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Rotavirus infections can be diagnosed in stool samples by serological and molecular methods. We developed
a novel reverse transcriptase PCR (RT-PCR) method for the amplification of rotavirus RNA and a reverse
hybridization assay on a strip to detect amplimers and identify the specific G and P genotypes present in
human stool specimens. An additional aim was to permit specific identification of the rotavirus G1P[8] strain,
used in the Rotarix vaccine. Novel broad-spectrum PCR primers were developed for both VP4 and VP7,
permitting the amplification of a wide range of rotavirus genotypes. Primer sets comprise mixtures of defined
primer sequences. For the identification of G and P genotypes, two reverse hybridization strip assays were
developed. Both the VP4 and the VP7 strip contain universal probes for the detection of VP4 and VP7
sequences, irrespective of the G or P genotype. The VP4 strip contains type-specific probes for P[4], P[6], P[8],
P[9], and P[10]. The VP7 strip contains type-specific probes for G1, G2, G3, G4, G5, G6, G8, and G9. In
addition, probes to distinguish between wild-type G1 and G1 vaccine strain sequences were present. Testing by
analysis of multiple reference strains confirmed that both RT-PCR methods allowed the detection of a broad
spectrum of genotypes. RT-PCR for VP7 was more sensitive than RT-PCR for VP4, but all samples identified
as positive for rotavirus antigen by an enzyme-linked immunosorbent assay (ELISA) were also positive for both
VP4 and VP7. The high specificity of the reverse hybridization method was confirmed by sequence analysis as
well as by type-specific PCR, and the vaccine strain could also be specifically identified. The reverse hybrid-
ization method permits accurate identification of mixed infections with different genotypes. Rotavirus geno-
types for which no type-specific probes were present on the strip were adequately identified by the universal
detection probes. The assay was formally validated by analyses of specificity, sensitivity, precision, accuracy,
and robustness. In a panel of 149 ELISA-positive stool samples, comparison with conventional type-specific
RT-PCR methods revealed the superiority of the novel method, mainly in cases of mixed rotavirus infections.
This novel method permits highly accurate detection and identification of human rotavirus infections in stool
samples. This validated assay could be useful for large-scale epidemiological and clinical trials.

Rotavirus infection is one of the most important causes of
severe diarrhea in infants and young children. Worldwide, an
estimated 611,000 children below the age of 5 years die as a
consequence of rotavirus disease, mainly in low-income coun-
tries, and rotavirus accounts for 39% of hospitalizations for
childhood diarrhea (37).

Rotavirus-induced illnesses most commonly affect children
between the ages of 6 and 24 months, and the peak prevalence
of the disease generally occurs during the cooler months in
temperate climates and year-round in tropical areas. Human
rotaviruses (HRV) are typically transmitted from person to
person by the fecal-oral route, with an incubation period of 1
to 3 days. The disease is characterized by vomiting, watery
diarrhea, fever, and abdominal pain. In contrast to the severe
disease normally encountered in young children, most adults
are protected as a result of previous rotavirus infection, so
most adult infections are mild or asymptomatic (2).

Rotaviruses, classified as a genus in the family Reoviridae,

are nonenveloped, double-shelled viruses, about 75 nm in di-
ameter, that have a characteristic wheel-like appearance. Typ-
ically, the double-shelled capsid structure surrounds an inner
protein shell or core that contains the viral genome. The ge-
nome of rotaviruses consists of 11 segments of double-stranded
RNA, encoding 6 structural and 5 nonstructural proteins (12).
One of the nonstructural proteins of relevance, NSP4, is a
transmembrane, endoplasmic-reticulum-specific glycoprotein
with pleiotropic functions in viral replication and pathogenesis.
NSP4, encoded by gene segment 10 of group A rotavirus, is an
enterotoxin causing diarrhea and is described as an activator of
a signal transduction pathway that increases intracellular cal-
cium levels by mobilizing calcium from the endoplasmic retic-
ulum, resulting in chloride secretion (51).

