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In this territory-wide molecular epidemiology study of coronaviruses (CoVs) in Hong Kong involving 1,541
dead wild birds, three novel CoVs were identified in three different bird families (bulbul CoV HKU11 [BuCoV
HKU11], thrush CoV HKU12 [ThCoV HKU12], and munia CoV HKU13 [MuCoV HKU13]). Four complete
genomes of the three novel CoVs were sequenced. Their genomes (26,396 to 26,552 bases) represent the
smallest known CoV genomes. In phylogenetic trees constructed using chymotrypsin-like protease (3CLP"),
RNA-dependent RNA polymerase (Pol), helicase, spike, and nucleocapsid proteins, BuCoV HKU11, ThCoV
HKU12, and MuCoV HKU13 formed a cluster distantly related to infectious bronchitis virus and turkey CoV
(group 3a CoVs). For helicase, spike, and nucleocapsid, they were also clustered with a CoV recently discovered
in Asian leopard cats, for which the complete genome sequence was not available. The 3CL"™, Pol, helicase,
and nucleocapsid of the three CoVs possessed higher amino acid identities to those of group 3a CoVs than to
those of group 1 and group 2 CoVs. Unique genomic features distinguishing them from other group 3 CoVs
include a distinct transcription regulatory sequence and coding potential for small open reading frames. Based
on these results, we propose a novel CoV subgroup, group 3c, to describe this distinct subgroup of CoVs under
the group 3 CoVs. Avian CoVs are genetically more diverse than previously thought and may be closely related
to some newly identified mammalian CoVs. Further studies would be important to delineate whether the Asian
leopard cat CoV was a result of interspecies jumping from birds, a situation analogous to that of bat and civet

severe acute respiratory syndrome CoVs.

Coronaviruses (CoVs) are found in a wide variety of animals
in which they can cause respiratory, enteric, hepatic, and neu-
rological diseases of varying severity. Based on genotypic and
serological characterization, CoVs have been divided into
three distinct groups (3, 21, 50). As a result of the unique
mechanism of viral replication, CoVs have a high frequency of
recombination (21). Their tendency for recombination and
high mutation rates may allow them to adapt to new hosts and
ecological niches (17, 47).

The recent severe acute respiratory syndrome (SARS) epi-
demic, the discovery of SARS-CoV, and the identification of
SARS-CoV-like viruses from Himalayan palm civets and a
raccoon dog from wildlife markets in China have boosted in-
terest in the discovery of novel CoVs in both humans and
animals (5, 15, 29, 32, 35, 36, 45). For human CoVs (HCoVs),
a novel group 1 HCoV, HCoV-NL63, was reported indepen-
dently by two groups in 2004 (11, 40). In 2005, we also de-
scribed the discovery, complete genome sequence, clinical fea-
tures, and molecular epidemiology of another novel group 2
HCoV, HCoV-HKUI (23, 41, 42, 46). As for animal CoVs, we
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and others have described the discovery of SARS-CoV-like
viruses in horseshoe bats in Hong Kong Special Administrative
Region (HKSAR) and other provinces of China (22, 26).
Based on these findings, we conducted molecular surveillance
studies to examine the diversity of CoVs in bats of our locality,
as well as of the Guangdong province of southern China where
the SARS epidemic originated and wet markets and game food
restaurants serving bat dishes are commonly found. In these
studies, at least nine other novel CoVs were discovered, in-
cluding two novel subgroups of CoVs, groups 2c¢ and 2d (24, 33,
43, 48). Other groups have also conducted molecular surveil-
lance studies in bats and other animals, and additional novel
CoVs were discovered and complete genomes sequenced (4, 6,
7,8,9,12, 13, 14, 16, 20, 27, 28, 39, 49). Recently, beluga whale
CoV (SW1), a novel CoV most closely related to infectious
bronchitis virus (IBV), was discovered in a dead whale (30).
Birds are the reservoir of major emerging viruses, most no-
tably, avian influenza viruses (25). Due to their ability to fly
over long distances, birds have the potential to disseminate
these emerging viruses efficiently. As for CoVs, the number of
known CoVs in birds is relatively small in comparison to the
number in bats. Therefore, we hypothesized that previously
unrecognized CoVs may be present in birds. To test this hy-
pothesis, we carried out a territory-wide molecular epidemiol-
ogy study of CoVs in dead wild birds in HKSAR. In this study,
three previously undescribed CoVs (bulbul CoV HKUI11
[BuCoV HKU11], thrush CoV HKU12 [ThCoV HKU12], and
munia CoV HKU13 [MuCoV HKU13]), which form a unique
group of CoV distantly related to IBV, were discovered. In



