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In this study, we report the characterization of a novel calicivirus (CV), the Tulane virus (TV), which was
isolated from stool samples of captive juvenile rhesus macaques (Macaca mulatta) of the Tulane National
Primate Research Center. The complete genome of TV contains 6,714 nucleotides plus a poly(A) tail and is
organized into three open reading frames (ORFs) that encode the nonstructural (NS) polyprotein (ORF1); the
capsid protein (ORF2), with an estimated molecular mass of 57.9 kDa; and a possible minor structural protein
(ORF3), with an isoelectric point (pI) of 10.0 and a calculated molecular mass of 22.8 kDa. The NS polyprotein
revealed all typical CV amino acid motifs, including GXXGXGKT (NTPase), EYXEX (Vpg), GDCG (protease),
and GLPSG and YGDD (polymerase). Phylogenetic trees constructed for the NS polyprotein, NTPase, pro-
tease, polymerase, and capsid protein sequences consistently placed the TV on a branch rooted with Norovirus,
but with distances equal to those between other genera. The TV can be cultured in a monkey kidney cell line
(LLC-MK2) with the appearance of typical cytopathic effect. TV exhibits a typical CV morphology, with a
diameter of 36 nm, and has a buoyant density of 1.37 g/ml. According to these physicochemical and genetic
characteristics, TV represents a new CV genus for which we propose the name “Recovirus” (rhesus enteric CV).
Although the pathogenicity of TV in rhesus macaques remains to be elucidated, the likelihood of TV causing
intestinal infection and the availability of a tissue culture system make this virus a valuable surrogate for
human CVs.

The family Caliciviridae consists of four genera, Norovirus
(NV), Sapovirus (SV), Lagovirus, and Vesivirus (11, 12, 16).
The recent genomic characterization of unique bovine en-
teropathogenic caliciviruses (CVs) (Newbury agent-1 and
Nebraska) revealed that these viruses represent a distinct fifth
genus with the proposed name Becovirus or Nabovirus (26, 27,
30). CVs cause a wide spectrum of diseases in animals, includ-
ing respiratory infections, vesicular lesions, gastroenteritis, and
hemorrhagic disease. NVs and SVs are important etiologic
agents of acute gastroenteritis in humans and therefore are
also referred as human CVs (HuCVs). Based on phylogenetic
analysis, both HuCV genera are further divided into five geno-
groups (GI to GV) and several genetic clusters or genotypes (9,
42). Viruses genetically and antigenically closely related to
HuCVs have also been isolated from animals (6, 18, 21, 36),
which has raised a concern about CV gastroenteritis as a zoo-
notic disease and the role of animals as reservoirs for HuCVs.
Since there is no effective tissue culture system or animal
model available for HuCVs, animal CVs are often used as
surrogates to model HuCV stability in the environment (7, 8,
37), replication (2, 3), and pathogenesis (40). Tissue culture
propagation of an animal SV (porcine enteric CV [PEC]) and
the murine NV (MNV-1) have previously been reported (28,

39). Recently, a gnotobiotic pig model for NVs has also been
developed (4, 5).

CVs are small, nonenveloped, icosahedral viruses with a
positive-sense, single-stranded, polyadenylated RNA genome
(of about 7.5 to 8.5 kb). The Lagovirus, SV, and Becovirus
genomes are organized into two open reading frames (ORFs);
ORF1 encodes the nonstructural (NS) proteins and the capsid
protein, while the NV and Vesivirus genomes contain three
ORFs, where the capsid protein is encoded by ORF2, a sepa-
rate ORF. The translated proteins of all CVs contain several
conserved amino acid (aa) motifs that are similar to those of
picornaviruses (23): 2C helicase/NTPase (GXXGXGKS/T),
3C protease (GDCG), and RNA-dependent RNA polymerase
(RdRp; GLPSG and YGDD). The ORF closest to the 3� end
of the CV genome (ORF2 for Lagovirus, SV, and Becovirus
and ORF3 for NV and Vesivirus) encodes a basic protein (pI,
�10.0) that has been reported to be a minor structural protein
for feline CV and the Norwalk virus (10, 34).

The only CV (Pan-1) that has been isolated from nonhuman
primates belongs to the Vesivirus genus (31). Several studies
have been conducted for the development of a primate animal
model for studying HuCV disease. Chimpanzees inoculated
with the Norwalk virus developed subclinical infections, with
seroresponses and virus shedding but no vomiting or diarrhea
(41). In a more recent study, Subekti et al. reported the devel-
opment of clinical illness characterized by diarrhea, dehydra-
tion, vomiting, and viral shedding in newborn pigtail macaques
inoculated with the Toronto virus (35). Recently, Rockx et al.,
evaluated the susceptibility of four different Old World mon-
key species to NVs (29) and found that rhesus macaques might
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be susceptible to NV infection, since one of the three animals
inoculated with the Norwalk virus shed the virus for up to 19
days postinoculation and developed specific immunoglobulin
M and immunoglobulin G responses. In the above-mentioned
study, serological evidence of natural NV infection could not
be demonstrated among different monkey species; however,
Jiang et al. previously reported a high prevalence of anti-NV
antibodies (both GI and GII) in serum samples collected from
nonhuman primate species, including rhesus macaques (14).