Two of the structural viral proteins, designated VP4 and
VP7, are arranged on the exterior of the double-shelled capsid
structure. VP4, a spike protein, is the translational product of
genomic segment 4, whereas VP7 belongs to the outer capsid
and is the translational product of genomic segment 7, 8, or 9,
depending on the strain (48). The inner capsid of the rotavirus
presents the protein designated VP6. This protein determines
the antigenic group and subgroup classifications of a rotavirus.
More specifically, antigenicity is classified into five major VP6
groups (A to E) and four subgroups within VP6 group A (I, II,
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I plus II, neither I nor II). Furthermore, the VP4 and VP7
proteins are the determinants of the serotype specificity of
group A rotaviruses. VP4 protein, designated P, is a nongly-
cosylated protease-sensitive protein of approximately 88 kDa.
VP7 protein, a glycoprotein of 38 kDa (34 kDa when nongly-
cosylated) designated G, stimulates the formation of the major
neutralizing antibody following rotavirus infection.

To date, at least 19 G serotypes and 27 P serotypes have
been defined. In general, strains sharing more than 89% amino
acid identity are considered to belong to the same P genotype.
The nomenclatures for G genotypes and serotypes are identi-
cal (G followed by a number), but the numbers indicating P
genotypes are enclosed in brackets, while those for serotypes
are not (34). Since the VP4 and VP7 genes are independently
segregated, different G and P combinations have been ob-
served in natural infections. Based on global epidemiology
data, G1P[8], G2P[4], G3P[8], G4P[8], G9P[6], and G9P[8] are
the most prevalent genotypic combinations found in humans
(21, 44). Other genotypes are often found in animals, although
transmission to humans is possible, and the spectrum of geno-
types appearing in humans is increasing (15, 27, 30, 31, 38).

Routine diagnosis is based on rapid detection of group A
antigen in feces, generally by latex agglutination or an enzyme
immunoassay (11, 13). However, the abilities of serological
assays to distinguish accurately between the different rotavirus
serotypes are limited (23). Therefore, analysis of the viral RNA
is more suited for the genotyping of rotavirus isolates. Rota-
virus genomic RNA can be detected by reverse transcriptase
PCR (RT-PCR). Despite the high degrees of sequence heter-
ogeneity within the VP4 and VP7 genes, distinct phylogenetic
clades can be clearly recognized, permitting the identification
of P genotypes and G genotypes in the VP4 and VP7 genes,
respectively (34).

Various methods have been developed to detect rotavirus
RNA in human stool samples and to identify specific geno-
types. These include type-specific PCR (20), restriction frag-
ment length polymorphism (24), sequence analysis (3, 5, 10),
capture and primer extension (32), and hybridization to oligo-
nucleotide probes (7, 43, 44).

An attenuated G1P[8] HRV vaccine has been developed
and tested on a large group of infants (41). Two doses of this
Rotarix vaccine were highly effective in protecting infants
against severe rotavirus gastroenteritis.

In order to detect the presence of rotavirus in human stool
samples and to identify the VP4 and VP7 genotypes (including
those of the Rotarix vaccine strain), a novel diagnostic method
was developed. This assay is based on RT-PCR amplifying a
broad-spectrum of G and P genotypes, followed by identi-
fication of the amplimers by reverse hybridization to a strip
containing both universal and type-specific oligonucleotide
probes. The present report describes the development and
analytical validation of this novel assay.

MATERIALS AND METHODS

Reference rotavirus strains. Reference strains of HRV used in this study are
shown in Table 1 (13).

A live attenuated RIX4414 G1P[8] HRV vaccine strain was used for the
preparation of the Rotarix vaccine (Rotarix is a trademark of the GlaxoSmith-
Kline group of companies) (41). The RIX4414 strain has been deposited at the
European Collection of Cell Cultures under accession number ECACC
99081301.

Clinical samples. A total of 149 stool samples were obtained from participants
in a phase II vaccine study. Rotavirus was isolated from the stool samples as
follows. One gram of stool was mixed with 4 ml Earle’s balanced salt solution
(EBSS) by vigorous vortexing followed by shaking for 20 min. The stool suspen-
sion was centrifuged at 12,500 � g at 4°C for 5 min; the supernatant was
transferred to an empty tube; and the pellet was discarded. The supernatant,
containing the rotavirus, was stored for the short term (as long as 90 days) at 4°C
and for the long term at �20°C.

RNA isolation. Total nucleic acid was extracted from 200 �l EBSS supernatant
using the Roche MagNAPure LC automated system and the MagNAPure LC
DNA isolation kit III. Briefly, viruses were first lysed by warming at 65°C and
addition of lysis buffer to the sample before it was mixed with silica-coated
paramagnetic particles. These particles selectively bind nucleic acids. After sep-
aration of the paramagnetic particles from the extract by using a magnet, fol-
lowed by several washing steps, RNA was eluted from the paramagnetic parti-
cles. A rotavirus-positive sample (genotype G8P[10]) was used as a positive
control.