addition, we sequenced two complete genomes of BuCoV
HKU11 and one complete genome each of ThCoV HKU12
and MuCoV HKUI13. Based on the results of the present
study, we propose a novel subgroup, group 3c, in the group 3
CoVs.

MATERIALS AND METHODS

Dead wild bird surveillance and sample collection. The Department of Agri-
culture, Fisheries, and Conservation (AFCD), HKSAR, provided access to sam-
ples collected from various locations in HKSAR over a 7-month period (De-
cember 2006 to June 2007) as part of the AFCD avian influenza surveillance
program on dead wild birds. Tracheal and cloacal swabs were collected from
these birds by the Tai Lung Veterinary Laboratory, AFCD, using procedures
described previously (10). A total of 1,548 samples from 1,541 dead wild birds of
77 different species in 32 families were tested.

RNA extraction. Viral RNA was extracted from the tracheal and cloacal swabs
by using an RNeasy Mini spin column (QIAgen, Hilden, Germany). The RNA
was eluted in 50 pl of RNase-free water and was used as the template for reverse
transcription-PCR (RT-PCR).

RT-PCR of the pol



910 WOO ET AL. J. VIROL.
TABLE 1. Bird species and associated CoVs in the present surveillance study
. . Lo No. of birds No. (%) of birds
Bird family name Scientific name Common name ) ) positive for CoV
tested
CoVs
Accipitridae 5 0 (0)
Alcedinidae 1 0(0)
Anatidae 1 0 (0)
Ardeidae 11 0(0)
Cacatuidae 5 0 (0)
Chloropseidae 1 0(0)
Columbidae 253 0 (0)
Corvidae 19 0(0)
Cuculidae 3 0 (0)
Emberizidae 4 0(0)
Estrildidae Lonchura atricapilla Chestnut munia 10 0(0)
Lonchura punctulata Scaly-breasted munia 35 1(2.9) MuCoV HKUI13
Lonchura striata White-rumped munia 82 1(1.2) MuCoV HKU13
Fringillidae 3 0(0)
Hirundinidae 1 0 (0)
Motacillidae 5 0(0)
Muscicapidae 30 0 (0)
Nectariniidae 6 0(0)
Passeridae 85 0 (0)
Phalacrocoracidae 1 0(0)
Phasianidae 4 0 (0)
Phylloscopidae 1 0(0)
Podicipedidae 1 0 (0)
Psittacidae 6 0(0)
Pycnonotidae Hemixos castanonotus Chestnut bulbul 19 0(0)
Pycnonotus jocosus Red-whiskered bulbul 178 5(2.8) BuCoV HKU11
Pycnonotus melanicterus Black-crested bulbul 1 0(0)
Pycnonotus sinensis Chinese bulbul 242 10 (4.1) BuCoV HKU11
Rallidae 7 0 (0)
Recurvirostridae 4 0(0)
Scolopacidae 1 0 (0)
Strigidae 1 0(0)
Sturnidae 15 0 (0)
Sylviidae 1 0(0)
Timaliidae 14 0 (0)
Turdidae Myiophonus caeruleus Blue whistling thrush 4 0(0)
Monticola solitarius Blue rock thrush 2 0(0)
Turdus cardis Japanese thrush 30 0 (0)
Turdus hortulorum Gray-backed thrush 221 3(1.4) ThCoV HKU12
Turdus obscurus Eyebrowed thrush 1 0 (0)
Turdus kessleri White-backed thrush 1 0(0)
Turdus merula Blackbird 16 1(6.3) ThCoV HKU12
Turdus pallidus Pale thrush 66 0(0)
Zoothera dauma Scaly thrush 22 0 (0)
Zosteropidae 122 0 (0)

