role in the civet-to-human transmission of SARS-146 

CoV (Fig. 1C) (24-26). Importantly, Gln493 in 2019-nCoV RBD is compatible with 147 

hotspot-31, suggesting that 2019-nCoV is capable of recognizing human ACE2 and 148 

infecting human cells. 149 

Second, residue 501 in 2019-nCoV RBD (corresponding to residue 487 in SARS-150 

CoV) is an asparagine (Fig. 1B, 1D). Based on our previous structural analysis, residue 151 

487 in SARS-CoV is located near virus-binding hotspot Lys353 (i.e., hotspot-353) on 152 

human ACE2 (Fig. 1C) (26). Hotspot-353 consists of a salt bridge between Lys353 and 153 

Asp38 also buried in a hydrophobic environment. In civet SARS-CoV RBD (year 2002), 154 
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 8 

residue 487 is a serine, which cannot provide favorable support for hotspot-353. In 155 

human SARS-CoV isolated in year 2002, residue 487 is a threonine, which strengthens 156 

the structural stability of hotspot-353. The S487T mutation adds the favorable interaction 157 

at the RBD/human ACE2 interface, enhances viral binding to human ACE2, and played a 158 

critical role in the human-to-human transmission of SARS-CoV (24-26). In human 159 

SARS-CoV isolated in year 2003, residue 487 is a serine and there was no human-to-160 

human transmission for this SARS-CoV strain. Asn501 in 2019-nCoV RBD provides 161 

more support to hotspot-353 than Ser487, but less than Thr487. This analysis suggests 162 

that 2019-nCoV recognizes human ACE2 less efficiently than human SARS-CoV (year 163 

2002), but more efficiently than human SARS-CoV (year 2003). Hence, at least when 164 

considering the ACE2-RBD interactions, 2019-nCoV has gained some capability to 165 

transmit from human and human. 166 

Third, residues 455, 486 and 494 are leucine, phenylalanine and serine in 2019-167 

nCoV RBD, respectively (corresponding to residues 442, 472 and 480 in SARS-CoV, 168 

respectively) (Fig. 1B, 1C, 1D). Based on our previous structural analysis, these three 169 

residues in SARS-CoV RBD play significant roles, albeit not as dramatic as residues 479 170 

and 487, in ACE2 binding (24-26). More specifically, Tyr442 of human and civet SARS-171 

CoV RBDs provides unfavorable interactions with hotspot-31 on human ACE2 (this 172 

residue has been mutated to Phe442 in the optimized RBD); Leu455 of 2019-nCoV RBD 173 

provides favorable interactions with hotspot-31, hence enhancing viral binding to human 174 

ACE2. Leu472 of human and civet SARS-CoV RBDs provides favorable support for 175 

hotspot-31 on human ACE2 through hydrophobic interactions with ACE2 residue Met82 176 

and several other hydrophobic residues (this residue has been mutated to Phe472 in the 177 
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 9 

optimized RBD); Phe486 of 2019-nCoV RBD provides even more support for hotspot-178 

31, hence also enhancing viral binding to human ACE2. Asp480 of human and civet 179 

SARS-CoV RBDs provides favorable support for hotspot-353 on human ACE2 through a 180 

neighboring tyrosine (this residue remains as an aspartate in the optimized RBD); Ser494 181 

in 2019-nCoV RBD still provides positive support for hotspot-353, but the support is not 182 

as favorable as provided by Asp480. Overall, Leu455, Phe486 and Ser494 of 2019-nCoV 183 

RBD support that 2019-nCoV recognizes human ACE2 and infects human cells. 184 

Last, having analyzed the interactions between 2019-nCoV RBD and human 185 

ACE2, how does 2019-nCoV RBD interact with putative ACE2 receptor orthologues 186 

from other animal species? Compared to human ACE2, both hotspot-31 and hotspot-353 187 

on civet ACE2 have changed significantly (Fig. 4A). Specifically, residue 31 of civet 188 

