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Abstract

Human coronavirus HKU1 (HCoV-HKU1) is a pathogen that causes acute respiratory tract infections in children and cir-
culates worldwide. To investigate the molecular characteristics and genetic diversity of HCoV-HKU1 in China, a molecular
epidemiological analysis based on complete genome sequences was performed. A total of 68 endemic-HCoV-positive samples
were identified from 1358 enrolled patients during 2018, including four HCoV-229E, nine HCoV-OC43, 24 HCoV-NL63,
and 31 HCoV-HKUT1. The detection rate of endemic HCoV's was 5.01% during 2018, while for HCoV-HKU1, it was 2.28%.
Eight complete genomic sequences of HCoV-HKU1 were obtained and compared to 41 reference genome sequences cor-
responding to genotypes A, B, and C, obtained from the GenBank databank. Of the eight HKU1 sequences, four belonged to
genotype A and four belonged to genotype B. No genotype C strains were detected in this study. For genotype A, 18 variations
in the S protein with respect to the reference sequence were present in more than 5% of the sequences, whereas for genotype
B, this number was 25. Most of the amino acid changes occurred in the S1 subunit. No amino acid substitutions were found
in the sites that are essential for interaction with neutralizing antibodies, while a 510T amino acid insertion was found in
almost one third of genotype B sequences. About 82-83, 85-89, and 88-89 predicted N-glycosylation sites and 7-13, 6-8,
and 9 predicted O-glycosylation sites were found among the sequences of genotype A, B, and C, respectively. Six conserved
O-glycosylation sites were present in all of the genotype A sequences. Only genotype A and B strains were detected after
2005. The S protein exhibited relatively high diversity, with most of the amino acid changes occurring in the S1 subunit.

Introduction

Human coronaviruses (HCoVs) are enveloped, non-seg-
mented, positive-sense single-stranded RNA viruses belong-
ing to the family Coronaviridae, and they are the largest
known RNA viruses, with a genome consisting of approxi-
mately 30,000 nucleotides with a single open reading frame
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(ORF) [4]. With the inclusion of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), seven pathogenic
HCoVs have been identified. The subfamily Orthocorona-
virinae is divided into four genera: Alpha-, Beta-, Gamma-,
and Deltacoronavirus, with HCoVs belonging to the gen-
era Alphacoronavirus (HCoV-229E and HCoV-NL63) and
Betacoronavirus (HCoV-OC43, HCoV-HKU1, SARS-CoV,
Middle East respiratory syndrome CoV [MERS-CoV] and
SARS-CoV-2).
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HCoV-229E, OC43, NL63, and HKU1 can infect the
human respiratory tract and usually cause mild or moder-
ate disease, but severe symptoms such as pneumonia are
sometimes also reported in children and adults with comor-
bidities [20]. SARS-CoV-1, MERS-CoV, and SARS-CoV-2
can cause severe acute respiratory infection (SARI) and are
emerging epidemic pathogens with significant morbidity,
mortality, and economic impact [2]. HCoV-HKU is asso-
ciated with acute respiratory tract infections (ARTI) and gas-
trointestinal disease, which are self-limiting. Fever, cough,
runny nose, wheeze, hypoxia, seizures, and diarrhoea are
the most common symptoms, while bronchiolitis, pneumo-
nia, and asthmatic exacerbation have also been reported [6].
Children tend to be more susceptible to HKU1 infection than
adults. The positive detection rate of HKUI in patients < 14
years old with ARTI is about 0.3% in Guangdong province
in China [25].

HCoV-HKUI1 was first discovered in adult pneumonia
patients in Hong Kong in 2005 [22]. The HCoV-HKU1
genome ranges in length from 29,295 to 30,097 nt. Like
those of other coronaviruses, the genome of HCoV-HKU1
has the characteristic gene order 5’-replicase ORFlab
(encoding the nonstructural polyproteins nspl to nspl6),
hemagglutinin esterase (HE), spike (S), envelope (E), mem-
brane (M), and nucleocapsid (N)-3’ [24]. The S glycopro-
tein consists of two subunits, S1 and S2. It mediates viral
entry by first binding the host receptor via the S1 subunit
and then fusing the viral and cellular membranes via the S2
subunit [14]. Based on phylogenetic analysis of the RNA-
dependent RNA polymerase (RdRp), S, and N genes, HKU1
isolates are separated into three genotypes, named A, B, and
C, with intergenotypic homologous recombination occurring
between their genomes [23].

