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1143 Budapest, Hungary6; Environment and Biotechnology Centre, Faculty of Life and Social Sciences,
Swinburne University of Technology, Hawthorn, Victoria, Australia7; G. D’Alessandro Department of

Health Promotion Sciences, University of Palermo, Palermo, Italy8; Viral Diagnostic Service,
Fondazione IRCCS Policlinico San Matteo, Pavia, Italy9; and Laboratory of Virology,

ICDDR, B. Mohakhali, 1212 Dhaka, Bangladesh10

Received 25 October 2008/Accepted 9 January 2009

A limited number of human G6P[14] rotavirus strains that cause gastroenteritis in humans have been
isolated in Europe and Australia. The complete genome sequences were determined for five of these human
strains—B10925-97 (isolated in Belgium in 1997), 111/05-27 (Italy, 2005), PA169 (Italy, 1987), MG6 (Australia,
1993), and Hun5 (Hungary, 1997)—and their genetic relatedness to animal rotavirus strains was evaluated by
sequencing the complete genome of the sheep rotavirus OVR762 (G8P[14]; Spain, 2002), the guanaco (Lama
guanicoe) rotavirus strains Arg/Chubut/99 and Arg/Río Negro/98 (G8P[14] and G8P[1], respectively; Argen-
tina, 1999 and 1998), the sable antelope strain RC-18/08 (G6P[14]; South Africa, 2008), and the bovine
rotavirus strain Arg/B383/98 (G15P[11]; Argentina, 1998). These analyses revealed an overall consensus
genomic constellation (G6/G8)-P[14]-I2-(R2/R5)-C2-M2-(A3/A11)-N2-T6-(E2/E12)-H3, together with a few
gene reassortments, and the phylogenetic analyses confirmed that the P[14] human strains evaluated in this
study were closely related to rotavirus strains isolated from sheep, cattle, goats, guanacos, and antelopes and
to rabbits (albeit to a lesser extent), suggesting that one (or more) of these animal species might be the source
of the human G6P[14] strains. The main feature of the genotype and phylogenetic analyses was the close
overall genomic relatedness between the five human G6P[14] rotavirus strains and the ovine and antelope
rotavirus strains. Taken together, these data strongly suggest a common origin for the human P[14] strains
and those of the even-toed ungulates belonging to the mammalian order Artiodactyla, with sheep probably
playing a key role in the interspecies transmission responsible for the introduction of P[14] rotavirus strains
into the human population.

Group A rotaviruses are the major cause of diarrhea in young
children and animals worldwide. Rotaviruses belong to the family
Reoviridae and possess a genome of 11 segments of double-
stranded RNA encoding six structural (VP) and six nonstructural
(NSP) proteins (12). VP7 and VP4 have been widely used in a
dual classification system, establishing 19 VP7 G (for glycopro-
tein) genotypes and 27 VP4 P (for protease-sensitive) genotypes
(27). Recently, an extended group A rotavirus classification and
nomenclature was established to encompass all 11 genome seg-
ments, defining genotypes for each genome segment (27). The
nomenclature Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx represents
the genotypes of, respectively, the VP7-VP4-VP6-VP1-VP2-VP3-

NSP1-NSP2-NSP3-NSP4-NSP5-encoding gene segments, with x
indicating the numbers of the corresponding genotypes (27). The
use of the new classification system, which agrees with the main
group A rotavirus genogroups (Wa, DS-1, and AU-1), has en-
abled the identification of reassortment and interspecies trans-
mission events, highlighting the role of animals as a source of
rotavirus infection in humans (27). In fact, analyses of the com-
plete rotavirus gene constellations have revealed a common ori-
gin for (i) human Wa-like rotavirus strains and porcine rotavirus
strains and (ii) human DS-1-like rotavirus strains and bovine
rotavirus strains (27). A Rotavirus Classification Working Group
(RCWG) was created to preserve the classification system and to
assign new genotypes that are identified for any of the 11 genome
segments (28).

G1, G3, G4, and G9 (associated with P[8]) and G2 (associ-
ated with P[4]) are the epidemiologically most important hu-
man rotavirus genotypes worldwide (47). G12 might be the
next important emerging strain, as it has been identified in
sporadic cases and outbreaks in countries around the world (3,
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6, 29, 43–46, 49, 51; G. Kulnis, M. Maliga, D. J. diStefano, M.
Uvaydova, D. Lawley, and H. F. Clark, presented at the Int.
Symp. Double-Stranded RNA Viruses, Cape Town, South Af-
rica, 2006). Other rotavirus genotypes, such as P[6] in Africa
or, more specifically, G8P[6] in Malawi and G5P[8] in Brazil,
are regionally prevalent (1, 10, 29, 47). Additional G types (G6,
G8, G10, and G11) and P types ([1], [3], [9], [10], [11], [14],
[19], and [25]) have also been detected sporadically in humans
(29, 47). Many of these genotypes are believed to have origi-
nated from animal rotaviruses that were introduced into the
human populations through interspecies transmission and/or
gene reassortments, one of the major ways in which genetic
rotavirus diversity is generated (12, 27, 29, 43).