ACE2 becomes a threonine, which can no longer form a salt bridge with Glu35; residue 189 

38 of civet ACE2 becomes a glutamate, which forms a strong bifurcated salt bridge with 190 

Lys353 and no longer needs strong support from neighboring residues. A previously 191 

designed SARS-CoV RBD is optimal for binding to civet ACE2 (Fig. 1B, 4B) (26). In 192 

this designed RBD, Tyr442 forms a hydrogen bond with Thr31 of civet ACE2, and 193 

Arg479 forms a strong bifurcated salt bridge with Glu35 of civet ACE2. Moreover, in the 194 

designed RBD, Pro472 avoids unfavorable interactions with Thr82 of civet ACE2, and 195 

Gly480 does not provide unneeded support for hotspot-353. Furthermore, in the designed 196 

RBD, Thr487 provides limited but helpful support for hotspot-353. Here we constructed a 197 

structural model for the complex of 2019-nCoV RBD and civet ACE2 (Fig. 4C). Based 198 

on this model, Phe486 of 2019-nCoV RBD forms moderately unfavorable interaction 199 

with the polar side chain of Thr82 of civet ACE2, and Leu455 and Gln493 would lose 200 
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favorable interactions with civet ACE2 but they would be still compatible with civet 201 

ACE2. Thus, 2019-nCoV likely still uses civet ACE2 as its receptor, although it appears 202 

that 2019-nCoV RBD has not evolved adaptively for civet ACE2 binding. Moreover, 203 

2019-nCoV likely does not use mouse or rat ACE2 as its receptor because mouse or rat 204 

ACE2 contains a histidine at the 353 position, which does not fit into the virus/receptor 205 

interact as well as a lysine does (Fig. 3A). 2019-nCoV RBD likely recognizes ACE2 206 

from pigs, ferrets, cats, orangutans, monkeys and humans with similar efficiency, because 207 

these ACE2 molecules are identical or similar in the critical virus-binding residues. The 208 

situation involving bat ACE2 is complex because of the diversity of bat species (29). 209 

Based on the sequence of ACE2 from Rhinolophus sinicus bats (which can be recognized 210 

by bat SARS-CoV strain Rs3367), 2019-nCoV RBD likely also recognizes bat ACE2 as 211 

its receptor. Overall, 2019-nCoV likely recognizes ACE2 orthologues from a diversity of 212 

species, except for mouse and rat ACE2 (which should be poor receptors for 2019-213 

nCoV). 214 

 215 

Discussion 216 

Atomic level resolution of complex virus-receptor interactions provides new 217 

opportunities for predictive biology. In this instance, we used prior knowledge gleamed 218 

from multiple SARS-CoV strains (isolated from different hosts in different years) and 219 

ACE2 receptors (from different animal species) to model predictions for novel 2019-220 

nCoV. Our structural analyses confidently predict that 2019-nCoV uses ACE2 as its host 221 

receptor, consistent to two other new publications (30, 31). Compared to previously 222 

isolated SARS-CoV strains, 2019-nCoV likely uses human ACE2 less efficiently than 223 
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human SARS-CoV (year 2002), but more efficiently than human SARS-CoV (year 224 

2003). Because ACE2-binding affinity has been shown to be one of the most important 225 

determinants of SARS-CoV infectivity, 2019-nCoV has evolved the capability to infect 226 

humans and some capability to transmit among humans. Alarmingly, our data predict that 227 

a single N501T mutation (corresponding to the S487T mutation in SARS-CoV) may 228 

significantly enhance the binding affinity between 2019-nCoV RBD and human ACE2. 229 

Thus, 2019-nCoV evolution in patients should be closely monitored for the emergency of 230 

novel mutations at the 501 position (to a lesser extent, also the 494 position). 231 

What is the source of 2019-nCoV and did a key intermediate host play an 232 

important role in the current 2019-nCoV outbreak? Similar to SARS-CoV, 2019-nCoV 233 

most likely has originated from bats, given its close phylogenetic relationship with other 234 