In this study, we report the isolation and characterization of
a novel, tissue culture propagable CV, the Tulane virus (TV),
which was isolated from stool samples of rhesus macaques and
represents a new genus within the Caliciviridae.

MATERIALS AND METHODS

Stool samples. One hundred twenty stool samples were collected from 58
randomly selected macaques between April 2004 and January 2006, including
animals with (n � 20) and without (n � 38) clinical histories of diarrhea. These
stool samples were tested for the presence of CVs by reverse transcription-PCR
(RT-PCR). The animals were housed in the nursery of the Tulane National
Primate Research Center, under biosafety level 2 conditions in accordance with
the standards of the Association for Assessment and Accreditation of Laboratory
Animal Care. Investigators adhered to the Guide for the Care and Use of
Laboratory Animals prepared by the National Research Council. All samples
were handled in compliance with biosafety level 2 laboratory practices approved
by the Institutional Biosafety Committee of Cincinnati Children’s Hospital Med-
ical Center.

Detection of CV RNA in stool specimens by RT-PCR. Total RNA was ex-
tracted from 100 �l of 10% (wt/vol) stool specimens with the TRIzol reagent
(Gibco BRL, Gaithersburg, MD) according to the manufacturer’s instructions.
Precipitated RNA was resolved in 20 �l of molecular-biology-grade water (Ep-
pendorf AG, Hamburg, Germany), and 1 �l was used as the template in the
RT-PCR. The remainder of the samples was stored at �70°C for repeated assays.
RNA was amplified in 25-�l reaction mixtures by using the AccessQuick RT-
PCR system (Promega, Madison, WI) according to the manufacturer’s protocol.
Primers P289H,I/P290H,I,J,K targeting conserved sequences in the RdRp region
were used (9, 15). These primers are able to amplify both NVs and SVs. RT was
performed at 48°C for 45 min, followed by a 3-min denaturation step at 94°C and
35 PCR cycles of denaturation for 30 s at 94°C, annealing for 1 min at 49°C, and
elongation for 1 min at 72°C, followed by a final extension of 10 min at 72°C.

Twelve microliters of each reaction mixture was analyzed on 1% agarose gels in
the presence of ethidium bromide.

Amplification and sequence analysis of the TV genome. The primers used in
this study are listed in Table 1. Based on the sequence data obtained from the
short RdRp amplicon, a TV-specific primer (P776) was designed and used with
an oligo(dT) primer to obtain an approximately 3-kb amplicon, including the 3�
end of ORF1, the complete ORF2 and ORF3, and the 3� nontranslated region
of the genome. Extended amplification of the genome toward the 5� end has
been achieved by TV-specific reverse primers that were designed based on newly
obtained sequences and degenerated forward primers targeting the GDCG
(P774) and the GXXGXGKT amino acid motifs (P802) conserved in CV pro-
teases and NTPases, respectively. The 5�-end sequence of the genome was
determined by the 5� rapid amplification of cDNA ends system (Invitrogen,
Carlsbad, CA) according to the manufacturer’s recommendations by using TV-
specific primers in combination with the abridged anchor primer and abridged
universal primer and viral RNA extracted from tissue-culture-adapted, CsCl-
purified TV as the template. Both homopolymeric deoxycytidine-tailed and de-
oxyadenine-tailed cDNAs were made to determine the exact 5� end. Addition-
ally, the end ligation of proteinase-K-treated viral RNA with T4 RNA ligase I
(New England Biolabs, Ipswich, MA) was also performed according to the
method described previously by Mandl et al. (20), with slight modifications.
Briefly, 1 �g extracted viral RNA was digested with proteinase K (100 �g/ml
proteinase K, 30 mM Tris-Cl [pH 8.0], 30 mM EDTA, 0.5% sodium dodecyl
sulfate [SDS]) at 55°C for 1 h, recovered by using an RNeasy mini column
(Qiagen, Valencia, CA), and ligated with T4 RNA ligase I (New England Bio-
labs, Inc., Ipswich, MA) at 4°C overnight. The ligated RNA was recovered on an
RNeasy mini column and used for cDNA synthesis with reverse primer P1080.
First-round PCRs were performed with primers P1068 and P1080, and a second-
round PCR was performed with primers P1035 and P1082, which flanked the
ligated 5�-3� end junction of the genome. The PCR yielded a smeared product,
with fragments of approximately 400 to 500 bp, which were gel purified and
ligated into the pGEM-T vector (Promega, Madison, WI). Clones were PCR
screened with M13 R/F primers, and clones with the longest inserts were selected
for sequencing.