An increasing number of human P[14] rotavirus strains,
mainly in combination with G6 (PA169, PA-5/89, MG6,
ASG6.02, aG6.01, MG6.01, and Hun5) and, to a lesser extent,
with G8 (HAL1166, HAL1271, EGY1850, DG8, and PR/1300/
04), G10 (A64 and Mc35), G1 (GR55/87, GR475/87, GR506/
87, GR951/87, and GR67/91), and G3 (PA710 and B4106),
have been described across the globe (2, 4, 9, 11, 17–19, 21, 22,
30, 32, 33, 36, 37, 53). The P[14] genotype is commonly found
in rabbits (7), but it has also been described in goats, antelope,
cattle (15, 20), sheep (8), and guanacos (Lama guanicoe) (38).
The G6 genotype is the most frequently detected G type in
cattle, followed by G10, G8, and G15 (29). The G6 genotype
has been described as infecting other ruminants, such as buf-
falo (40, 42) and sheep (13, 34). Other than humans, the
G6P[14] combination has been found only in goats (GenBank
accession number AY128708-9) and in a sable antelope (this
report).

The first G6P[14] human rotavirus strains, PA169 and PA-
5/89, were detected in Italy between 1987 and 1989 in young
infants with gastroenteritis (2, 18). Several human G6P[14]

strains (MG6, MG6.01, aG6.01, and ASG6.02) were isolated in
south and central Australia between 1993 and 1997 (9, 11, 36),
and one G6P[14] isolate (Hun5) was identified in Hungary in
1997 (4). The VP4 proteins of the human G6P[14] strains are
more closely related to those of strains isolated from sheep
(OVR762), goats (Cap455), cattle (Sun9, RUBV81), and
guanacos (Arg/Chubut/99), all even-toed ungulates belonging
to representative species of the order Artiodactyla, than to
those from rabbits (ALA, C-11, BAP-2, and 30/96) (8, 15, 38).

To elucidate the roles of ungulate camelids and ruminants as
sources of P[14] rotavirus infection in humans, the evolution-
ary origins and levels of genetic relatedness of the human
G6P[14] rotavirus strains and P[14] animal rotavirus strains
were investigated by determining the complete genome se-
quences of the human G6P[14] rotavirus strains PA169, MG6,
Hun5, B10925-97, and 111/05-27, along with those of the ovine
strain OVR762 (G8P[14]), the guanaco strains Arg/Chubut/99
(G8P[14]) and Arg/Río Negro/98 (G8P[1]), the sable antelope
strain RC-18/08 (G6P[14]), and the bovine strain Arg/B383/98
(G15P[11]). The two non-P[14] strains Arg/Río Negro/98 and
Arg/B383/98 were included in the study, as their overall ge-
nome constellation proved to be related to the genome con-
stellation of the P[14] strains investigated.

MATERIALS AND METHODS

Rotavirus samples. Rotavirus strain B10925-97 (G6P[14]) was identified in a
stool sample from a hospitalized 2-year-old child with gastroenteritis in 1997
during a study conducted at the University hospital of Gasthuisberg in Leuven,
Belgium (54). Rotavirus strain 111/27-05 (G6P[14]) was identified in a diarrheic
sample from a 3-year-old child in March 2005 in Bari, Italy. Rotavirus strain
RC-18/08 (G6P[14]) was identified in 2008 in a stool sample from an 8-month-
old sable antelope with gastroenteritis living in captivity in a breeding program in
Limpopo Province, South Africa. The human tissue culture-adapted G6P[14]
rotavirus strains PA169, MG6, and Hun5 have been described previously (4, 18,

TABLE 1. Complete genomic constellations of the P�14� rotavirus strains sequenced in this study with
those of selected human and animal rotavirus strains with known complete genomic constellations

a Species of origin, followed by the name of the rotavirus strain. Bo, bovine; Gu, guanaco; Ov, ovine; Hu, human; La,
lapine; An, antelope.

b Dark blue indicates conserved genotypes, while lighter shades of blue indicate the less conserved genotypes or new
genotypes (R5 and E12) identified in this study and validated by the RCWG as recommended (28). Uncolored genotypes
reflect suspected reassortment events.

c Genomic constellations described previously (21, 30).
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36). In addition, the Spanish ovine strain OVR762 (G8P[14]), the Argentinean
guanaco strains Arg/Chubut/99 (G8P[14]) and Arg/Río Negro/98 (G8P[1]), and
the Argentinean bovine strain Arg/B383/98 (G15P[11]) were also analyzed
(8, 39).

RNA extraction. One hundred and forty microliters of cell culture supernatant
or fecal suspension was used to extract viral RNA using the QIAamp Viral RNA
minikit (Qiagen/Westburg, Leusden, The Netherlands) according to the manu-
facturer’s instructions.