-genus lineage b bat SARS-CoV (Fig. 2). Moreover, 2019-nCoV likely recognizes 235 

ACE2 from a diversity of animal species, including palm civets, as its receptor. In the 236 

case of SARS-CoV, some of its critical RBM residues were adapted to human ACE2, 237 

while some others were adapted to civet ACE2 (26); this type of partial viral adaptations 238 

to two host species promoted virus replication and cross-species transmission between 239 

the two host species. In the case of 2019-nCoV, however, there is no strong evidence for 240 

adaptive mutations in its critical RBM residues that specifically promote viral binding to 241 

civet ACE2. Hence, either palm civets were not intermediate hosts for 2019-nCoV, or 242 

they passed 2019-nCoV to humans quickly before 2019-nCoV had any chance to adapt to 243 

civet ACE2. Like SARS-CoV, 2019-nCoV will likely replicate inefficiently in mice and 244 

rats, ruling them out as intermediate hosts for 2019-nCoV. Moreover, we predict that 245 

either 2019-nCoV or laboratory mice and rats would need to be genetically engineered 246 
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before a robust mouse or rat model for 2019-nCoV would become available. Pigs, ferrets, 247 

cats and non-human primates contain largely favorable 2019-nCoV-contacting residues 248 

in their ACE2, and hence may serve as animal models or intermediate hosts for 2019-249 

nCoV. It is worth noting that SARS-CoV was isolated in wild palm civets near Wuhan in 250 

2005 (9), and its RBD had already been well adapted to civet ACE2 (except for residue 251 

487). Thus, bats and other wild animals in and near Wuhan should be screened for both 252 

SARS-CoV and 2019-nCoV. 253 

These above analyses are based on the modeling of 2019-nCoV RBD/ACE2 254 

interactions, heavily grounded in a series of atomic level structures of SARS-CoV 255 

isolated from different hosts in different years (18, 24-26). There are certainly other 256 

factors that affect the infectivity and pathogenesis of 2019-nCoV and will need to be 257 

investigated. Nevertheless, our decade-long structural studies on SARS-CoV have firmly 258 

shown that receptor recognition by SARS-CoV is one of the most important determinants 259 

of its cross-species transmission and human-to-human transmission, a conclusion that has 260 

been confirmed by different lines of research (13, 14). One of the long-term goals of our 261 

previous structural studies on SARS-CoV was to build an atomic-level iterative 262 

framework of virus-receptor interactions that facilitate epidemic surveillance, predict 263 

species-specific receptor usage, and identify potential animal hosts and likely animal 264 

models of human diseases. This study provides a robust test of this reiterative framework, 265 

providing the basic, translational and public health research communities with predictive 266 

insights that may help study and battle this novel 2019-nCoV. 267 

268 
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Materials and Methods 269 

Structural analysis. Software Coot was used for introducing mutations to structural 270 

models (32). Software PyMol was used for preparing structural figures (33). 271 

 272 

Phylogenetic analysis. Consensus radial phylograms were generated in Geneious Prime 273 

(v.2020.0.3), with the Jukes-Cantor genetic distance model, the Neighbor-Joining build 274 

method, and no outgroup, with 100 bootstrap replicates. Phylograms were rendered for 275 

publication in Adobe Illustrator CC 2020. 276 

 277 

Sequence alignment.  Protein sequence alignments were done using Clustal Omega (34). 278 

 279 

 280 

281 
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Figure legends: 431 

Figure 1: Structural analysis of human ACE2 recognition by 2019-nCoV and SARS-432 

CoV. (A) Overall structure of human SARS-CoV RBD (year 2002) complexed with 433 

human ACE2. PDB ID is 2AJF. ACE2 is in green, the core of RBD (receptor-binding 434 

domain) is in cyan, and RBM (receptor-binding motif) is in magenta. (B) Critical residue 435 

changes in the RBMs of SARS-CoV and 2019-nCoV. All these five residues in SARS-436 