HCoV-HKU1, bovine CoV, HCoV-OC43, mouse hepatitis vi-
rus [MHV], porcine hemagglutinating encephalomyelitis virus,
SARS-CoV, and bat SARS-CoV to 52 bases in IBV). Alter-
natively, the S in these genomes may be using other potential
imperfect TRS’s located closer to the corresponding AUG
(Table 3). In the genomes of BuCoV HKU11, ThCoV HKU12,
and MuCoV HKU13, one ORF (NS6) between M and N and
three ORFs (NS7a, -7b, and -7c) downstream from N, which
encode putative nonstructural proteins, were observed. Among
these four ORFs, only NS7b was preceded by a TRS. The
absence of a TRS preceding NS6 and the relatively high

(0.500) K,/K; ratio (the ratio between the number of nonsyn-
onymous substitutions per nonsynonymous site and the num-
ber of synonymous substitutions per synonymous site; an index
of the action of selective forces) of NS6 in BuCoV HKU11
(data not shown) implied that this ORF may not be expressed.

BLAST search revealed no amino acid similarities between
these four putative nonstructural proteins and other known pro-
teins, and no functional domain was identified by PFAM and
InterProScan. TMHMM and TMpred analyses showed one pu-
tative transmembrane domain in NS7b of BuCoV HKU11 (resi-
dues 42 to 64 by TMHMM and 41 to 62 by TMpred analysis),
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FIG. 1. Phylogenetic analysis of amino acid sequences of the 393-bp fragment (excluding primer sequences) of RNA-dependent RNA Pol
of CoVs identified from dead wild birds in the present study. The tree was constructed by the neighbor joining method using Kimura’s
two-parameter correction and bootstrap values calculated from 1,000 trees. The scale bar indicates the estimated number of substitutions
per 50 amino acids. The three novel CoVs identified in the present study are shown in bold. The four genomes completely sequenced are
highlighted in gray. HCoV-229E (NC_002645); PEDV, porcine epidemic diarrhea virus (NC_003436); TGEV, porcine transmissible
gastroenteritis virus (NC_002306); FIPV, feline infectious peritonitis virus (AY994055); PRCV, porcine respiratory CoV (DQ811787);
HCoV-NL63 (NC_005831); bat-CoV HKU2 (EF203064); bat-CoV HKU4 (NC_009019); bat-CoV HKUS5 (NC_009020); bat-CoV HKUG6
(DQ249224); bat-CoV HKU7 (DQ249226); bat-CoV HKUS8 (NC_010438); bat-CoV HKU9 (NC_009021) BtCoV 1A, bat CoV 1A
(NC_010437); BtCoV 1B, bat CoV 1B 1B (NC_010436); BtCoV/512/2005, bat CoV 512/2005 (NC_009657); HCoV-HKU1 (NC_006577);
HCoV-0C43 (NC_005147); MHV (NC_006852); BCoV, bovine CoV (NC_003045); SDAV, rat sialodacryoadenitis CoV (AF124990);
AntelopeCoV, sable antelope CoV (EF424621); GiCoV, giraffe CoV (EF424622); PHEV, porcine hemagglutinating encephalomyelitis virus
(NC_007732); SARS-CoV (NC_004718); bat-SARS-CoV HKU3 (NC_009694); 1BV (NC_001451); IBV-partridge, partridge CoV
(AY646283); IBV-peafowl, peafowl CoV (AY641576); TCoV (NC_010800); ALC, Asian leopard cat CoV Guangxi/F230/2006 (EF584908);
SW1 (NC_010646). BuCoV HKU11 (ChBu, chinese Bulbul, and RwBu, red-whiskered bulbul); ThCoV HKU12 (BITh, blackbird, and GbTh,

gray-backed thrush); MuCoV HKU13 (WrMu, white-rumped munia, and SbMu, scaly-breasted munia).