RT-PCR. The extracted RNA was denatured at 97°C for 5 min, and reverse
transcription (RT)-PCR was carried out using the Qiagen OneStep RT-PCR kit
(Qiagen/Westburg). The forward and reverse primers used for the amplification
of different gene segments were developed based on alignments of known 5� and
3� sequences of the respective gene segments found in GenBank and are avail-
able upon request. The reaction was carried out with an initial RT step at 50°C
for 30 min, followed by PCR activation at 95°C for 15 min, 40 cycles of ampli-
fication, and a final extension of 10 min at 72°C in a GeneAmp PCR System 9700
thermal cycler (Applied Biosystems Group, Foster City, CA). The cycle condi-
tions for the amplification of VP1, VP2, VP3, and VP4 were 30 s at 94°C, 30 s at
50°C, and 6 min at 70°C; for the other gene segments, the conditions were 30 s
at 94°C, 30 s at 45°C, and 3 min at 72°C.

Nucleotide sequencing. The PCR products were purified with the MSB Spin
PCRapace kit (Invitek; Germany) and sequenced using the dideoxynucleotide
chain termination method with the ABI Prism BigDye Terminator Cycle Se-
quencing Reaction kit (Applied Biosystems Group) on an ABI Prism 3100
automated sequencer (Applied Biosystems Group). The sequencing was per-
formed with the forward and reverse primers used for the RT-PCR. Primer-
walking sequencing was performed to cover the complete sequences of the

respective fragments on both strands. The complete 5�- and 3�-terminal nucle-
otide sequences of the 11 gene segments were determined as previously de-
scribed (31).

Amplification and sequencing of sable antelope strain RC-18/08. The sable
antelope strain genome was amplified in a single PCR by to the sequence-
independent methods described previously, with significant improvements, by
Potgieter and colleagues in South Africa (41). The genome was sequenced using
Roche GS FLX technology. The genome was assembled de novo using Laser-
gene 7 software from DNAStar. Finally, the sequences were analyzed using
BLAST analyses.

Nucleotide and protein sequence analyses. The chromatogram sequencing
files were analyzed using Chromas 2.23 (Technelysium, Queensland, Australia),
and contigs were prepared using SeqMan II (DNAStar, Madison, WI). Multiple-
sequence alignments were calculated using ClustalX 1.81 (50). The sequences
were manually edited with the GeneDoc version 2.6.002 alignment editor (35).

Phylogenetic analyses. Phylogenetic and molecular evolutionary analyses were
conducted using the MEGA version 3.1 software (24). Genetic distances were
calculated using the Kimura 2 correction parameter at the nucleotide level, and
the phylogenetic trees were constructed using the neighbor-joining method with
500 bootstrap replicates.

SimPlot analyses. SimPlot analysis was carried out using the Kimura 2 param-
eter, with a window size of 500 bp and a step size of 150 bp. The concatenated
genome sequences of the five human G6P[14] strains, B10925-97, 111/05-27,
Hun5, MG6, and PA169, and the animal strains, OVR762 (ovine), RC-18/08
(antelope), Arg/Chubut/99 and Arg/Río Negro/98 (guanaco), Arg/B383/98, UK,
WC3, RF (bovine), and B4106 (lapine-like) and 30/96 (lapine), were analyzed.
The human strain B10925-97 was used as a query (see Fig. 5), and the other four

FIG. 1. Geographic locations where human and nonlapine animal P[14] rotavirus strains have been reported. The countries in blue have
reported human P[14] strains. The countries in red have reported nonlapine animal P[14] rotaviruses. For each country, the names of the P[14]
strains isolated, together with their G/P genotypes and years of isolation, are shown.
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human G6P[14] strains (111/05-27, Hun5, MG6, and PA169) were also used as
separate query sequences (data available upon request).

Assignment of newly identified genotypes. The genotypes of each of the 11
genome segments for all 10 rotavirus strains that were completely sequenced in
this study were determined according to the genotyping recommendations of the
RCWG (28). Sequences of the VP1 and NSP4 gene segments of the three
Argentinean strains, Arg/B383/98, Arg/Chubut/99, and Arg/Río Negro/98, did
not belong to any of the established VP1 (R) and NSP4 (E) genotypes and were
submitted to the RCWG for genotype assignment.

Nucleotide sequence accession numbers. The nucleotide sequence data for the
complete genomes of the rotavirus strains reported in this paper were submitted to
GenBank under the following accession numbers: MG6, EF554093 to EF554103;
Hun5, EF554104 to EF554114; B10925-97, EF554015 to EF554025; PA169,
EF554026 to EF554036; 111/05-27, EF554037 to EF554047; OVR762, EF554148
to EF554158; Arg/Chubut/99, FJ347100 to FJ347110; Arg/Río Negro/98, FJ347122
to FJ347132; Arg/B383/98, FJ347111 to FJ347121; and RC-18/08, FJ495126 to
FJ495136.

