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Human coronavirus OC43 (HCoV-OC43) causes acute, self-limited respiratory infections. A close
relationship between bovine coronaviruses (BCoVs) and HCoV-OC43 has recently been
demonstrated. This study includes seven clinical, non-cell culture-adapted, contemporary
HCoV-OC43 strains detected in France in 2003. By using RT-PCR and clonal sequencing of the
S1 gene of HCoV-OCA43, the inter-variant heterogeneity of the HCoV-OC43 circulating strains
was studied and the intra-variant diversity was assessed by investigation of a quasispecies cloud.
This paper brings to the forefront a high genetic diversity of circulating HCoV-OC43 variants.
Genetically different groups are defined among the variants described in this study. One of these
variants holds characteristics of an outlier and presents a deletion of 12 nt, also found in BCoV
strains. Moreover, the presence of HCoV-OC43 as a quasispecies cloud in vivo during an acute
respiratory-tract illness was discovered. It has also been revealed that quasispecies-cloud sizes are
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similar for the two viral populations tested.

Coronaviruses (CoVs) occupy an important position in
virology, being not only the cause of the severe acute
respiratory sundrome (SARS) outbreak — the first human
emergent infectious disease of the 21st century — but also a
significant pathogen involved in many worldwide respira-
tory-tract infections. CoVs have been found in many
mammalian and avian species, causing acute, chronic or
persistent infections. They are enveloped viruses with a
linear, non-segmented, positive-sense, single-stranded RNA
genome of 27-31 kb in length (Cavanagh, 1997). Among the
structural viral proteins, the spike (S) protein is cleaved into
two subunits, S1 and S2. This protein plays an important
role in the attachment of the virus to cell-surface receptors
and induces the fusion of viral and cellular membranes. It
could be implicated in the variation in host range and in the
determination of tropism. In view of the published data,
analysis of the S1 gene should be an optimal choice for
revealing genetic diversity of coronavirus variants
(Cavanagh, 1995; Gallagher & Buchmeier, 2001). Five
types of human coronavirus (HCoV) have been described
to date: HCoVs OC43, 229E, NL63, the recently described
HCoV-HKU1 and SARS-CoV. HCoVs are known to cause
acute respiratory infections and could be involved in enteric
and neurological disorders (Zhang et al., 1994; Arbour et al.,
2000). This study concerns HCoV-OC43 only. Vijgen et al.

The GenBank/EMBL/DDBJ accession numbers for the nucleotide
sequence data reported in this paper are DQ355400-DQ355408.

(2005a) submitted to GenBank (accession no. AY391777)
the complete genome sequence of the HCoV-OC43
prototype strain (ATCC VR-759) isolated in 1967. These
authors demonstrated a high rate of similarity with bovine
coronaviruses (BCoVs) and postulated that HCoV-OC43
and BCoVs diverged from each other around the 1890s
(Vijgen et al., 2005a). They were then able to demonstrate
the circulation of distinct HCoV-OC43 variants and
provided evidence for the genetic variability of HCoV-
OC43 strains (Vijgen et al., 2005b). During this period,
Jeong et al. (2005) analysed the S gene of some
contemporary BCoV strains in Korea and showed the
same genetic variability in BCoVs.