Molecular characterization of the viral genome is impor-
tant for understanding the molecular epidemiology of HKU1
in China and obtaining data necessary for the prevention
and control of disease. However, there is a lack of genome
sequences of HCoV-HKUT strains. The present multicenter
study was performed to investigate the epidemiology and
genetic characteristics of HKU1 in mainland China during
2018.

Materials and methods
Sample collection and HKU1 detection

Respiratory samples were collected in 2018 from patients
hospitalized with community-acquired pneumonia (CAP)
in a multicenter study in China that involved five hospi-
tals from five provinces or municipalities (Beijing, Guang-
dong, Zhejiang, Guizhou, and Ningxia). The eligible
participants were under 18 years of age. Nasopharyngeal
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swab specimens were collected on admission and stored
at —80°C. Total DNA and RNA were extracted by using
a QIAamp MinElute Virus Spin Kit (QIAGEN, Hilden,
Germany). HCoV-229E, OC43, NL63, and HKU1 were
detected using a multiplex real-time PCR assay (Multiplex
Real-Time PCR Diagnostic Kit for Rapid Detection of 15
respiratory viruses; XABT, Beijing, China).

Sequence determination of HKU1 genomes

For HKUl1-positive samples, the complete genome
sequences were amplified in segments by overlapping
PCR, using a SuperScript™ III One-Step RT-PCR System
(Invitrogen, Carlsbad CA, USA, catalog no. 12574018).
All of the amplicons were pooled and then barcoded and
sequenced using next-generation sequencing platforms.
The primer pairs used for amplification and sequencing
are shown in Supplementary Table S1. These genome
sequences were submitted to the GenBank database with
the accession numbers ON128609-ON128616.

Genetic characterization and phylogenetic analysis

HKU1 genome sequences retrieved from the GenBank
database (Supplementary Table S2) were analyzed
together with the sequences from this study. MEGA soft-
ware (Version 6.06, Sudhir Kumar, Arizona State Univer-
sity, Tempe, AZ, USA) was used for multiple sequence
alignments, pairwise distance measurements, and phylo-
genetic analysis. Sequences were compared and genetic
diversity was analyzed using BioEdit software (Version
7.2.5). A phylogenetic tree was constructed by the neigh-
bor-joining method, using the Kimura 2-parameter model.
The reliability of phylogenetic inference was estimated
by the bootstrap method with 1000 replicates, with values
over 75% shown in the tree.

Glycosylation analysis

N-linked and O-linked amino acid glycosylation sites in
the S protein of HKU1 were predicted using the NetNGlyc
1.0 (https://services.healthtech.dtu.dk/service.php?NetNG
lyc-1.0) and NetOGlyc 4.0 (https://services.healthtech.dtu.
dk/service.php?NetOGlyc-4.0) server, respectively. The
sequence N-X-S/T (where X is not Pro) was defined as a
potential N-linked glycosylation site, and S andT residues
were identified as potential O-linked sugar acceptors. Only
sites with scores higher than 0.5 were considered likely to
be glycosylated.


https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0
https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0
https://services.healthtech.dtu.dk/service.php?NetOGlyc-4.0
https://services.healthtech.dtu.dk/service.php?NetOGlyc-4.0

Genetic characteristics of human coronavirus HKU1

2175

Results

Detection of HCoVs in nasopharyngeal swab
specimens

A total of 68 (5.01%, 68/1358) endemic-HCoV-positive
samples were identified from 1358 enrolled patients dur-
ing 2018. The number of samples containing HCoV-229E,
0C43, NL63, and HKU1 was 4 (0.29%), 9 (0.66%), 24
(1.76%), and 31 (2.28%), respectively. The ages of these
children ranged from 1 month to 9.5 years, with a median
age of 1 year. The male-to-female ratio was 2.09:1 (46
boys and 22 girls).

Other respiratory viruses were also detected in 46
(67.65%) HCoV-positive samples, including bocavirus
(HBoV) (17, 25.00%), enterovirus/rhinovirus (EV/HRV)
(12, 17.65%), human respiratory syncytial virus (HRSV)
(6, 8.82%), adenovirus (HAdV) (5, 7.35%), parainfluenza
virus type 3 (HPIV3) (5, 7.35%), and influenza virus type
A (Flu A) (3,4.41%).