Finally, the full TV genome was reamplified as five overlapping fragments
from an RNA template extracted from a TV-positive stool sample using primer
pairs P1F/P1R to P5F/P5R (Table 1). Amplicons were gel purified and se-
quenced directly in both directions (ABI Prism 3730 DNA analyzer; Applied
Biosystems, Foster City, CA). The full genomic sequence of the wild-type TV was
deposited into GenBank under the accession number EU391643.

Phylogenetic analysis. Sequences (published in the GenBank) used in the phy-
logenetic analysis were of the following full-length CVs (accession nos. are shown in
parentheses): for NV, Norwalk/68 (M87661), Southampton (L07418), MD145
(AY032605), and MNV-1 (DQ285629); for SV, Manchester/93 (X86560), and PEC-

TABLE 1. List of primers used in the study

Name Position or motifa Polarity Sequence (5� to 3�)

P776 3724–3741 � GCAAGGTCATCGTCAACG
P774b GDCG � CCACACCAGGWGAYTGYGG
P802b GXXGXGKT � GGCCMCCCKGGIWKIGGIAA
P1080 510–489 � GGAGTTGTTGTGTCCATCCGC
P1068 6360–6400 � CAAGTGGGATACAAACTATGCACTCTGCCCTTTCTGCTAAG
P1035 6568–6588 � TAGTGGTTCTCTGAGTAGGTT
P1082 272–242 � GCCCCAGGGATGGGTCAGGCCATTGAGACGG
P1F 5–26 � GACTAGAGCTATGGATACGTCC
P1R 1479–1497 � TTGCCATACGAGCATTCCC
P2F 1214–1236 � TTGGCTCAACACTGTGCAAAAG
P2R 2998–2979 � TACCAAATCTGGGTGGTCTC
P3F 2397–2414 � CCCAGTGATGATTATTAC
P3R 4358–4338 � TCACAAGAATCCAGAACAACC
P4F 4239–4258 � ATTAAAGACAAGTGTGCTCG
P4R 5993–5973 � CGCCAGCCATTATCTAAAGAC
P5F 5656–5674 � CTTCAAAAACCACGACTAC
P5Rc Poly(A) tail � AGCGTCGAGCGGCCGC(T)15
P885 1214–1236 � TTGGCTCAACACTGTGCAAAAG
P886 1737–1716 � CTGATTGCATTTTCCAAACAGC

a Position nos. or motif of the 5� and 3� nucleotides on the TV genome.
b Primers targeting conserved amino acid motifs in the protease or NTPase, respectively.
c Oligo(dT) primer with a NotI site overhang.
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Cowden (AF182760); for Vesivirus, SMSV-1 (U15301), FCV-CFI68 (U13992), and
FCV-Urbana (NC_001481); for Lagovirus, EBHSV-GD (NC_002615) and RHDV-
FRG (M67473); and for Becovirus, BEC-NB (NC_004064) and Newbury-1
(DQ013304). Multiple alignments of nucleotides (nt) and amino acid sequences
were created using the Omiga 2.0 software (Oxford Molecular Ltd, Oxford, United
Kingdom). Alignments for individual NS proteins used in the analysis were created
based on an initial alignment of the NS polyprotein and analysis for the presence of
amino acid sequence motifs within the published proteolytic cleavage sites of other
CVs (1, 19, 22, 24, 25, 32, 33). Individual NS proteins were realigned and edited to
select partial alignments with relatively lower diversities. Bordering amino acid
positions for the partial viral NTPase, protease, and polymerase sequences used in
the final alignments are listed in Table 2. To retain the maximum number of
conserved evolutionary sites, columns containing gaps were removed and the re-
maining consensus length alignments were used to calculate pairwise homology
scores (percent) and construct phylogenetic trees. Dendrograms based on amino
acid alignments were constructed by the unweighted pair group method with arith-
metic mean and the neighbor-joining clustering methods of the Molecular Evolu-
tionary Genetics Analysis (MEGA, version 3.1) software with Poisson correction
distance calculations. The confidence values of the internal nodes were obtained by
performing 125 and 1,025 bootstrap analyses, which yielded similar tree topologies
and only slight differences (1 or 2%) in the branch bootstrap values. Pairwise
distances and means within (intragenogroup) and between (intergenogroup) geno-
groups and clusters were also calculated.