The current study includes seven clinical, non-cell culture-
adapted, contemporary HCoV-OC43 strains. Our aim has
been twofold. We first studied the inter-patient hetero-
geneity of the HCoV-OC43 circulating variants and then
assessed the intra-patient diversity by investigation of a
quasispecies cloud. The HCoV-OC43 S1 gene was amplified
directly from seven respiratory specimens by reverse
transcription followed by two rounds of 30-cycle PCR
using increased-fidelity polymerase (Expand High Fidelity
PCR system; Roche). The respiratory specimens were
collected in seven children, aged from 3 to 36 months and
admitted for upper or lower respiratory-tract illnesses to the
University Hospital of Caen in 2003. Hereafter, these
variants will be referred to as Caenll THS, Caenl4 BEL,
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Caenl5 VAL, Caenl7 EYM, Caen BUT, Caen21 VUO and
Caen VAC. Two of the variants — Caen BUT and Caen VAC
— were used for the study of intra-species heterogeneity.
Two laboratory strains propagated into human rectal
tumour-cell strains (HRT18) were used as control, one
being HCoV-OC43 ATCC number VR-759 (referred to as
Caen7 OC43 Labo) and the other a BCoV referred to as
Caen6 BCV. No information about space and time of
sampling was available for this strain. The outer and
inner primers used for the S1 gene amplification were
designed from the sequence published by Vijgen et al
(2005a) (GenBank accession no. AY391777) as follows:
0OC897 (nt 23235-23255), 5'-CAATGCCAGGCAGTCTG-
ATA-3'; OC4193 (nt 26505-26525), 5'-AGCAGTG-
GAGGCAACACTTT-3’; OCI1111 (nt 23449-23469),
5'-TACCCCTATGGCAGATGTCC-3'; and OC4000 (nt
26312-26332), 5'-CAGGGGAAAAATTGATGTCG-3'. The
second-round PCR generated an amplified product of
2883 bp, including the initiation codon ATG and the
proteolytic-cleavage site of the HCoV-OC43 S protein (nt
23449-26332). Amplified S1 gene products were cloned into
the PCR-XL-TOPO vector (Invitrogen). Inter-variant
diversity was evaluated by analysing one clone per
variant and laboratory strains used as control, whilst
intra-variant diversity was evaluated by analysing 19 and
20 clones of the Caen VAC and Caen BUT variants,
respectively. The DNA templates were sequenced on both
strands. The nucleotide sequence data reported in this paper
have been deposited in GenBank under accession numbers
DQ355400-DQ355408. To access inter-patient diversity, a
multiple nucleotide sequence alignment was prepared by
using the BioEdit software package (Hall, 1999) and
CLUSTAL X version 1.83 (Thompson et al, 1997). This
alignment included S gene sequence data of different HCoV-
OC43 and BCoVs available in GenBank: prototype BCoV
LY-138 (GenBank accession no. AF058942), BCoV L9
avirulent strain (M64667), BCoV Mebus (U00735) and
BCQ.3994 (AF339836); contemporary Korean BCoVs
KWDI1-4 (AY935637-AY935640); prototype HCoV-OC43
ATCC VR-759 (AY391777), HCoV-OC43 sequenced by
Kiinkel & Herrler (1993) (S62886) and contemporary
Belgium strains from 2003 and 2004 (BE03 and BE04)
described by Vijgen et al. (2005a) (AY903454—-AY903460).
CLUSTAL X version 1.83 was used to conduct phylogenetic
analyses. A neighbour-joining phylogenetic tree was con-
structed by using HCoV-HKU1 as an outgroup and
evaluated with 1000 bootstrap pseudoreplicates (Fig. 1).
Two phylogenetic clusters, containing HCoV-OC43 strains
and BCoVs, respectively, were determined. In the HCoV-
OC43 branch, three clusters may be identified. The first
cluster contains the laboratory-adapted cell-culture strains
(Caen7 Labo, OC43 Paris, ATCC VR-759 and GenBank
S62886). The second cluster contains two subgroups in
which both of the contemporary Belgium HCoV-OC43
strains (2003 and 2004) have been placed. Interestingly,
among our six 2003 HCoV-OC43 isolates found in this
branch, three cluster with the 2003 Belgium HCoV-OC43
isolates (Caenll THS, Caenl7 EYM and Caen2l VUO),
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Fig. 1. Neighbour-joining phylogenetic tree of the S1 gene
nucleotide sequence data of group 2 coronaviruses: prototype
BCoVs LY-138, L9 avirulent strain, Mebus and BCQ.3994;
laboratory BCoV strain Caen6é BCV; contemporary Korea
BCoVs KWD1-4; HCoV-OC43 ATCC-VR759 and Caen?7
OC43 Labo; contemporary Belgium strains from 2003 and
2004 (BEO3 and BEO04); and our seven variants (Caen15 VAL,
Caen11 THS, Caen17 EYM, Caen21 VUO, Caen14 BEL,
Caen VAC and Caen BUT). For Caen VAC and Caen BUT,
the consensus sequence obtained from the different clones stu-
died has been used. Bar, 0-05 substitutions per site.