For the patients infected with HKU1, the main clini-
cal manifestations were pneumonia, lobular pneumonia,
or bronchitis. The ages of these children ranged from 1
month to 6 years, with a median age of 11 months. The
male-to-female ratio was 1.58:1.

Phylogenetic analysis of complete genome and S,
RdRp, and N gene sequences

In total, eight complete genome sequences of HKU1 were
obtained in this study and submitted to the GenBank data-
base. Phylogenetic analysis was performed with reference
sequences retrieved from GenBank.

The phylogenetic tree based on complete genomic
sequences formed three clusters, corresponding to geno-
types A, B, and C, respectively. The mean genetic dis-
tances were 0.0029, 0.0030, and 0.0006 within genotype
A, genotype B, and genotype C, respectively (Fig. 1). The
mean genetic distances were 0.0477, 0.0367, and 0.0192
between genotype A and B, A and C, and B and C, respec-
tively. The pairwise nucleotide sequence identities were
97.1-99.9%, 98.5-99.9%, and 99.4-99.9% within genotype
A, B, and C, and 92.4-94.8%, 93.7-95.9%, and 97.8-98.1%
between genotypes A and B, A and C, B and C, respec-
tively. A comprehensive comparison of nucleotide and
predicted amino acid sequences based on each gene was
also performed (Supplementary Table S3). The sequences
of different protein-encoding regions were highly con-
served within each genotype. Between genotypes A and
B, A and C, the structural-protein-encoding genes HE,
S, and E exhibited much more diversity, while the other

gene regions were relatively conserved (Supplementary
Table S3).

Of the eight sequences determined in this study,
BCH18024, WZ17198, WZ17244, and GY 18102, collected
from Beijing, Zhejiang, and Guizhou, belonged to geno-
type A, while GZFE18139, GZFE18147, GZFE18183, and
GZFE18186 from Guangdong province belonged to geno-
type B. The four sequences of genotype A in this study were
clustered together, with a mean genetic distance of 0.0013,
while the mean genetic distance among the four genotype B
sequences was 0.0006. The sequences of genotype C were
all from Hong Kong, China, during 2003 and 2004. The
phylogenetic trees based on the RdRp gene, N gene, and S
gene stratified into two clusters; while the strains of geno-
type C clustered together with genotype B in the S and N
gene trees, together with genotype A in the RdRp gene tree
(Fig. 1). Separate phylogenetic trees based on the nsp, HE,
E, M, and N2 genes were also constructed (Supplementary
Fig. S1). Consistent with the dendrogram based on RdRp
gene sequences, most of the trees based on the nsp genes
showed that the genotype C isolates clustered together with
the genotype A isolates. However, the strains of genotype C
clustered together with genotype B in the trees based on the
M, HE, E, and N2 gene sequences, which is similar to the
results obtained with the S and N genes.

Variation in the deduced amino acid sequence
of the S protein

The coronavirus S glycoprotein is important for interaction
between the virus and the host cell. As a class I viral fusion
protein, the S protein is also an important target for vaccine
and neutralizing antibody development. The deduced S pro-
tein length of HKU1 genotype A, genotype B, and genotype
C was 1356, 1352/1353, and 1352 amino acids, respectively.
The S glycoprotein consists of two subunits S1 (aa 14-757)
and S2 (aa 901-1356), with S1 mediating receptor recogni-
tion and binding and S2 mediating membrane fusion and
virus entry. Compared with the reference sequence (HKU1
genotype A, GenBank accession number AY597011), 24
amino acid variations were detected in the S protein of the
genotype A isolates, excluding unique differences found in
individual sequences. Eighteen of these variations were pre-
sent in more than 5% of the sequences, 13 of which were
present in more than 10% of the sequences (Fig. 2). Most
of the amino acid changes occurred in the S1 subunit. Six
amino acid substitutions were detected in all four genotype
A sequences of this study when compared to the refer-
ence sequence (AY597011): L28K, S70A, V3871, K478N,
H513R, and V567A. The C-terminal domain (CTD) of the
HKU1 S1 subunit contains the receptor-binding domain
(RBD) and the epitopes for neutralizing antibodies. The
amino acids V509, L510, D511, H512, W515, and R517 are
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«Fig. 1 Phylogenetic dendrogram based on the complete genome
sequences (A), S (B), RdRp (C), and N (D) gene sequences of HCoV-
HKUI1 isolates from this study and reference sequences from Gen-
Bank. The topology was inferred using the neighbor-joining method,
using MEGA 7.0 software. Bootstrap values (percentage of 1000
pseudoreplicate datasets) over 75% are shown at the nodes of the
trees. The evolutionary distances were computed using the Kimura
2-parameter method. The scale bars represent substitutions per base
pair per indicated horizontal distance. Red filled circles indicate the
strains from this study, and strains colored in green are of genotype C.

