























Novel Mammalian and Avian Deltacoronavirus

FIG 4 Phylogenetic analyses of 3CLP"™, RdRp, helicase (Hel), S, and N proteins of PorCoV HKU15, WECoV HKU16, SpCoV HKU17, MRCoV HKU18,
NHCoV HKU19, WiCoV HKU20, and CMCoV HKU?21. The trees were constructed by using the neighbor joining method using Kimura correction and
bootstrap values calculated from 1,000 trees. Two hundred ninety-five, 892, 590, 802, and 249 amino acid positions in 3CLP*®, RdRp, Hel, S, and N,
respectively, were included in the analyses. The trees were midpoint rooted. For 3CLP™ and S, the scale bar indicates the estimated number of substitutions
per 10 amino acids. For RARp and Hel, the scale bar indicates the estimated number of substitutions per 20 amino acids. For N, the scale bar indicates the
estimated number of substitutions per 5 amino acids. Viruses characterized in this study are in bold. Virus name abbreviations are the same as those in

the Fig. 1 legend.

least nine present in our locality, and complete genome se-
quences are available for eight, which includes SARSr-Rh-
BatCoV HKU3, Rh-BatCoV-HKU2, Miniopterus bat coronavi-
rus 1, Miniopterus bat coronavirus HKUS8, Scotophilus bat
coronavirus 512, Tylonycteris bat coronavirus HKU4, Pipistrel-
lus bat coronavirus HKUS5, and Rousettus bat coronavirus
HKU9 (4, 6, 25, 26, 43). Due to the similarities between bats
and birds, such as their abilities to fly and high species diversity,
we hypothesized that there should be previously unrecognized
CoVs in birds. In our previous study and the present one, we
demonstrated that there are at least nine CoVs, in addition to
IBV and its close relatives, in birds (49). Potentially novel CoVs
in Gammacoronavirus were also observed in another study, al-
though complete genome sequences are not available and
therefore detailed genomic and phylogenetic analysis are not
possible (35). The nine CoVs discovered in the present and
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previous studies were found in birds of nine different families,
showing host specificity. This phenomenon of host specificity
is similar to that observed in bats, in which different genera are
hosts of different CoVs (26, 45, 51, 52). We speculate that this
diversity and host specificity of bat and bird CoVs is due to the
large variety of species in bats and birds, giving rise to a large
variety of cell types and receptors for the different CoVs to
attach and replicate.

The presence of a huge diversity of bat CoVs in Alphacorona-
virus and Betacoronavirus but not Gammacoronavirus and
Deltacoronavirus and a huge diversity of bird CoVs in Gamma-
coronavirus and Deltacoronavirus but not Alphacoronavirus and
Betacoronavirus supports our model of CoV evolution, in which
bats are the gene source of Alphacoronavirus and Betacoronavirus
and birds the gene source of Gammacoronavirus and Deltacorona-
virus (Fig. 6) (52). It is not known whether the first CoVs occurred
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FIG 4 continued