CoV underwent natural selections and were shown to be critical for ACE2 recognition, 437 

cell entry, and host range of SARS-CoV. The residue numbers are shown as in SARS-438 

CoV RBD, with the corresponding residue numbers in 2019-nCoV shown in parentheses. 439 

For viral adaption to ACE2, > means “is more adapted” and = means “is similarly 440 

adapted”. (C) Experimentally determined structure of the interface between a designed 441 

SARS-CoV RBD (optimized for human ACE2 recognition) and human ACE2. PDB ID is 442 

3SCI. (D) Modeled structure of the interface between 2019-nCoV RBD and human 443 

ACE2. Here mutations were introduced to the RBD region in panel (C) based on 444 

sequence differences between SARS-CoV and 2019-nCoV. GenBank accession numbers 445 

are: MN908947.1 for 2019-nCoV Spike; NC_004718.3 for human SARS -CoV Spike 446 

(year 2002; strain Tor2); AGZ48818.1 for bat SARS-CoV Spike (year 2013; strain 447 

Rs3367); AY304486.1 for civet SARS-CoV spike (year 2002; SZ3); AY525636 for 448 

human/civet SARS-CoV spike (year 2003; strain GD03). References for the other 449 

sequences are: civet SARS-CoV spike (year 2005) (9);  human SARS-CoV spike (year 450 

2008) (8). 451 

 452 
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Figure 2. Spike phylogeny of representative -genus lineage b coronaviruses. The 453 

Spike protein sequences of selected -genus lineage b coronaviruses were aligned and 454 

phylogenetically compared. Sequences were aligned using free end gaps with the 455 

Blosum62 cost matrix in Geneious Prime. The tree was constructed using the neighbor-456 

joining method based on the multiple sequence alignment, also in Geneious Prime. 457 

Numbers following the underscores in each sequence correspond to the GenBank 458 

accession number. The radial phylogram was exported from Geneious and then rendered 459 

for publication using EvolView (evolgenius.info) and Adobe Illustrator CC 2020. 460 

 461 

Figure 3: Sequence comparison of 2019-nCoV and SARS-CoV. (A) Sequence 462 

alignment of SARS-CoV and 2019-nCoV RBDs. RBM residues are in magenta. The five 463 

critical residues in Fig. 1B are in blue. ACE2-contacting residues are shaded. Asterisks 464 

indicate positions that have a single, fully conserved residue. Colons indicate positions 465 

that have strongly conserved residues. Periods indicate positions that have weakly 466 

conserved residues. (B) Sequence similarities of SARS-CoV and 2019-nCoV in the spike 467 

protein, RBD and RBM, respectively. (C) Sequence similarities of MERS-CoV and 468 

HKU4 virus in the spike protein, RBD and RBM, respectively. GenBank accession 469 

numbers are: JX869059.2 for human MERS-CoV Spike; NC_009019.1 for bat HKU4-470 

CoV Spike. 471 

 472 

Figure 4: Structural analysis of animal ACE2 recognition by 2019-nCoV and SARS-473 

CoV. (A) Critical changes in virus-contacting residues of ACE2 from different host 474 

species. GenBank accession numbers for ACE2 are as follows: NM_001371415.1 475 
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(human), AAX63775.1 (civet), KC881004.1 (bat), NP_001123985.1 (mouse), AY881244  476 

(rat), NP_001116542.1 (pig), AB208708 (ferret), NM_001039456 (cat), Q5RFN1 477 

(orangutan), and AY996037 (monkey). (B) Experimentally determined structure of the 478 

interface between a designed SARS-CoV RBD (optimized for civet ACE2 recognition) 479 

and civet ACE2. PDB ID is 3SCK. (C) Modeled structure of the interface between 2019-480 

nCoV RBD and civet ACE2. Here mutations were introduced to the RBD region in panel 481 

(B) based on sequence differences between SARS-CoV and 2019-nCoV. 482 
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