ThCoV HKU12 (residues 43 to 65 by TMHMM and 41 to 62 by
TMpred analysis), and MuCoV HKU13 (residues 43 to 65 by
TMHMM and 46 to 65 by TMpred analysis). TMHMM and
TMpred analyses showed two putative transmembrane domains
in NS7c of BuCoV HKU11 (residues 2 to 19 and 24 to 46 by
TMHMM and 1 to 17 and 31 to 47 by TMpred analysis), one
putative transmembrane domain in NS7¢ of ThCoV HKU12 (res-
idues 10 to 32 by TMHMM and 10 to 30 by TMpred analysis) and
two putative transmembrane domains in NS7c of MuCoV
HKUI13 (residues 2 to 19 and 29 to 48 by TMHMM and 1 to 19
and 31 to 47 by TMpred analysis). Each of the genomes of
BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 contains
a stem-loop II motif (s2m) (bases 26262 to 26304, 26175 to 26217,
and 26390 to 26432, respectively) as a conserved RNA element
downstream from N and upstream from the poly(A) tail, similar
to those in IBV, TCoV, bat SARS-CoV, and SARS-CoV, as well
as other in CoVs discovered in Asian leopard cats, graylag geese,
feral pigeons, and mallards but without complete genomes avail-
able (Fig. 3) (13, 20, 34).

Phylogenetic analyses. The phylogenetic trees constructed
using the amino acid sequences of the 3CLP™, Pol, helicase,
S, and N proteins of BuCoV HKU11, ThCoV HKU12, and
MuCoV HKU13 and other CoVs are shown in Fig. 4, and
the corresponding pairwise amino acid identities are shown
in Table 2. For all five gene products, BuCoV HKUI11,
ThCoV HKUI12, and MuCoV HKUI13 possessed higher
amino acid identities to each other than to any other known
CoVs with complete genomes available (Table 2). In all five
trees, BuCoV HKUI11, ThCoV HKU12, and MuCoV
HKU13 were clustered (Fig. 4). For the Hel, S, and N genes,
BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 were
also clustered with a CoV recently discovered in Asian leop-
ard cats (9) for which the sequences of these genes were
available (Fig. 4). There were 14.5 to 18%, 37.4 to 47%, and
25.1 to 29.3% base differences between the helicase, S, and
N genes of BuCoV HKU11, ThCoV HKU12, and MuCoV
HKU13 and that of the Asian leopard cat CoV. Notably, a
short fragment (184 bases) of pol in MuCoV HKU13 pos-
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TABLE 2. Comparison of genomic features and amino acid identities between BuCoV HKU11, ThCoV HKU12, and MuCoV
HKU13 and other CoVs*

CoV

Genome features

Pairwise amino acid identity (%)

BuCoV HKUI11

ThCoV HKU12

MuCoV HKU13

Size G+C
(bases) content  3cypro pol  Hel S N 3CLP®  Pol Hel S N 3CLP® Pol Hel S N

Group la

PEDV 28033  0.42 36.7 49.1 47.8 355 213 358 488 481 358 21.6 364 496 479 374 224

TGEV 28586  0.38 334 495 509 335 235 331 495 50.7 345 225 341 498 50.1 34.0 23.1

FIPV 29355 0.38 349 496 50.6 345 237 353 493 504 348 224 347 504 498 342 229
Group 1b

HCoV-229E 27317 0.38 33.8 488 49.7 414 190 342 488 488 40.8 214 345 496 49.7 405 203

HCoV-NL63 27553  0.34 356  49.0 495 365 212 346 492 493 36.0 223 357 496 493 369 21.6

Bat-CoV HKU2 27165  0.39 351 501 503 238 219 344 499 506 259 208 334 501 502 241 21.6

BtCoV 1A 28326  0.38 33.8 492 515 342 218 342 486 51.0 33.6 239 341 495 511 344 236

BtCoV 1B 28476 0.39 328 487 505 332 232 339 484 512 337 238 341 492 50.7 341 241

Bat-CoV HKUS 28773  0.42 328 494 49.1 344 214 331 493 488 350 192 328 49.6 49.1 349 209
Group 2a

HCoV-0C43 30738 0.37 381 513 483 209 220 381 513 478 239 192 375 521 493 248 21.0