in bats and jumped to birds or vice versa. In the bat CoV lineage,
the bat CoV jumped to another species of bat, giving rise to Al-
phacoronavirus and Betacoronavirus. These bat CoVs in turn
jumped to other bat species and other mammals, including hu-
mans, with each interspecies jumping evolving dichotomously. As
for the bird CoV lineage, the bird CoV jumped to another species
of bird, giving rise to Gammacoronavirus and Deltacoronavirus.
These bird CoVs in turn jumped to other bird species and occa-
sionally to some mammalian species, such as whale and pig, with
each interspecies jumping evolving dichotomously. Although
PorCoV HKU15 was closely related to a CoV previously found in
Asian leopard cats and Chinese ferret badgers, further experi-
ments are warranted to confirm whether these viruses really rep-
licate in the corresponding animals. Of note is that the estimation
of divergence time was based on a relaxed-clock assumption with
no recombination among the genomes. Since CoVs have a ten-
dency to recombine, the estimated divergence time gives only a
rough approximation of the actual divergence time. When more
complete genomes of CoVs in the four different genera at different
time points are available, such divergence time estimation can be
performed using multiple gene loci to achieve more accurate esti-
mation.
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Both avian and mammalian CoVs are members of Delta-
coronavirus, with similar genome characteristics and struc-
tures. In all the 10 members of Deltacoronavirus with complete
genome sequences available, all have a very small genome size,
from 25.421 (PorCoV HKUI15) to 26.674 (MRCoV HKU18)
kb, the smallest among all CoVs. Only one papain-like protease
domain is observed in the nsp3 gene of their genomes. As for
their gene contents, ORF NS6 was present between the M and N
genes, and one to four ORFs were also observed downstream to
the N gene. As for the TRSs, they all have the same putative TRS
of ACACCA and separation of the TRS from the AUG of the S
gene by a long stretch of nucleotides. Despite these similar
genome characteristics among members of Deltacoronavirus,
NHCoV HKU19 and WiCoV HKU20 possessed genomic fea-
tures distinct from the other members of Deltacoronavirus, in-
cluding the amino acids upstream of the putative cleavage sites
at the junction of nsp2/nsp3, nsp3/nsp4, and nsp4/nsp5. It is
also notable that NHCoV HKU19, WiCoV HKU20, and
CMCoV HKU21 occupied the first three branches in the phyloge-
netic trees constructed using 3CLP", Hel, RdRp, and N, indi-
cating that they could be more ancestral than the other mem-
bers. Furthermore, these three CoVs were found in large birds,
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Alphacoronavirus

Betacoronavirus

Gammacoronavirus

Deltacoronavirus

including black-crowned night heron, Eurasian wigeon, and
common moorhen, in contrast to BuCoV HKU11, ThCoV
HKU12, MunCoV HKU13, WECoV HKU16, SpCoV HKU17,
and MRCoV HKU18, which were found in small birds, includ-
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ing bulbuls, blackbird, gray-backed thrush, munias, Japanese
white-eye, Eurasian tree sparrow, and oriental magpie robin.
We speculate that the change in genome characteristics (e.g.,
acquisition of s2m) could have occurred during interspecies
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FIG 5 Estimation of the time to the most recent common ancestor for Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. The
time-scaled phylogeny was summarized from all MCMC phylogenies of the RARp gene data set analyzed under the relaxed-clock model with an uncorrelated
log-normal distribution in BEAST version 1.6.1. Viruses characterized in this study are in bold. The numbers indicate number of years ago. This is shown in the
scale bar. Virus name abbreviations are the same as those in the legends of Fig. 1.

jumping of the CoV within the large birds before the jump to  cently. It is possible that a deletion of 3" Ns7a and Ns7b had
the small birds. Interestingly, the fact that PorCoV HKU15and  occurred during interspecies jumping from birds to pigs, which
SpCoV HKU17 are the same species implies that interspecies is similar to the observation of interspecies jumping of SARS-
jumping from birds to pigs may have occurred relatively re- CoV from civets to humans, with the deletion of 29 bp in ORF
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FIG 6 A model of CoV evolution. CoVs in bats are the gene source of Alphacoronavirus and Betacoronavirus, and CoVs in birds are the gene source of
Gammacoronavirus and Deltacoronavirus.
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8 (25). As for the Asian leopard cat coronavirus, with only the
Hel, S, E, M, and N gene sequences available, the sequences of
these gene fragments differ from the corresponding ones in
PorCoV by less than 2.1% nucleotides or 1.7% amino acids,
including that for the S gene, which is responsible for receptor
binding. BEAST analysis showed that the CoV jumped from
birds to mammals around 523 years ago (Fig. 5). The mixing of
birds, pigs, and other mammals in domestic environments and
wildlife markets as well as their close contacts with humans
may provide the correct environment for interspecies jumping
and could subsequently pose risks of further genetic changes
for adapting to human host as in the case of SARS (5). More
extensive epidemiological studies in different varieties of mam-
malian species in other parts of the world for members of Del-
tacoronavirus would further improve our understanding on the
diversity of this genus as well as its evolutionary history.
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