RESULTS

Genotype determination. The entire genomes of five human
(PA169, MG6, Hun5, 111/05-27, and B10925-97) and five an-
imal (OVR762 [sheep], RC-18/08 [antelope], Arg/Chubut/99
and Arg/Río Negro/98 [guanaco], and Arg/B383/98 [bovine])
rotavirus strains were sequenced (approximately 185,000 bp in
total). Table 1 shows the complete genotype assignment (Gx-
P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx) of each of the rotavirus
strains sequenced in this study, along with those of additional
bovine and P[14] rotavirus strains whose complete genome
sequences were previously described (21, 30). The genome
segments of the majority of rotavirus strains sequenced in this
study belonged to the already-established genotypes. However,
the VP1 gene segments of the three Argentinean strains, Arg/
B383/98, Arg/Chubut/99, and Arg/Río Negro/98, were highly
conserved among each other but did not belong to any of the
established R1 to R4 genotypes. They were confirmed by
the RCWG to belong to a new VP1 genotype, R5. Similarly,
the NSP4 gene segments of the same three Argentinean strains
were highly conserved among each other but were only dis-
tantly related to the established E2 genotype. Since only a
minimal number of pairwise identities among Arg/B383/98,
Arg/Chubut/99, and Arg/Río Negro/98 and members of the E2
genotype were found above the 85% nucleotide cutoff, as es-
tablished for NSP4 (27), the NSP4 sequences were referred to
the RCWG. The few identities above the cutoff between strains
belonging to different NSP4 genotypes (E2 to E12) were within
the expected overlap between different NSP4 genotypes (27),
and the NSP4 sequences of the three Argentinean strains were
assigned to a new NSP4 genotype, E12.

Analyses of full genome constellations. Excluding the G and
P types, the complete genotype determination of the 10 rota-
virus strains analyzed in the study (Table 1) revealed an overall
conserved consensus genotype constellation of I2-(R2/R5)-C2-
M2-(A3/A11)-N2-T6-(E2/E12)-H3, consistent with the genetic
constellation of bovine rotaviruses (27). Analyses of the pat-

terns or constellations of genes revealed the following facts. (i)
The five human G6P[14] strains possessed nearly identical
genotypes for all genome segments, with the exception of the
NSP1 genes, despite being isolated in different regions and at
different times (Table 1 and Fig. 1). Strains MG6 and Hun5
belonged to the A11 NSP1 genotype, whereas strains B10925-
97, 111/05-27, and PA169 belonged to the A3 NSP1 genotype.
(ii) The ovine Spanish rotavirus strain OVR762 was very
closely related to the five human strains; compared to strains
MG6 (Australia) and Hun5 (Hungary), the OVR762 strain
possessed only a different VP7 gene (G8 versus G6). (iii) The
South African RC-18/08 antelope rotavirus strain showed an
overall genotype constellation that was identical to those of the
human MG6 and Hun5 strains. (iv) The G8P[14] strain Arg/
Chubut/99, isolated from a guanaco, also possessed several
genotypes in common with three of the G6P[14] human strains,
B10925-97, 111/05-27, and PA169, with only the VP1, VP7, and
NSP4 genotypes differing. Furthermore, an additional guanaco
strain (Arg/Río Negro/98) possessed a genome constellation
identical to that of the Arg/Chubut/99 strain, with the excep-
tion of the VP4 genotype, P[1], commonly found in cattle but,
interestingly, not yet detected in cattle in Argentina (16). (v)
The bovine rotavirus strain Arg/B383/98, detected in the Ar-
gentinean region of the Pampas, shared 8 out of 11 genotypes
with the two guanaco strains detected in the same time period
in the Patagonia region (a distant area, with a very low density
of cattle), suggesting a relationship between rotaviruses from
guanacos and cows, perhaps transmitted through a third spe-
cies in contact with both animals, like goats or sheep. (vi)
Other bovine strains also showed a large number of genotypes
in common with Arg/B383/98 and the human and animal P[14]
strains. Interestingly, when the genotypes of the human
G6P[14] rotavirus strains were compared to those of additional
P[14] strains, human A64 (G10), human lapine-like B4106
(G3), and lapine 30/96 (G3), whose complete genomes were
previously determined (21, 27), five to nine genotypes were
shared among the rotavirus strains (Table 1); any differences in
genotypes may have arisen through gene reassortment. Taken
together, these data strongly suggest a common origin for the
human P[14] strains and those from the even-toed ungulates
belonging to the mammalian order Artiodactyla.

Phylogenetic analyses. To further investigate the genetic
relationships of the human and the different animal P[14] ro-
tavirus strains in more detail, phylogenetic analyses, based on
full-length nucleotide sequences of each of the 11 genome
segments, were conducted (Fig. 2 to 4).