BCoV 31028  0.37 385 514 484 248 217 384 513 479 22,6 194 378 523 494 254 208

PHEV 30480 037 385 514 483 255 219 384 513 478 243 207 378 521 493 252 19.6

AntelopeCoV 30995  0.37 385 515 484 250 217 384 514 479 256 194 378 524 494 257 208

GiCoV 30979 0.37 385 515 484 251 217 384 514 479 256 194 378 524 494 258 208

MHV 31357 042 37.0 515 47.6 255 237 383 513 475 252 228 362 528 49.1 249 242

HCoV-HKU1 29926 032 36.5 514 479 252 238 382 509 478 244 230 356 521 493 243 236
Group 2b

SARS-CoV 29751  0.41 351 514 515 258 237 351 510 505 266 234 351 512 519 263 236

Bat-SARS-CoV 29728  0.41 351 514 516 270 232 329 513 507 255 228 348 509 519 255 230

HKU3

Group 2c

Bat-CoV HKU4 30286  0.38 33.6 513 50.8 252 247 333 512 497 254 229 350 506 500 239 251

Bat-CoV HKUS 30488  0.43 33.6 503 50.8 258 230 32,6 503 495 256 236 350 503 50.0 229 244
Group 2d

Bat-CoV HKU9 29114  0.41 351 526 512 261 232 358 525 504 257 231 351 515 514 264 2238
Group 3a

1BV 27608  0.38 436 542 564 270 302 438 544 56.6 287 29.0 435 547 56.1 282 304

TCoV 27657  0.38 433 540 574 286 302 441 547 575 300 300 431 546 56.8 297 29.6
Group 3b

SW1 31686  0.39 403 523 528 262 314 390 528 528 247 306 371 525 528 259 30.1
Group 3c

BuCoV HKU11 26476  0.39 883 925 96.7 463 746 798 884 93.6 68.1 725

ThCoV HKU12 26396  0.38 883 925 96.7 463 746 80.5 869 93.1 481 754

MuCoV HKU13 26552  0.43 79.8 884 93.6 681 725 805 869 93.1 481 754

“ Comparison of genomic features of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 and other CoVs with complete genome sequences available and of
amino acid identities between the predicted 3CLP™, RNA-dependent RNA Pol, helicase (Hel), S, and N proteins of BuCoV HKU11, ThCoV HKU12, and MuCoV
HKU13 and the corresponding proteins of other CoVs. PEDV, porcine epidemic diarrhea virus; TGEV, porcine transmissible gastroenteritis virus; FIPV, feline
infectious peritonitis virus; BtCoV 1A, bat CoV 1A; BtCoV 1B, bat CoV 1B; BCoV, bovine CoV; AntelopeCoV, sable antelope CoV; GiCoV, giraffe CoV; PHEV,
porcine hemagglutinating encephalomyelitis virus.

sessed 92.5% nucleotide identity to a recently isolated CoV
from a parrot (14). However, no sequence from other re-
gions of the latter was available for further analysis. For
3CLP™, Pol, helicase, and N, BuCoV HKU11, ThCoV
HKU12, and MuCoV HKU13 possessed higher amino acid
identities to the homologous gene products in IBV and
TCoV than to those of group 1 and group 2 CoVs (Table 2).
Based both on phylogenetic tree analyses and amino acid
differences, we propose a novel subgroup, group 3c, under
the group 3 CoVs to describe this distinct subgroup of CoVs

which includes BuCoV HKU11, ThCoV HKU12, MuCoV
HKU13, and probably, the recently discovered CoV from
Asian leopard cats for which a complete genome sequence is
not available (9). Interestingly, the S proteins of BuCoV
HKU11, ThCoV HKU12, and MuCoV HKU13 possessed
higher amino acid identities to those of group 1 CoVs than
those of IBV and TCoV. This is analogous to a phenomenon
we recently described in a group 1 CoV, bat CoV HKU2, in
which S is not closely related to those of any known CoVs
(Fig. 4) (24).
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FIG. 2. Genome organizations of BuCoV HKU11, ThCoV HKU12, MuCoV HKU13, and representative CoVs from each group. Papain-like
proteases (PL1, PL2, and PL), 3CLP™, RNA-dependent RNA Pol, hemagglutinin esterase (HE), spike (S), envelope (E), membrane (M), and
nucleocapsid (N) are represented by gray boxes. Virus name abbreviations may be found in the Fig. 1 legend and the text.