whilst the three others (Caen VAC, Caen BUT and Caenl4
BEL) cluster with the 2004 Belgium isolates. A parsimony
tree has also been deduced by using a heuristic algorithm
with PAUP version 4.0b (Swofford, 2003) and shows nearly
the same distribution of BCoV and HCoV strains (tree not
shown). These results confirm the existence of several
genetically distinct HCoV-OC43 variants with different
possible temporal- and geographical-circulation patterns
and reveal that some HCoV-OC43 variants found in
Belgium in 2004 were already circulating in France 1 year
before, i.e. in 2003. The variant Caenl5 VAL holds
characteristics of an outlier and presents a deletion of
12 nt (nt 457-468), also found in all BCoV strains (results
not shown). This variant was sampled from a 19-month-old
child suffering from acute respiratory-tract illness without
presenting any distinctive clinical or epidemiological
features. In the BCoV branch, the cell culture-adapted
prototype strains and contemporary isolates were distrib-
uted into two clusters and several subclusters according to
the sampling date (from 1965 to 2003). Caen6 BCV also
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holds characteristics of an outlier. Unfortunately, no
sampling data were available for this strain used as a
control. In order to verify whether bovine-to-human
interspecies-transmission events have occurred and thereby
resulted in the circulation of new variants, it will be
necessary to compare more strains of BCoVs and HCoV-
OC43 sampled from the same area without any cell-culture
amplification. One of the features of the Belgium con-
temporary HCoV-OC43 strain was an amino acid change in
the last position of the proteolytic-cleavage site of the S
protein, resulting in a RRSRR motif identical to that of
BCoVs (Vijgen et al., 2005b). The amino acid sequence
RRSRR at the predicted cleavage site was identified in our
seven contemporary variants and in Caen6 BCV, whilst
Caen7 OC43 Labo contained the sequence RRSRG at the
predicted cleavage site of the S protein. Cleavage of the
coronavirus S protein into the subunits S1 and S2 was not
required for virus—cell fusion. Some coronaviruses produce
virions with up to 100 % cleaved S protein, whereas no
instance of cleaved S protein has been observed in others.
The extent of S cleavage depends on the type of coronavirus
and the type of host cell studied (Kiinkel & Herrler, 1993;
Cavanagh, 1995). It is not yet possible to say whether this
amino acid change at the proteolytic-cleavage site is related
to increased or decreased viral infectivity.

The nucleotide sequences of 19 and 20 clones derived from
Caen VAC and Caen BUT have also been studied. For
HCoV-OC43 Caen VAC, a total of 47 substitutions (45
transitions and two transversions), of which 31 were non-
silent and 16 silent, were found. Some substitutions were
recurrent or present within more than one clone. Two
substitutions were present within two clones (a C at nt 732
in VAC4 and -13; a G at nt 2560 in VAC13 and -14), whilst
two other substitutions were present within three clones (an
A atnt 706 in VAC7, -11 and -19; a C at nt 1030 in VACU3,
-8 and -10). The nucleotide sequence of three clones from
the 19 studied clones — VAC5, -10 and -18 — proved identical
and there was a total of 17 variants (Table 1). For HCoV-
OC43 Caen BUT, we found a total of 31 substitutions (30
transitions and one transversion), of which 18 were non-
silent and 13 silent. Two substitutions were present within
two clones (a C at nt 599 in BUT3 and -18; a C at nt 832 in
BUT9 and -11) and one was present within three clones (a C
at nt 639 in BUTS5, -6 and -15). The nucleotide sequences of
the four clones — BUT2, -13, -14 and -19 — on one side and
the two clones — BUT7 and -16 — on the other were identical,
and there was a total of 16 variants (Table 2). All of these
changes appeared to be distributed throughout the S1 gene;
no hot spots or clustering in the location of the mutations
were noticed. No in-frame stop codon was found in the
analysed clones. Therefore, for each Caen BUT and Caen
VAC variant, several clones were identical and could
represent a major form. However, most of the clones
represented minority or unique forms. Such a heteroge-
neous population structure containing phylogenetically
non-identical but related variants is commonly termed
quasispecies. This concept is nevertheless characterized by a

Table 1. Nucleotide variations observed in 19 clones of the Caen VAC variant

Only differences were scored. Dots indicate sequence identity.