The VP7, VP4, NSP4, and NSP5 gene segments of the five
human G6P[14] strains clustered very closely together (Fig. 2
to 4), while for the VP1, VP3, VP6, NSP2, and NSP3 gene
segments, most of the human G6P[14] strains clustered closely
together, with one or two strains clustering more distantly
within the same genotype (Fig. 2 to 4). The VP2 genes of the

FIG. 2. Phylogenetic trees based on the full-length nucleotide sequences of the rotavirus VP1, VP2, VP3, and VP4 genes. Bootstrap values (500
replicates) above 50 are shown. Only the genotypes in which the strains under investigation cluster are shown completely. The other genotypes are
represented by their genotype numbers. For each strain, the following data are given: species of origin/strain name. The human (Hu) P[14] strains
are represented by dark-blue boxes, the ovine (Ov) strain OVR762 by a purple box, the two guanaco (Gu) strains by green boxes, the bovine (Bo)
strain Arg/B383/98 by an orange box, the lapine (La) strains by red boxes, and the bovine strains by light-blue boxes. An, antelope; Si, simiun.
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five human G6P[14] rotavirus strains were scattered across the
C2 genotype (Fig. 2). The human G6P[14] strains clustered
according to their respective NSP1 genotypes, A3 and A11
(Fig. 4). Of note, several gene segments (VP1, VP2, VP4, VP6,
and NSP1 to NSP5) of the unusual human G10P[14] strain A64
clustered closely with those of all the human G6P[14] rotavirus
strains (Fig. 2 to 4). The only exceptions were the VP3 and
VP7 genes, since strain A64 belongs to genotypes M1 and G10,
respectively, as opposed to genotypes M2 and G6 (Fig. 2 and 3,
respectively). As the M1 genotype is typical of human Wa-like
strains, a reassortment event with a human rotavirus strain
most likely took place.

To evaluate the role of animals as a source of P[14] rotavirus
infection in humans, we also evaluated the phylogenetic relat-
edness of animal P[14] strains of ovine, bovine, lapine, ante-
lope, and South American camelid origin to human rotavirus
strains across the entire genome. Remarkably, with the excep-
tion of the VP7 gene, the ovine rotavirus strain OVR762 clus-
tered very closely with the human G6P[14] strains (Fig. 2 to 4),
suggesting rather recent interspecies transmissions from sheep
to humans (or vice versa). Also, the sable antelope strain,
RC-18/08, showed moderately close (VP1, VP3, and NSP4) to
very close (VP4, VP7, and NSP3) phylogenetic clustering with
the human G6P[14] strains (Fig. 2 to 4). Similarly, the guanaco
rotavirus strain Arg/Chubut/99 (G8P[14]) clustered closely
with the G6P[14] human strains and the ovine and antelope
strains when the gene segments VP2, VP4, VP6, NSP3, and
NSP5 were analyzed (Fig. 2 to 4). In regard to the VP3, NSP1,
and NSP2 gene segments, a more distant clustering within the
same corresponding genotype was observed, while the VP7
gene segment of Arg/Chubut/99 was closely related to G8 of
OVR762 (Fig. 2 to 4). Phylogenetic analyses of the VP1 and
NSP4 genome segments of Arg/Chubut/99 confirmed that they
belonged to new genotypes, R5 and E12, respectively (Fig. 2
and 4, respectively). The G8P[1] guanaco rotavirus strain, Arg/
Río Negro/98, showed very close clustering with Arg/
Chubut/99 for the VP1, VP2, VP6, VP7, and NSP4 gene seg-
ments, but for the VP3, NSP2, NSP3, and NSP5 gene
segments, more distant clustering was observed within the cor-
responding genotype (Fig. 2 to 4). Phylogenetic analyses of the
VP4 and NSP1 gene segments of Arg/Río Negro/98 confirmed
their classification as P[1] and A11 genotypes, respectively
(Fig. 2 and 4). The G15P[11] bovine rotavirus strain Arg/B383/
98, isolated in Argentina from a dairy calf with diarrhea, was
not intended to be included in this study; however, during our
analyses, it was noted that many genotypes of this bovine strain
were the same as those of the guanaco strains, also isolated in
Argentina. Gene segments VP1, VP3, NSP2, NSP3, NSP4, and
NSP5 of strain Arg/B383/98 also clustered closely with the
guanaco strains Arg/Chubut/99 and Arg/Río Negro/98 (Fig. 2
and 4). The VP2 and VP6 gene segments of Arg/B383/98

clustered more distantly within the corresponding genotype,
while the VP4, VP7, and NSP1 gene segments clearly belong to
different genotypes (P[11], G15, and A13) (Fig. 2 to 4). The
evolutionary relationship between the P[14] strains under in-
vestigation in this study and other bovine rotavirus strains, such
as WC3, RF, and UK (Table 1), was also confirmed, since
many gene segments clustered closely (VP6, NSP3, and NSP5)
or distantly (VP2, VP3, VP7, NSP2, and NSP4) within the
same corresponding genotypes (Fig. 2 to 4). Finally, for a
number of gene segments (VP1, VP2, VP4, VP6, NSP2, NSP3,
and NSP5), relatively close clustering was found between the
lapine and human lapine-like strains 30/96 and B4106, respec-
tively, and the human and/or ungulate P[14] strains, whereas
for the VP3, VP7, NSP1, and NSP4 gene segments, different
genotypes were evident (Fig. 2 to 4). Although the lapine P[14]
strains and the nonlapine strains formed separate clusters in
the VP4 phylogenetic tree, it should be noted that the VP4
gene segment of one lapine rotavirus strain, R-2, clustered
more closely with human P[14] strains (Fig. 2). In addition,
remarkably close clustering was observed for the lapine VP2
gene segments of 30/96 and B4106 and the human P[14] strains
B10925-97, 111/05-27, OVR762, and A64 (Fig. 2).