Tissue culture propagation of TV. A human colon carcinoma (Caco-2) and
three monkey kidney (Vero, MA104, and LLC-MK2) cell lines were used in an
attempt to cultivate TV. Cells were plated on six-well tissue culture plates
(Corning Incorporated Life Sciences, Lowell, MA) to 75 to 80% confluence in 3
ml Dulbecco’s modified Eagle’s medium (MA104, Vero, and Caco-2) or M199
(LLC-MK2) medium supplemented with 10% fetal bovine serum and penicillin
G (100 U/ml), streptomycin (100 �g/ml), and amphotericin B (0.25 �g/ml).
Cultures were inoculated at 24 h postplating with 100 �l of sterile filtered (0.2
�m) 5% stool suspension prepared from an RT-PCR-positive stool sample in
Dulbecco’s modified Eagle’s medium. Plates were incubated at 37°C in 5% CO2

atmosphere.
Cells and medium were harvested 5 days postinoculation by scraping, trans-

ferred to sterile 15-ml tubes (Becton Dickinson and Company, Franklin Lakes,
NJ), and freeze-thawed at �20°C to release cell-associated virus. Cell debris was
removed by centrifugation at 2,000 rpm (600 � g) for 5 min, and 200 �l of the
cell-free medium was transferred to fresh cell cultures, which were monitored
daily for cytopathic effect by light microscopy. These steps were repeated for six
passages. After the 4th and 6th passages, 100 �l medium from each cell line was
tested for the presence of TV by RT-PCR using TV-specific primers. Later,
additional human cell lines (293T, intestine [int] 407, FHs74 int.) were also tested
for their permissibility.

Plaque purification. LLC-MK2 cell cultures grown to 80% confluence in
six-well culture plates (Corning Incorporated Life Sciences, Lowell, MA) were
incubated for 1 h with 1 ml of serially diluted chloroform-extracted and CsCl-
purified TV obtained from the 4th passage. Following inoculation, cells were
washed with medium and overlaid with 2 ml of agarose-medium containing 1
volume of 1.2% agarose in distilled water and 1 volume of 2� M199 medium
supplemented with 10% fetal bovine serum. Plaque formation was evaluated
daily by light microscopy. Single plaques were picked from wells with one to five
isolated plaques, and agarose plugs were dissolved in 500 �l medium and used to

inoculate new plates. The process was repeated six times. Viruses grown from
nine final plaques were stocked at �70°C. In all subsequent experiments, plaque-
purified TV M33 3/2 has been used.

Cesium chloride density gradient purification of TV. LLC-MK2 cultures
grown to 90% confluence in roller bottles (BD Biosciences, San Jose, CA) and
containing 100 ml culture medium were inoculated with 3 ml of TV inoculum
(105.3 50% tissue culture infective doses per milliliter). At 72 h postinoculation,
cultures were freeze-thawed once and attached cells were removed by moving the
ice around the flask. Cell debris was separated from culture medium in a JA-10
rotor at 8,000 rpm (10,000 � g) for 20 min in a Beckman J2-21 centrifuge. The
cell pellet was resuspended in culture medium, freeze-thawed three additional
times to free entrapped virus, and centrifuged at 8,000 rpm (10,000 � g) for 20
min, and the supernatant was collected and added to the culture medium. Virus
particles were precipitated by mixing 1 volume of a 30% polyethylene glycol
8000-0.5 M NaCl (pH 7.4) stock solution with 4 volumes of culture medium and
stirring at room temperature for 2 h and at 4°C overnight. Polyethylene glycol
precipitate was collected by centrifugation at 10,000 � g for 45 min and resus-
pended in 1/100 of the original culture volume in phosphate-buffered saline
(PBS). The resulting material was mixed with CsCl to obtain a solution with a
density of 1.34 g/ml by adding 5.11 g CsCl to 10 ml suspension. Gradients were
formed by centrifugation at 35,000 rpm (150,000 � g) for 27 h in a SW 41Ti rotor
using a Beckman Coulter Optima L-90 K ultracentrifuge. Gradients were frac-
tionated by bottom puncture, and the density of each fraction was determined by
a traditional Abbe refractometer. Viral RNA was extracted from 1 �l of each
fraction and analyzed for the presence of TV RNA by RT-PCR. Peak fractions
were diluted five times in PBS, and virus particles were collected by centrifuga-
tion at 35,000 rpm (150,000 � g) for 3 h in a SW 41Ti rotor, resuspended in PBS,
and stored at �70°C.

Electron microscopy (EM). Drops of CsCl-gradient-purified TV were ad-
sorbed onto Formvar-carbon 200-mesh copper grids (Electron Microscopy Sci-
ences, Fort Washington, PA), stained with 1% ammonium-molybdate, and ex-
amined using a Hitachi-7600 transmission electron microscope equipped with an
AMT digital camera. The mean diameter of TV particles was determined by
measuring 25 virus particles at a direct magnification of �100,000 to �200,000.

RESULTS

CV detection in rhesus macaques. Stool samples collected
from 58 randomly selected animals with and without diarrhea
were tested by RT-PCR for the presence of CVs. The degen-
erated primer set P289H,I/P290H,I,J,K, which is able to detect
both NVs and SVs (9, 15), was used. These primers have been
instrumental in the discoveries of several unique CVs in the
past (9, 13, 21). Nine of the 120 samples tested positive by the
RT-PCR. These samples were collected within a 2-week inter-
val from three animals without diarrhea that were 3 to 6 weeks
old. Amplicons obtained from these animals revealed identical
sequences that were 6 nt shorter than the corresponding NV
amplicons. A BLAST search against the GenBank nucleotide

TABLE 2. Partial NTPase, protease, and polymerase regions used in multiple sequence alignmentsa

Calicivirus
strain

Amino acid/position no.