known to be important for neutralizing antibody interactions,
but no amino acid substitutions were found at these sites.

The S proteins of genotypes B and C are almost identical.
In comparison with the reference sequence (AY884001), 25
amino acid variations were present in more than 5% of the
genotype B sequences, 19 of which were present in more
than 10% of the sequences. Like in genotype A, most of the
amino acid changes occurred in the S1 subunit. The amino
acid insertion 510T was found in almost one third of the
genotype B sequences (Fig. 2).

Predicted glycosylation sites in the S protein

The N-X-S/T sequons, where X is any amino acid except
proline, were identified as potential N-glycosylation sites.
About 82-83, 85-89, and 88-89 predicted N-glycosylation
sites were found among the sequences of genotype A, B, and
C, respectively. Eighty-three predicted N-glycosylation sites
were identified among these four sequences of genotype A in
this study. For the four genotype B sequences in this study,
86 predicted potential N-glycosylation sites were identified.

The S protein also contains a number of serine and thre-
onine residues, which are potential O-glycosylation sites.
About 7-13, 6-8, and 9 predicted O-glycosylation sites were
identified in the S proteins of genotype A, B, and C, respec-
tively. Six conserved O-glycosylation sites (aa 484, 487, 492,
761, 870, and 1246) were found in all of the sequences of
genotype A, while there was an extra conserved site (S751)
in all of the Chinese sequences. There were four conserved
O-glycosylation sites (484, 492, 529, and 759) in all of the
genotype B sequences, while two extra conserved site (527
and 760) were identified in all of the Chinese sequences
(G-scores: 0.5 to 0.8).

Discussion

HCoVs are important pathogens with global distribution that
cause human respiratory infections. Within the genus Beta-
coronavirus, interspecies transmission is a common phe-
nomenon, leading to the emergence of new pathogens [10,
15]. The characteristics of cross-species transmission and
rapid evolution have contributed to the emergence of new

HCoVs strains or variants, some of which cause severe dis-
ease in humans and place a tremendous burden on society,
such as SARS-CoV, MERS-CoV, and SARS-CoV-2 [3, 8,
11, 17]. The rapid and continuous evolution of SARS-CoV-2
has resulted in many variants with increased transmissibility
[12]. HKU1, which, like HCoV-OC43, SARS-CoV, MERS-
CoV, and SARS-CoV-2, belongs to the genus Betacoronavi-
rus, was first reported in Hong Kong in 2005 and then circu-
lated endemically [21]. Unlike SARS-CoV, MERS-CoV, and
SARS-CoV-2, HKU1-associated ARTI is usually mild and
self-limiting. HCoV-HKU1 is relatively conserved, without
novel genotypes or variants being reported. However, we
still need to pay attention to this virus, especially its genomic
characteristics and variations.

In this study, 1358 children hospitalized in China during
2018 with CAP were enrolled. Sixty-eight HCoV-positive
samples were identified, with a detection rate of 5.01%,
while the rates of HCoV-229E, OC43, NL63, and HKU1
were 0.29%, 0.66%, 1.76%, and 2.28%, respectively. These
results are roughly consistent with those of other studies
[16, 25].

Co-detection of HCoVs with other respiratory viruses is
frequent in children with ALRTI, with HBoV, HRSV, EV,
HPIV, and HAdV being the most frequently co-detected
viruses [16, 25, 29]. The clinical implications of such coin-
fections need further analysis of clinical data. It has been
reported that HRSV and HRV coinfection with HCoVs did
not exacerbate the disease presentation in patients [5, 7]. In
the present study, the most commonly co-detected viruses
from HCoV-positive samples were HBoV (25.00%), EV/
HRV (17.65%), HRSV (8.82%), HAAV (7.35%), and HPIV3
(7.35%). These results are roughly consistent with previ-
ously studies from around the world [5, 16, 25, 29].