SimPlot analyses. To further study the overall genomic re-
lationships among the human G6P[14] strains and the animal
strains studied in this paper, Simplot analyses were conducted.
The human G6P[14] strain B10925 was compared to the re-
maining human G6P[14] strains (Fig. 5), and the strains
OVR762 (ovine) and RC-18/08 (antelope), the two guanaco
strains, the four bovine strains, and the two lapine-like or
lapine rotavirus strains were added. As shown in Fig. 5, various
degrees of similarity exist between different strains and differ-
ent gene segments. The close relationship between the human
strain B10925-97 and the ovine strain OVR762 for gene seg-
ments VP1 to -3, VP6, and NSP2 to -5, as observed in the
phylogenetic analyses, is precisely visualized in the top panel of
Fig. 5. The various lower degrees of similarity for the remain-
ing gene segments, VP4, VP7, and NSP1, might have been
caused by intragenotype reassortments. Also, the close rela-
tionships of the VP1, VP2, VP4, VP7, NSP1, and NSP3 to -5
gene segments of the human B10925-97 and 111/05-27 strains
were confirmed, and again, the slightly lower degrees of simi-
larity for the VP3, VP6, and NSP2 genes might be attributed to
intragenotype reassortments, albeit with rather closely related
strains. Another striking observation in the bottom panel of
Fig. 5 is the very high similarity between the VP2 gene segment
of the human strain B10925-97 and the human lapine-like
rotavirus strain B4106. As VP2 is the only gene segment for
which the B4106 strain and the lapine strain 30/96 are not very
closely related, this might indicate that the VP2 segment of
B4106 might have a nonlapine origin or that the VP2 genes of

FIG. 3. Phylogenetic trees based on the full-length nucleotide sequences of the rotavirus VP6 and VP7 genes. Bootstrap values (500 replicates)
above 50 are shown. Only the genotypes in which the strains under investigation cluster are shown completely. The other genotypes are represented
by their genotype numbers. For each strain, the following data are given: species of origin/strain name. The human (Hu) P[14] strains are
represented by blue boxes, the ovine (Ov) strain OVR762 by a purple box, the two guanaco (Gu) strains by green boxes, the bovine (Bo) strain
Arg/B383/98 by an orange box, the lapine (La) strains by red boxes, and the bovine strains by light-blue boxes. Eq, equine; Po, porcine; An,
antelope; Buf, buffalo; Capr, caprine; Si, simian.
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B10925-97 and 111/27-05 might have a lapine origin (Fig. 5,
bottom, and data not shown).

A few other remarkable observations are (i) the close rela-
tionship between the VP2 gene segments of the human
G6P[14] strain Hun5 and the antelope strain RC-18/08, (ii) the
close relationship between the NSP1 gene segments of the
human G6P[14] strain MG6 and the antelope strain RC-18/08,
(iii) the close relationships between the VP1 and NSP3 gene
segments of the human G6P[14] strain MG6 and the bovine
strains WC3 and RF, and (iv) the close relationships between
the VP1 and VP6 gene segments of the human G6P[14] strain
PA169 and bovine strains (data not shown).

DISCUSSION

The P[14] genotype was initially detected in humans (18, 19,
52, 53) and subsequently in rabbits (7). It was originally hy-
pothesized that the lapine and human P[14] strains might have
a common origin or that the P[14] human strains isolated in
Italy (PA169 [G6]), Finland (HAL1166 [G8]), and Thailand
(Mc35 [G10]) were naturally occurring reassortants between
bovine, lapine, and human viruses, as all of these humans
strains possessed a VP7 that is commonly found in cattle (7).
Since then, the P[14] genotype has continued to be detected
sporadically in humans (in association with G6, G8, G10, G1,
or G3) and commonly in rabbits (always associated with G3),
and it has now also been identified in several even-toed ungu-
late species belonging to the order Artiodactyla, such as cattle,
goats, sheep, guanacos, and antelope (in association with G6,
G8, or G10) (2, 4, 8, 9, 11, 14, 18–20, 22, 30, 32, 33, 36–38, 53)
(Fig. 1). Interestingly, the VP4 proteins of the human P[14]
strains are more closely related to those of the strains isolated
from ungulates than to those of rabbits (8, 15, 38); therefore,
large ruminants (cattle and antelope), small ruminants (goat
and sheep), and other ungulate species, such as camelids, may
play roles as sources of P[14] rotavirus infection in humans.
Taken together with the demonstration that Wa-like human
rotaviruses and porcine rotavirus have a common origin and
that the DS-1-like human rotaviruses and bovine rotaviruses
have a common origin (27), it was of interest to investigate
whether the P[14] human strains have a common origin with
rotaviruses isolated from members of the families Camelidae
and/or Bovidae, both belonging to the order Artiodactyla.