NTPase Protease Polymerase

N terminus C terminus N terminus C terminus N terminus C terminus

Tulane R/379 L/531 G/820 Y/940 G/977 H/1402
MD145 R/485 I/647 G/1023 Y/1151 G/1199 H/1649
Manchester R/470 L/622 G/1069 Y/1173 G/1213 H/1659
PEC R/454 L/606 G/1063 Y/1167 G/1207 H/1651
FCV-Urbana R/474 L/638 G/1095 Y/1197 G/1251 H/1700
SMSV-1 R/580 L/734 G/1207 Y/1309 G/1364 H/1813
RHDV-FRG R/512 L/667 G/1117 L/1213 G/1262 H/1711
BEC-NB R/446 L/599 G/1010 Y/1107 G/1147 H/1603

a The N- and C-terminal amino acids and their positions of the partial NS protein sequences that were used in the multiple sequence alignments are listed. The length
of the corresponding region for each strain and the consensus length of the alignments are given in Table 4.
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sequence database did not yield any significant sequence sim-
ilarity; however, the translated amino acid sequence revealed a
GLPSG motif characteristic of viral RdRps.

Genomic organization of TV. The complete genome of the
TV is 6,714 nt long without the poly(A) tail, making it the
shortest known CV genome. It has a ribonucleoside composi-
tion of 27.46% A, 24.58% C, 22.07% G, and 25.87% U resi-
dues and starts with three G residues that are part of a 14-nt-
long 5� untranslated region (UTR) (GGGTGACTAGAGCT
ATG). The genome contains three large ORFs. ORF1 spans
from nt 15 to 4358, ORF2 from nt 4380 to 5984, and ORF3
from nt 5984 to 6640 (Table 3 and Fig. 1A). ORF1 and ORF2
are in frame �2 relative to the first nucleotide of the genome
and separated by 21 nt, which is different from the case for
NVs, where ORF1 and ORF2 are in different frames and
overlap by 11 to 17 nt, but similar to the case for canine CV
(GenBank accession no. NC_004542), a vesivirus, where ORF1
and ORF2 are in the same frame and are separated by 3 nt.
The TV ORF3 is in frame �3 and overlaps with the last

nucleotide of the ORF2 termination codon (TAATG; bold
letters indicate the termination [stop] codons of ORF2; under-
lining the initiation [start] codons of ORF3), which is similar to
NVs and different from vesiviruses and SVs (ATGA), lagovirus
(ATGTCTGA), and becoviruses (TAATATG). For all three
ORFs, the predicted initiation codons are in a strong consen-
sus context for translation initiation of eukaryotic mRNA (17).
The 5� UTR did not reveal significant homologies with the 5�
region of the putative subgenomic RNA, which is different
from the case for NVs; however, it aligned well to a region 21
nt downstream from the ORF2 initiation codon starting at nt
4404 (Fig. 1B). The TV genome ends with a 74-nt-long 3� UTR
and a poly(A) tail of 26 to 62 adenine residues, as determined
by the sequencing of 12 clones obtained from end-ligated
genomic RNA.

NS proteins encoded by ORF1. The TV NS polyprotein is
1,447 aa long, with a calculated molecular mass of 161.9 kDa,
which is the smallest among CVs. It has an organization typical
for CVs, containing all the conserved amino acid motifs, in-

TABLE 3. Comparison of the Tulane virus with representative caliciviruses of the other genera

Calicivirus genusa Virus strain Accession no. Complete genome
length (nt)

UTR length ORF length (nt/aa)b

5� (nt) 3� (nt) 1 2 3

Norovirus Norwalk M87661 7,654 4 66 5,370/1,789 1,593/530 639/212
Southampton L07418 7,708 4 78 5,367/1,788 1,641/546 636/211
MD145 AY032605 7,556 4 46 5,100/1,699 1,614/537 807/268
MNV-1 DQ285629 7,382 5 75 5,058/1,685 1,620/539 627/208

Sapovirus Manchester X86560 7,431 12 82 6,843/2,280 498/165 NA
PEC-Cowden AF182760 7,320 9 55 6,765/2,254 495/164 NA

Vesivirus FCV-CFI68 U13992 7,677 19 43 5,289/1,762 2,007/668 321/106
FCV-Urbana NC_00148 7,683 19 46 5,292/1,763 2,007/668 321/106
SMSV-1 U15301 8,284 19 182 5,640/1,879 2,109/702 333/110