DISCUSSION

In this territory-wide surveillance study of dead wild birds
for CoVs, we identified a novel putative subgroup, 3c, of
CoVs. BuCoV HKUI11, ThCoV HKU12, and MuCoV
HKU13 formed three distinct branches within this putative
subgroup 3c lineage in all five phylogenetic trees analyzed
(Fig. 4). Moreover, all 15 strains of BuCoV HKU11 were
found in bulbuls, the four strains of ThCoV HKU12 were
found in thrushes, and the two strains of MuCoV HKU13
were found in munias. These data support the idea that
BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13 are
three separate novel CoV species infecting three different
families of birds. As the three novel CoVs possess the same
genome organization and share the same putative TRS, we
speculate that they originated from the same ancestor,
which subsequently diverged to adapt to different hosts and
ecological niches. Based on phylogenetic tree analyses, the
three novel avian CoVs formed a unique cluster, most
closely related to but distinct from other group 3 CoVs.

These three novel avian CoVs were not cultivable using six
different cell lines and specific-pathogen-free embryonated
chicken eggs (data not shown). BuCoV HKU11, ThCoV
HKU12, and MuCoV HKU13 of this new proposed sub-
group possessed genomic features different from those of
other group 3 CoVs (Table 4). For the coding potential of
the genomes, IBV and TCoV but not SW1, BuCoV HKU11,
ThCoV HKU12, or MuCoV HKU13, possess NS3a and -3b
between S and E. IBV, TCoV, SWI1, and the three novel
putative subgroup 3c CoVs possess two, three, eight, and
one small ORF between M and N, respectively. BuCoV
HKU11, ThCoV HKU12, and MuCoV HKU13 but not IBV,
TCoV, or SW1 possess NS7a, -7b, and -7c downstream from
N. As for the TRS, the sequences for the TRS’s of IBV and
TCoV are CUUAACAA, that of SW1 is AAACA, and those
of BuCoV HKU11, ThCoV HKU12, and MuCoV HKU13
are ACACCA.

Group 3 CoVs are found in both birds and mammals and
probably contain at least three distinct lineages. Historically,



TABLE 3. Coding potential and putative transcription regulatory sequences of the genomes of BuCoV HKU11, ThCoV
HKU12, and MuCoV HKU13

Putative TRS

Start-end No. of No. of -
CoV ORF (nucleotide nucleotides  AMino Frame Nucleotide
position) acids position in TRS sequence(s) (distance in bases to AUG)
genome(s)
BuCoV HKU11 lab 607-19394 18,788 6,262 +1,+3 72 ACACCA(529)AUG
S 1937622867 3,492 1,163 +2 19230 or 19320

or 19368

group 1 and 2 CoVs were found in mammals and group 3 CoVs
were found in birds. Although puffinosis virus, a group 2a CoV,
had been found in birds, its passage in mouse brains had raised
the suspicion that it could be a contaminant of MHV (31).
Recently, SW1, with a genome most closely related to IBV, was
discovered from a whale (30). Interestingly, BuCoV HKUI11,
ThCoV HKU12, and MuCoV HKU13 were also clustered with
a CoV recently described in Asian leopard cats (9), for which
a complete genome sequence is not available, in phylogenetic
trees constructed using Hel, S, and N. This implied that this
lineage of CoVs may be present not only in birds but also in
some mammals. The clustering of IBV, TCoV, and IBV-like
viruses into one lineage, SW1 as a second lineage, and BuCoV