The availability of several human G6P[14] strains isolated
from different parts of the world at different times (Fig. 1) and
several closely related animal strains allowed us to investigate
the evolutionary origins and levels of genetic relatedness of the
human G6P[14] rotavirus strains and the P[14] animal rotavi-
rus strains by determining the complete genome sequences of
five human G6P[14] rotavirus strains (PA169, MG6, Hun5,
B10925-97, and 111/05-27), three animal P[14] rotavirus strains
(associated with G6 or G8), and two animal rotavirus strains

that, although not P[14], were closely related to P[14] animal
strains when other genes besides VP4 were analyzed. Despite
the widespread distribution (Belgium, Italy, Australia, and
Hungary) of the five human G6P[14] rotavirus strains, geno-
type and phylogenetic analyses of all 11 genome segments of
these strains, as well as those of the animal rotavirus strains
sequenced in this and other studies, revealed a remarkable
overall-conserved genotype constellation among the human
G6P[14] strains: I2-R2-C2-M2-A3/A11-N2-T6-E2-H3.

Perhaps the most salient feature of the genotype and phy-
logenetic analyses is the close overall genomic relatedness be-
tween the five human G6P[14] strains and the ovine and an-
telope rotavirus strains OVR762 and RC-18/08. This could
suggest that these human G6P[14] rotaviruses originated after
interspecies transmissions from a common pool of ovine rota-
virus strains, as antelopes are less likely to be the immediate
donors because they live in rather limited geographical loca-
tions and do not live in close proximity to humans. Additional
possible donors are goats, as a G6P[14] rotavirus strain,
Cap455, was isolated in South Africa (unpublished data). Un-
fortunately, this strain could not be further analyzed, as no
more sample was available. Another prominent feature is that
the two Argentinean guanaco rotavirus strains, Arg/Chubut/99
and Arg/Río Negro/98, also have a relatively close relationship
with each other and among the ovine, antelope, and G6P[14]
human strains for several gene segments (Fig. 2 to 5). The
human G10P[14] rotavirus strain A64, whose complete se-
quence was reported recently (21), was also found to be closely
related (except the G and/or P types) to the P[14] human,
ovine, and guanaco strains. Information on the genome con-
stellation of the Argentinean bovine rotavirus strain Arg/
B383/98 (G15P[11]) was obtained, since the G15 VP7 type is
very rare in nature and the virus was suspected to harbor other
unusual genome segments. Surprisingly, the gene constellation
of the bovine strain Arg/B383/98, together with the other bo-
vine strains WC3, UK, and RF (Table 1 and Fig. 2 to 5), proved
to also have a number of gene segments closely related to the
human and animal P[14] strains, suggestive of a distant com-
mon origin, although this cannot be directly inferred from its
VP4 and VP7 genotypes, which might have been derived
through gene reassortment between ruminants and/or cam-
elids in South America in the case of strain Arg/B383/98. How-
ever, guanacos are normally not in close contact with cattle,
which makes interspecies transmission unlikely. On the other
hand, guanacos and cattle do both come in close contact with
sheep and goats, which might be the intermediate carriers and
might be the main hosts of the P[14] strains. The different G
types (G6, G8, G10, and G15) identified in the strains analyzed
in this study, bearing the conserved genotype constellation
typical of bovine DS-1-like viruses, are all believed to be typical
of cattle (29), although these G types are also found in a

FIG. 4. Phylogenetic trees based on the full-length nucleotide sequences of the rotavirus NSP1, NSP2, NSP3, NSP4, and NSP5 genes. Bootstrap
values (500 replicates) above 50 are shown. Only the genotypes in which the strains under investigation cluster are shown completely. The other
genotypes are represented by their genotype numbers. For each strain, the following data are given: species of origin/strain name. The human (Hu)
P[14] strains are represented by blue boxes, the ovine (Ov) strain OVR762 by a purple box, the two guanaco (Gu) strains by green boxes, the bovine
(Bo) strain Arg/B383/98 by an orange box, the lapine (La) strains by red boxes, and the bovine strains by light-blue boxes. Fe, feline; An, antelope;
Si, simian; Eq, equine.
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FIG. 5. SimPlot analyses comparing the human G6P[14] rotavirus strain B10925-97 with the four remaining human G6P[14] rotavirus strains
(111/05-27, Hun5, MG6, and PA169). In the top panel, the animal strains OVR762 (ovine [Ov]) and RC-18/08 (antelope [An]) were added; in the
upper-middle panel, the two guanaco (Gu) strains; in the lower- middle panel, the four bovine (Bo) strains; and in the bottom panel, the two lapine-like
or lapine (La) rotavirus strains. Analyses were carried out using the Kimura 2 parameter, with a window size of 500 bp and a step size of 150 bp.
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number of other members of the ruminant family Bovidae,
such as buffalo, sheep, goats, and antelopes (13, 26, 38, 40, 42,
48), and in guanacos, members of the family Camelidae (39).
The P[14] genotype is also prevalent in rabbits (7, 25), but the
G3P[14] lapine rotavirus strain 30/96 and the human lapine-
like G3P[14] rotavirus strain B4106 share only five to seven
genotypes within the genomic constellation with the human
and ungulate P[14] rotavirus strains investigated in this study,
suggesting that lapine rotaviruses might have a distant evolu-
tionary relationship with these nonlapine P[14] rotavirus
strains. The VP2 gene segment of B4106 is a notable exception
(Fig. 5). Further, no close relationship was observed between
the P[14] rotavirus strains and any of the three human geno-
group reference strains Wa, DS-1, and AU-1.