Lagovirus RHDV-FRG M67473 7,437 9 59 7,035/2,344 354/117 NA
EBHSV-GD Z69620 7,442 8 92 7,005/2,334 345/114 NA

Becovirus BEC-NB AY082891 7,453 74 67 6,633/2,210 678/225 NA
Newbury-1 DQ013304 7,454 75 67 6,633/2,210 678/225 NA

Recovirus Tulane EU391643 6,714 14 74 4,344/1,447 1,605/534 657/218

a Becovirus and Recovirus represent two tentative genera not yet accepted by the International Committee on Taxonomy of Viruses.
b The Norovirus, Vesivirus, and Recovirus genomes are organized into three ORFs; ORF1 encodes the NS polyprotein, ORF2 encodes the capsid protein (VP1), and

ORF3 encodes a minor structural protein (VP2). The Sapovirus, Lagovirus, and Becovirus genomes are organized into two ORFs; ORF1 encodes a polyprotein
containing the NS proteins and the capsid protein (VP1), and ORF2 encodes the minor structural protein (VP2). NA, not applicable.

FIG. 1. (A) Genome organization of TV. Conserved amino acid motifs are indicated. (B) Alignment of the 5� ends of genomic and subgenomic
TV RNAs. Initiation codons of the NS polyprotein and VP1 are boxed.
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cluding GXXGXGKT (NTPase), EYXEX (Vpg), GDCG
(protease), and GLPSG and YGDD (polymerase). The TV NS
polyprotein has the highest overall amino acid identity (22 to
24%) with NVs (Table 4). Based on alignments with other CVs
with published polyprotein cleavage maps (1, 19, 22, 24, 25, 32,

33) and the amino acid residues at the cleavage sites (Q or
E/A, G, S, T, D, and N), a putative TV NS polyprotein cleav-
age map, which contains the N-terminal protein (24.6 kDa),
the NTPase (38 kDa), P16 (15.7 kDa), the Vpg (10.8 kDa), the
protease (18 kDa), and the polymerase (52.9 kDa), was con-

TABLE 4. Amino acid identity of the Tulane virus with representative caliciviruses of the other genera

Calicivirus genusa Virus strain
NS polyproteinb NTPasec Pro Pol VP1 VP2

aa % aa % aa % aa % aa % aa %

Norovirus Norwalk 1,789 24 163 46 129 27 441 33 530 25 212 26
Southampton 1,788 23 163 44 129 28 441 31 546 25 211 25
MD145 1,699 22 163 46 129 29 441 31 537 24 268 22
MNV-1 1,685 22 163 44 129 22 440 33 539 20 208 22

Sapovirus Manchester 1,719 18 153 37 105 25 447 26 561 17 165 14
PEC-Cowden 1,710 17 153 33 105 23 445 25 544 18 164 17

Vesivirus FCV-CFI68 1,762 18 154 37 103 20 449 25 668 16 109 8
FCV-Urbana 1,763 18 155 35 103 20 449 24 668 15 106 9
SMSV-1 1,879 17 155 36 103 18 450 23 702 16 110 7

Lagovirus RHDV-FRG 1,765 19 156 33 97 20 450 27 579 17 117 11
EBHSV-GD 1,758 19 155 34 97 20 450 25 576 19 114 9

Becovirus BEC-NB 1,661 16 155 31 98 22 457 25 549 16 225 8
Newbury-1 1,661 16 154 29 98 21 457 25 549 17 225 7

Recovirus Tulane 1,447 100 154 100 121 100 425 100 534 100 218 100

Consensus length
(no gap)d

1,362 145 92 409 455 92

a Becovirus and Recovirus represent two tentative genera, not yet accepted by the International Committee on Taxonomy of Viruses.
b For Sapovirus, Lagovirus, and Becovirus, the length of NS polyprotein is given as the translation of ORF1, excluding the capsid protein encoding sequences.
c Multiple sequence alignments for the NS polyprotein, VP1, and VP2 based on the corresponding full-length amino acid sequences. Alignments for the viral NTPase,

protease, and polymerase sequences were based on partial amino acid sequences listed in Table 2.
d To retain the maximum number of conserved evolutionary sites, columns containing gaps in the alignments were removed and the remaining consensus length

alignments were used to calculate pairwise homology scores (percent).

FIG. 2. Predicted NS polyprotein cleavage sites of TV based on sequence alignments with published cleavage maps of other CVs. Since the
alignments revealed the highest identity between TV and NVs, only published NV cleavage maps representing GI, GII, and GV are shown.
Calculated protein molecular masses (in kilodaltons) and the positions of the amino acids at the cleavage sites are shown.
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structed (Fig. 2). The TV NTPase, protease, and polymerase
have molecular masses comparable to those of NVs (less than
10% difference), while the remaining three proteins are rela-
tively smaller (21 to 41% difference) than their NV counter-
parts.