RT-PCR. Ten microliters of isolated VP4 and VP7 RNA was reverse tran-
scribed into cDNA using the OneStep RT-PCR kit (Qiagen).

For the amplification of VP4 sequences, the VP4 primer set, a cocktail of six
forward and three reverse primers, generating a fragment of 500 bp, was used
(Table 2). For the amplification of VP7 sequences, the VP7 primer set, a cocktail
of six forward and five reverse primers, resulting in an amplification product of
400 bp, was used (Table 3). After denaturation of the RNA at 80°C for 5 min, the
RT-PCR comprised a reverse transcription step at 50°C for 30 min, a denatur-
ation step of 15 min at 95°C, 40 cycles of PCR (94°C for 30 s, 52°C for 45 s, and
72°C for 45 s), and a final incubation at 72°C for 10 min. All reverse primers carry
a biotin moiety at the 5� end, allowing labeling of the amplified material.

Reverse hybridization. Genotype-specific oligonucleotide probes (Tables 4
and 5) were provided with a 3� poly(T) tail using terminal deoxynucleotidyltrans-
ferase and were immobilized in parallel lines on nitrocellulose membrane strips.
Reverse hybridization was performed as follows. Briefly, 10 �l of the biotin-

TABLE 1. Rotavirus reference strains

Strain G and P
genotypes FFU/ml

Genotype for which
the strain is used

as a reference

VP7 VP4

RIX4414 G1P�8�vac 2.00 � 107 G1vac P�8�vac
WA G1P�8�WT 6.94 � 106 G1WT P�8�WT
WI61 G9P�6� 1.43 � 107 G9 P�6�
DS-1 G2P�4� 106 G2 P�4�
P G3P�8� 106 G3
K8 G1P�9� 5 � 107 P�9�
69M G8P�10� 2.51 � 107 G8 P�10�
ST3 G4P�6� 3.16 � 106 G4
NCDV G6bovine 1.86 � 108 G6
TF4-41 G5porcine 106 G5

TABLE 2. Primers used for amplification of the VP4 gene
fragment of HRV

Primer
designation Sequence (5�33�)a Positionb

ROT4FOR1A AGATGGTCCTTATCAGCCAAC 204–224
ROT4FOR1B GANGGTCCTTATCAGCCTAC 205–224
ROT4FOR1C AGATGGTCCTTATCAACCTAC 204–224
ROT4FOR1D CGATGGTCCTTATCAACCAAC 204–224
ROT4FOR1E GACGGACCATATCAACCGAC 205–224
ROT4FOR1F GATGGTCCNTATCAACCNAC 205–224
ROT4REV1B TTNCTTGTATTCTGNATTGGTG 701–680
ROT4REV1A CATTTCTAGTATTTTGAATTGGTG 703–680
ROT4REV1C CATTTCTAGTGTTTTGTATCGGT 703–681

a The letter N stands for inosine.
b All sequence positions are given according to the sequence of the P�8� strain

WA (GenBank accession number L34161).
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labeled RT-PCR product was denatured by addition of 10 �l of 0.1 M NaOH
solution at room temperature. Hybridization solution and a reverse hybrid-
ization strip were added and incubated at 50°C for 1 h, allowing hybridization
of the denatured PCR product to probes on the strip under stringent condi-
tions. After stringent washing at 50°C, the hybrids were detected by an
alkaline phosphatase–streptavidin conjugate and a substrate (5-bromo-4-
chloro-3-indolylphosphate and nitroblue tetrazolium), resulting in a purple
precipitate at the positive probe lines. After the strips were dried, the hy-
bridization patterns were interpreted visually.

Two reverse hybridization strip assays (RHA), designated the Rota VP7 and
Rota VP4 strips, were developed for identification of G and P genotypes, re-
spectively. Both the VP7 and VP4 strips contain universal probes for the detec-
tion of VP7 and VP4 sequences, irrespective of the G or P genotype. These
would permit the detection of rotavirus genotypes for which the strip does not
contain type-specific probes.

The VP7 strip (Fig. 1) contained type-specific probes for G1, G2, G3, G4, G5,
G6, G8, and G9. In addition, probes to distinguish between wild-type and vaccine
strain G1 sequences (G1WT and G1vac sequences, respectively) were present.
The live attenuated HRV G1P[8] vaccine strain RIX4414 can be identified by a
specific probe (G1vac) that targets a unique single-nucleotide difference from

G1WT sequences at position 605 (605C in the wild-type strains; 605T in the
vaccine strain).