Position

Clone

36 59 126 182 294 359 466 500 505 515 582 643 699 706 732 751 858 869 976 1028 1030 1254 1407 1440 1529 1607 1709 1957 1969 1973 2006 2087 2259 2261 2381 2382 2410 2525 2541 2560 2625

T A

A A G C T A T A A G T C

T

T

T

VAC5

VAC10

G

VAC18
VAC4

VAC13

VAC14

VAC7

C

VACI1

G

VAC19
VACU3
VACU8

VACU10
VACU4
VAC6

VACI12

VAC16
VAC17

VACU5
VACU7
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Table 2. Nucleotide variations observed in 20 clones of the Caen BUT variant

Only differences were scored. Dots indicate sequence identity.

Clone

Position

119 302 409 441 453 471 599 639 672 832 968 977 990 1016 1204 1465 1964 2007 2191 2300 2499 2503 2579 2580

BUT13

BUT14

BUT19 . . . . . .

BUT?7 . . . . C C

BUT16 . . . ... C C . .

BUT5 T . A . . . C

BUT6 . . . . . . . C

BUTI5 . . . . . . . C . .

BUT9 . c . . . . . . . C

BUT11 . . . . . . . . . C

BUT3 . . . . . . C

BUT18 . . . . . . C . .

BUT1 . . . . . . . .G . . .
BUT4 . . . . . . . . . . . C
BUTS . . . .

BUT12 . . . G

BUT17

BUT20 . . . . . . . . . . .
BUT24 . . . . . . . . . . C

Buo2 C€C T G A T T T T A T T A A T A G A T T C A T T T

dynamic evolution under selective pressure, such as the
immunological response, and is described mainly in chronic
or persistent infections (Domingo et al., 1996). Our patients
were sampled during the acute period of illness, a few days
after infection by HCoV-OC43, at a time when we might
assume that the viral population had not yet reached
equilibrium with the emergence of a major variant. The
description of viral quasispecies has often been based on
small amplicons (< 0-5 kb) (Smith et al., 1997). In our case,
we chose to analyse larger genomic segments to increase the
analytical power and reveal a greater complexity of viral
swarm. As a result, the direct sequencing of PCR products,
obtained by limiting dilution and commonly recommended
to address the issue of misincorporation and artefactual
sources of variation, was not possible (Smith et al., 1997;
Arias et al., 2001). The possibility that the sequence variation
was due to in vitro artefacts needs to be addressed.
Fortunately, some substitutions were present within more
than one clone and are likely to represent segregating
polymorphism veritably present within the viral population.
The recurrent detection of several mutations within the viral
populations constitutes a strong argument for the existence
of different variants within the viral population infecting
one patient. Our findings concur with the description of
quasispecies populations in acute infections due to Hepatitis
A virus, Hepatitis E virus and Dengue virus (Wang et al.,
2002; Sanchez et al., 2003; Grandadam et al., 2004). To date,
no other study has been carried out on acute HCoV-OC43
infection. Genetic diversity allows viral populations to

evolve in an ever-changing environment with selective
pressure and can have an important biological impact
(Vignuzzi et al., 2006). Some minority variants can infect
different organs, adapt to them and therefore persist. Our
results correspond with the observations of Arbour et al.
(2000), who have detected HCoV RNA in many human
brain specimens and considered this phenomenon as a
neuroinvasion by human respiratory coronaviruses. They
suggested that, given the fact that most human beings have
been in contact with coronaviruses as respiratory pathogens
during their childhood, the presence of HCoV RNA in brain
samples correlates with a persistent infection within the
central nervous system (Arbour et al., 2000).
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