Capsid (VP1) and minor structural protein (VP2). The TV
VP1 is 534 aa long, with a calculated molecular mass of 57.9
kDa, and shows the highest overall amino acid identity (20 to
25%) with NVs (Table 4). It contains the conserved PPG
(PPN) motif and a FXXLXPP hinge between the S and P
domains characteristic of most CV capsid proteins.

The TV VP2 is 218 aa long, with a calculated molecular mass
of 22.8 kDa and an isoelectric point (pI) of 10.0, like the case
for NVs. It also shows the highest amino acid identity (22 to
26%) with NVs (Table 4).

Phylogenetic analysis. Pairwise homology scores from
amino acid sequence alignments indicated that TV exhibits the
highest amino acid identity with NVs in all regions analyzed
(Table 4). This was confirmed by phylogenetic analyses con-
ducted on the viral NS polyprotein, partial NTPase, protease,
polymerase, and whole-capsid sequences (Fig. 3). VP2, Vpg,

P16, and the N-terminal protein were not analyzed, because of
the higher diversity of these proteins between the different CV
genera. Phylogenetic trees obtained for each genomic region
grouped viruses of the previously described genera in a manner
similar to that in the trees reported by others, and TV was
consistently placed on a branch rooting with NV. The mean
distances between TV and the different genera also showed
that TV is most closely related to NV (the mean distances
between TV and NV were as follows: for ORF1 polyprotein, x�
was 1.459 and �M was 0.041; for NTPase, x� was 0.791 and �M

was 0.080; for protease, x� was 1.317 and �M was 0.162; for
polymerase, x� was 1.124 and �M was 0.065; and for VP1, x� was
1.442 and �M was 0.072. x� indicates mean distance, and �M

indicates standard error of the mean); however, these distances
were longer than the distances between some of the estab-
lished genera (the mean distances between SV and Vesivirus
were as follows: for ORF1 polyprotein, x� was 1.184 and �M was
0.030; for NTPase, x� was 0.682 and �M was 0.068; for protease,
x� was 1.326 and �M was 0.153; for polymerase, x� was 0.844 and
�M was 0.047; and for VP1, x� was 1.322 and �M was 0.067).
Also the mean distances between TV and NV were 1.66 to 3.5

FIG. 3. Unrooted phylogenetic trees based on amino acid sequence alignments of CV NTPase (A), polymerase (B), and VP1 (C). Trees were
constructed by the neighbor-joining clustering method of MEGA 3.1, with Poisson distance calculations. The scale bars represent the phylogenetic
distances expressed as units of amino acid substitutions per site. The confidence values of the internal nodes were obtained by performing 1,025
bootstrap analyses. Trees constructed for the NS polyprotein and protease exhibited similar topologies (data not shown).
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times longer than the mean distances within NV (intergeno-
group distance) (the mean distances within NV were as fol-
lows: for ORF1 polyprotein, x� was 0.550 and �M was 0.017; for
NTPase, x� was 0.444 and �M was 0.052; for protease, x� was
0.367 and �M was 0.059; for polymerase, x� was 0.392 and �M

was 0.025; and for VP1, x� was 0.864 and �M was 0.042). Taken
together, these results indicate that TV represents a new genus
within the Caliciviridae.

Tissue culture propagation. Tissue culture propagation of
TV was attempted on CaCo-2, Vero, MA104, and LLC-MK2
cells from filtrates of an RT-PCR-positive stool sample. Small
plaques characterized by cell rounding were observed at the
2nd passage on LLC-MK2 cells. By the 5th passage, almost
100% of the cells became rounded and detached within 72 h
postinoculation. TV RNA could be detected only in the LLC-
MK2 cultures by RT-PCR, but not in the other cell lines when
tested at the 4th and 6th passages (Fig. 4). Attempts to prop-
agate TV on additional human cell lines (293T, int. 407, FHs74
int.) were unsuccessful.

The TV replication was studied by infecting LLC-MK2 cells
at a low (0.01) multiplicity of infection with plaque-purified TV
(data not shown). Growth curves indicated a rapid replication
cycle with visible cytopathic effect at about 24 h postinocula-
tion and a peak of the virus titer at 36 to 48 h, when all cells
were rounded and detached. The peak virus titer, however,
even with the higher initial multiplicity of infection, reached
only about 105 50% tissue culture infective doses per milliliter.

Physicochemical characterization of TV. CsCl density gra-
dient fractionation of plaque-purified TV revealed a clear
peak, with a mean density (	 standard deviation) of 1.3722 	
0.014 g/ml containing small rounded virions with cup-like sur-
face protrusions (Fig. 5). The mean diameter of TV particles is
35.8 	 1.6 nm, which is similar to that of other CVs. SDS-
polyacrylamide gel electrophoresis analysis of the purified TV
revealed a single major protein of about 60 kDa, most likely
the capsid protein (VP1) (Fig. 5).