The phylogenetic trees and SimPlot analyses of all five hu-
man G6P[14] strains clearly show that the human G6P[14]
strains are closely related; however, none of the strains shows
similar levels of relatedness for all 11 gene segments, which
does not support the hypothesis that one human strain was the
direct progenitor of the other strains. For example, the strains
B10925/97 and 111/05-27 are very closely related in a number
of gene segments, such as VP1, VP2, NSP1, NSP3, and NSP4,
but for other gene segments, such as VP3, VP4, VP6, VP7,
NSP2, and NSP5, B10925/97 and 111/05-27 seem to be more
closely related to other human P[14] strains (Fig. 2 to 5). This
kind of observation of different levels of similarity between the
gene segments of the different strains under investigation (Fig.
5) strongly suggests that reassortment events occur rather fre-
quently among rotavirus strains possessing the conserved de-
scribed genome constellation. This lack of a clear pattern,
together with the fact that the strains were isolated in very
distant geographical locations (Italy, Belgium, Hungary, and
Australia) and over a period of nearly 2 decades (1987 to
2005), is an indication that the distinct human G6P[14] strains
are more likely the result of individual interspecies transmis-
sions from ruminants, as was suggested by Palombo and
Bishop (36), rather than the result of human-to-human trans-
mission after one interspecies transmission, as has also been
suggested based only on VP4 and VP7 sequence data (4, 9).
This questions the abilities of these human P[14] strains to
successfully spread in the human population. However, a num-
ber of unusual G1P[14] strains isolated in South Africa were
very closely related and isolated over a period of 4 years (1987
to 1991), which might indicate their capability for limited hu-
man-to-human transmission (33). Similarly, several closely re-
lated G6P[14] strains have been isolated in different locations
and at different times in Australia, which also might be exam-
ples of limited human-to-human spread of these strains (9, 11,
36). However, P[14] rotavirus strains have not caused any large
outbreaks, indicating the lack of high transmissibility among
humans.

Altogether, these data point to an overall consensus geno-
type constellation, (G6/G8)-P[14]-I2-(R2/R5)-C2-M2-(A3/A11)-
N2-T6-(E2-E12)-H3, that might circulate among sheep and
other ruminants of certain families of the order Artiodactyla,
such as cattle, goats, antelopes, and guanacos, which confirms
the hypothesis of a close relationship between bovine and
human P[14] rotaviruses derived from sequencing and hybrid-
ization assays (5, 15, 18, 20, 52). The hypothesis that a species
other than humans or cattle might be the main host of certain

G8 rotaviruses has been proposed by Browning and colleagues
(5). However, as observed, the Artiodactyla-like genomic con-
stellation is also very prone to intragenotype reassortment, but
also to intergenotype reassortment, as is the case for VP3,
VP4, VP7, and NSP1 (Table 1). This genomic constellation
also seems to have been able to cross the host species barrier
to humans on a number of occasions. Within the limits of the
small number of P[14] human strains and those isolated from
ungulates belonging to the families Bovidae (cattle, sheep,
goats, and antelopes) and Camelidae (guanacos) of the order
Artiodactyla, there was a tendency toward great similarity re-
gardless of the geographic region or time interval. Although
this could be a sampling artifact, it is suggestive of constant
introduction of P[14]-like strains, with a genomic constellation
typical of ungulates belonging to the order Artiodactyla, in
humans.

Although additional surveillance in humans and, especially,
in ruminants and camelids is warranted to confirm that these
animals are the sources of human P[14] rotavirus strains, there
is increasing evidence for the worldwide prevalence of P[14]
rotavirus strains in humans and animals. Further complete
genome analysis of additional G6- and non-G6-possessing
P[14] rotavirus strains isolated from humans and from different
ungulates, such as deer and giraffes, might shed more light on
the history and genetic relatedness of all these P[14] rotavirus
strains.

The data presented in this study suggest that human P[14]
rotaviruses might have an ovine origin or an origin in another
ruminant (cattle, goat, or antelope) or camelid (guanaco) ar-
tiodactyl, due to the conserved overall genetic constellation
found in a variety of these animals. In this regard, it would be
most likely that sheep (or goats or cattle) are the main reser-
voir of P[14] rotaviruses for humans across the world, because
these animals live in close proximity to humans and are trans-
ported more frequently than antelopes or guanacos. Since ro-
tavirus may be readily transmitted among members of the
order Artiodactyla, the notion that human P[14] rotaviruses
have a single common animal source may be too strict. The
evolutionary relationships observed in this study suggest that
rotaviruses from different members of the order Artiodactyla
have intermingled on several occasions, and humans may be
accidental hosts who are occasionally infected with the P[14]-
like strains. This is supported by the lack of evidence for
efficient human-to-human transmission of these viruses.
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