HKU11, ThCoV HKU12, MuCoV HKU13, and the Asian
leopard cat CoV as a third lineage implies that group 3 CoVs
probably contain at least three subgroups. Although the com-
plete genome sequence is not available for the Asian leopard
cat CoV, the same putative TRS for the ORFs available, the
presence of NS6 between M and N, and the presence of s2m
imply that it may possess a genome organization similar
to those of BuCoV HKU11, ThCoV HKU12, and MuCoV
HKU13 (Fig. 2 and 3). Moreover, the presence of s2m in the
Asian leopard cat CoV genome could also suggest that bat
SARS-CoV and SARS-CoV may well have acquired their
s2m’s by recombining with a group 3 mammalian CoV rather
than an avian CoV (38). Of note is that 13 of the 21 dead wild
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FIG. 4. Phylogenetic analyses of 3CLP™, RNA-dependent RNA Pol, helicase (Hel), S, and N proteins of BuCoV HKU11, ThCoV HKU12, and
MuCoV HKU13. The trees were constructed by using the neighbor joining method using Kimura’s two-parameter correction and bootstrap values
calculated from 1,000 trees. Three hundred eight, 958, 609, 1,735, and 592 amino acid positions in 3CLP™, Pol, helicase, S, and N, respectively, were
included in the analyses. The scale bar indicates the estimated number of substitutions per 10 amino acids. PEDV, porcine epidemic diarrhea virus;
TGEYV, porcine transmissible gastroenteritis virus; FIPV, feline infectious peritonitis virus; BtCoV 1A, bat CoV 1A; BtCoV 1B, bat CoV 1B;
BtCoV/512/2005, bat CoV 512/2005; BCoV, bovine CoV; AntelopeCoV, sable antelope CoV; GiCoV, giraffe CoV; IBV-partridge, partridge CoV;
IBV-peafowl, peafowl CoV; PHEV, porcine hemagglutinating encephalomyelitis virus; ALC, Asian leopard cat CoV Guangxi/F230/2006.

birds were collected in urban areas of HKSAR. It would be of
great importance to determine whether the Asian leopard cat
CoV was a result of interspecies jumping from birds, a situa-
tion analogous to that of bat SARS-CoV and civet SARS-CoV.
White-rumped Munias are commonly released or are found as
wild birds around human dwellings, and bulbuls and thrushes
are also resident birds found in most habitats in Hong Kong. If

group 3c CoV can really adapt to infect mammals such as
Asian leopard cats, a common wild mammal in southern
China, the mixing of such birds and mammals in wildlife mar-
kets may provide the correct environment for interspecies
jumping and could subsequently pose the risk of further ge-
netic changes toward adapting to the human host, as in the
case of SARS (44).

TABLE 4. Comparison of characteristics in the genomes of group 3a, group 3b, and group 3c CoVs

Group (CoV[s])

Coding potential

Small ORFs between

Small ORFs between M and N Small ORFs downstream

TRS sequence

S and E from N
3a (IBV, TCoV) NS3a, -3b NS5a, -5b (IBV), ORFx, NS5a, -5b (TCoV) CUUAACAA
3b (SW1) NS5a, -5b, -5¢, -6, -7, -8, -9, -10 AAACA
3c NS6 NS7a, -7b, -7¢ ACACCA

“ Newly discovered CoVs from geese, ducks, and pigeons contain small ORFs (orfx and orfy) downstream from N.



Similar to bats, birds also contain a wide diversity of CoVs.
Before the SARS epidemic in 2003, 19 (2 human, 13 mamma-
lian, and 4 avian) CoVs were known. After the SARS epi-
demic, two novel HCoVs, HCoV-NL63 and HCoV-HKUI1,
were discovered (11, 40, 42). In the most-recent 4 years, at least
10 previously unrecognized CoVs from bats have been de-
scribed in Hong Kong and mainland China (22, 23, 26, 33, 39,
43, 48). In addition to the generation of a large number of CoV
species, recombination has also resulted in different genotypes
in certain CoV species, most notably the three genotypes in
HCoV-HKUI (47). In the present study and others, a wide
diversity of CoVs are also observed in birds. The wide diversity
of CoVs in bats and birds is probably a result of both a higher
mutation rate of RNA viruses due to the infidelity of their Pols
and a higher chance of recombination due to their unique
replication mechanism. Further molecular epidemiological
studies in bats and birds of other countries, as well as in other
animals, and complete genome sequencing will shed more light
on the diversity of CoVs and their evolutionary histories.
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