DISCUSSION

According to the genomic and physicochemical character-
izations described in this study, TV is a member of the Calici-
viridae: (i) the TV genome is organized into three major ORFs,
which is similar to the genomic organization of noro- and
vesiviruses, (ii) all conserved amino acid sequence motifs char-
acteristic for CVs are present in the TV NS and structural
proteins and the predicted NS polyprotein cleavage map indi-
cates the same number of cleavage products that are arranged
in the same order as that described for other CVs, (iii) the
buoyant density, size, and morphology of TV virions are similar
to those of other CVs, (iv) TV virions consist of one major
protein of about 60 kDa, and (v) phylogenetic analyses placed
TV within the Caliciviridae.

The whole genome of the TV is 6,714 nt long, which is at
least 600 nt shorter than the genomes of other CVs. To avoid
the possibility of missing the exact 5� end, it was determined by
several methods and all of them yielded the same result. More-
over, the transfection of LLC-MK2 cells with an in vitro-tran-
scribed TV genomic RNA yielded infectious virions (data not
shown), further confirming our data.

TV represents a new CV genus that is genetically more
closely related to NVs than to other CVs. Phylogenetic analysis
conducted on structural and NS proteins of TV and represen-
tatives of other CV genera consistently placed TV on a sepa-
rate branch rooted together with NV (Fig. 3). This placement
is in accordance with the pairwise homology and phylogenetic
distance calculations that also indicated the closest relation-
ship between TV and NVs. However, the low-homology scores
observed in all regions and the equivalence of phylogenetic
distances between TV and NV to distances between the estab-
lished CV genera clearly place TV outside the NV genus. In
accordance with the proposed nomenclature of Becovirus (26),
we propose the name Recovirus (rhesus enteric Calicivirus) for
this new genus represented by TV.

Additional features of TV with high similarity to those of
NVs have been also noted. The lengths of the TV ORF2 and

FIG. 4. Detection of TV-specific RNA at the 6th passage of a TV-positive stool sample in CaCo-2, MA-104, Vero, and LLC-MK2 cells. M,
molecular size marker (1-kb DNA ladder; Invitrogen, Carlsbad, CA). Mock-infected cells were passed parallel with stool-inoculated cells for each
cell line. RNA was extracted from 100 �l of cell-free tissue culture medium obtained from each mock or infected (stool) cell culture. RNA
extracted from 100 �l of TV-positive stool that was used to inoculate the cells originally served as a positive control (�Contr). �Contr, negative
control. Primers P885 and P886 (Table 1) were used to amplify a 523-bp TV-specific product.
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ORF3 and the Mrs of the encoded structural proteins VP1 and
VP2 are comparable to the corresponding values for NVs
(Table 3). Also, the junction between ORF2 and ORF3, which
seems to be conserved for CVs of different genera, is similar to
that of NVs (TAATG). The shorter genome length of TV is
clearly due to a shorter ORF1 (Table 3). The TV ORF1 is
4,344 nt long, which is more than 1,000 nt shorter than the
5,370 nt of Norwalk virus ORF1. Based on alignments of de-
duced NS polyprotein sequences and the predicted protein
cleavage map of TV (Fig. 2), the TV NS polyprotein is cleaved
into at least six functional proteins, NH2-P26.4(N-terminal)-
P38(NTPase)-P16-P10.8(Vpg)-P18(Prot)-P52.9(Pol)-COOH, all of
which exhibit the highest amino acid identity with the corre-
sponding proteins of NVs. The N-terminal protein, P16, and
VPg are significantly (about 20 to 40%) smaller than those of
NVs, while the remaining NS proteins have Mrs comparable to
those of NVs.

One significant difference between TV and HuCVs is that
TV could be readily grown in vitro. Whether this result is due
to the difference in NS protein function or receptor usage or to
other factors is unclear and needs to be studied. It also should
be noted that although TV could be grown in LLC-MK2 cells
(a rhesus macaque kidney cell line), growth attempts in other
cell lines failed. Thus, investigating the nature of cellular and
viral elements required for TV replication may provide impor-
tant clues for identifying factors required for successful in vitro
growth of HuCVs. The availability of a cell culture and a
reverse genetics system makes TV a valuable model to address
these issues.

Since TV was isolated from stool samples of animals without
symptoms of diarrhea, the clinical disease linked to TV infec-
tion and its pathogenesis and whether TV can be developed to
an animal model system for CV gastroenteritis remain to be
established. A recent study reported the detection of NV-like
particles in nonhuman primate stool samples, including rhesus
macaques, by EM (38). Whether these particles represented
TV or NVs is unknown. Taken together, these findings call for
extended investigations of CVs in nonhuman primates. Previ-
ous attempts at the molecular detection of CVs in primate
stool samples were unsuccessful, possibly due to primer selec-
tion. The detection of TV with the primer set P289H,I/
P290H,I,J,K further emphasizes the usefulness of these prim-
ers in CV detection.
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