There are three known genotypes of HCoV-HKU1 A, B,
and C, with genotype C having arisen from recombination
of genotypes A and B [23]. No new genotypes or recombina-
tion events were identified in this study. The results showed
that the gene sequences were conserved within the corre-
sponding genotypes. In contrast, in the case of HCoV-OC43,
novel genotypes arise continually by recombination, and 11
genotypes have been reported so far [26, 28]. SARS-CoV-2
is also evolving rapidly, and the Omicron variant has become
the dominant lineage, showing an incomparable transmis-
sion speed [27].

The S glycoprotein of HCoV-HKUTI is a class I viral
fusion protein that affects the tissue tropism, host range,
and virulence of the virus. The S glycoprotein contains two
subunits, S1 and S2, which, in the spike precursor, are sepa-
rated by a protease-sensitive amino acid sequence. The S1
subunit mediates receptor recognition and binding, while
the S2 subunit mediates membrane fusion and virus entry
[19] . The S protein is also an important target for vaccine
and neutralizing antibody development [13, 18]. Amino acid
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Fig.2 Summary of amino acid changes and frequencies in the S gene
of genotype A (n = 3), and B (n = 193) in comparison to reference
sequences. The earliest sequence of each genotype was used as a ref-

changes in the S protein can result in changes in virulence
or immune escape, and this brings challenges for virus pre-
vention and control as well as vaccine development. It is
therefore of great importance to monitor variations in the S
protein. Among the genotype A sequences, 18 amino acid
variations in the S protein were present in more than 5% of
the sequences, 13 of which were present in more than 10% of
the sequences. Among the genotype B sequences, 25 amino
acid variations in the S protein were present in more than 5%
of the sequences, 19 of which were present in more than 10%
of the sequences. Most of the amino acid changes occurred
in the S1 subunit, which contains the RBD, but no amino
acid substitutions were identified at V509, L510, D511,
H512, W515, or R517, which are important for neutralizing
antibody interactions in genotype A. Interestingly, an amino
acid insertion (510T) was found in almost one third of the
genotype B sequences. Further work is needed to investigate
the effect of this insertion on the virus.
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erence (A: AY597011; B: AY884001). Only changes with the fre-
quencies greater than 5% are shown.

N-linked glycans of the S protein play important roles in
virus recognition, binding, affinity, infectivity, antigenicity,
and immune evasion. Mutation of important N-glycosylation
sites can affect the stability of S protein, the sensitivity of
the virus to neutralizing antibodies, and the infectivity of
the virus [9]. In this study, about 82-83, 85-89, and 88-89
predicted N-glycosylation sites were identified in the S pro-
teins of genotype A, B, and C, respectively. The S protein
of HKUI has a high N-glycosylation density, with a small
amount of variation among the strains. In addition to the
N-glycosylation sites, many potential O-glycosylation sites
were also identified; however, their functions remain unclear.
Some of the predicted O-glycosylation sites located close to
N-glycosylation sites may have complementary functions
in immune shielding [1, 9]. In this study, 7-13, 6-8, and 9
predicted O-glycosylation sites were identified in the protein
S of genotype A, B, and C, respectively. In the S proteins
of genotype A, six conserved O-glycosylation sites were
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present in all of the sequences, while some were present in
specific strains from different regions or time periods.

In conclusion, this is a multicenter molecular epidemio-
logic study of HCoV-HKU1 in China during 2018. Only
genotypes A and B have been detected after 2005. The S
gene sequences were relatively conserved within each geno-
type, which formed defined clusters according to genotypes.
However, the S protein still exhibits relatively high diversity,
with most of the amino acid sequence variability in the S1
subunit. No amino acid substitutions were found in sites that
are essential for the neutralizing antibody interactions. No
new recombinant strains have been reported since 2005, in
contrast to HCoV-OC43, another betacoronavirus for which
new genotypes are generated frequently by recombination.
Continued surveillance and genome sequencing is needed to
monitor the genetic variation of coronaviruses.
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