The VP4 strip (Fig. 2) contained type-specific probes for P[4], P[6], P[8], P[9],
and P[10]. Two probes were added to recognize the P[8] sequence present in the
vaccine strain. It should be noted that this sequence is not completely unique to
the vaccine strain, since it also occurs in some nonvaccine strains.

If the strip yields positive results only for the universal VP4 or VP7 probes, the
sample is rotavirus RNA positive, but the probes on the strip do not permit
identification of the correct VP4 or VP7 genotype. Therefore, such amplimers
are subjected to sequence analysis.

Sequence analysis. PCR amplimers were analyzed by direct sequencing using
the ABI BigDye Terminator cycle sequencing kit (version 1.1; Applied Biosys-
tems). Sequences were analyzed by comparison to sequences from rotavirus
genotype reference strains. Sequences were also compared to rotavirus se-
quences in GenBank by using BLAST software (1).

Genotype-specific PCR. As a reference method, genotype-specific RT-PCR
was used, based on the RT-PCR methods for G typing of Gault et al. and Gouvea
et al. (19, 22) and on the RT-PCR technique for P typing of Khetawat et al. (29).

Briefly, RNA was subjected to individual RT-PCRs with combinations of
universal reverse primers and type-specific forward primers. Amplimers were
analyzed by gel electrophoresis, and genotypes could be deduced based on
amplimer length.

RESULTS

Design of the Rota VP7 and VP4 assays. Sequences from
nine different HRV VP7 genotypes (including G1, G2, G3, G4,
G5, G6, G8, and G9) were aligned in order to identify con-
served genomic regions suitable for the design of broad-spec-
trum RT-PCR primers. Based on this sequence alignment,
target regions for forward and reverse primers for the broad-
spectrum VP7 RT-PCR were selected. Six forward primers
were aimed at the conserved region of VP7 between positions
529 and 553 (all positions for VP7 are given according to those
of the G1 strain WA [GenBank accession number M21843]).
Five reverse primers were aimed at the conserved region be-
tween positions 907 and 927. Forward and reverse primers
were designed to cover all relevant genotypes, and some prim-
ers contain one or two inosines (primer degeneracy). This

TABLE 3. Primers used for amplification of the VP7 gene
fragment of HRV

Primer
designation Sequence (5�33�)a Positionb

ROTFOR1A AATGAATGGTTATGTAATCCAATGG 529–553
ROTFOR1B AANGAATGGCTGTGCAATCCNATGG 529–553
ROTFOR1C AANGAGTGGTTATGTAATCCNATGG 529–553
ROTFOR1D AATGAATGGTTATGNAACCCAATGG 529–553
ROTFOR1E AATGAGTGGCTTTGTAATCCAATGG 529–553
ROTFOR1F AATCAATGGTTATGTAATCCGATGG 529–553
VP7rev4a GCCACCATTTTTTCCAATTCAC 928–907
VP7rev4b GCCACCATTTTTTCCAATTTAT 928–907
VP7rev4c GCCACCATTTTTTCCAATTTAC 928–907
VP7rev4d GCCACCATTTCTTCCAATTAAC 928–907
VP7rev4e GCCACCATTTTTTCCAGTTCAC 928–907

a The letter N stands for inosine.
b All sequence positions are given according to the sequence of the G1 strain

WA (GenBank accession number M21843).

TABLE 4. Probes for identification of rotavirus VP4 types

Probe designation Sequence (5�33�)a Positionb

Uniprobes
VP4-uni_1 TAAACCATTATTAATATATTCATTACANTTAGANTCTTG 678–640
VP4-uni_2 ACCGTTGTTAATATATTCATTACANTTAGANTCTTG 675–640
VP4-uni_3 TTGGTGGNAANCCAGTATTTATATATTCA 685–657
VP4-uni_4 TTGGTGGTAACCCNTTATTTATGTANTCAG 685–656
VP4-uni_5 GGTGGTAAACCATTATTTATATATTGTGTACACATAG 683–647
VP4-uni_6 TTGGAGGCANCCCATTATTTATATATTGCGC 685–655

Type-specific probes
P1_3_1 CAAATAGGTGGTTAGCGA 305–322
P1_3_2 CAAACAGATGGTTAGCGA 305–322
P 4_1_1c AATAGACTTGTAGGAATGCTAA 490–511
P 4_2c TTCGAAATGTTTAAAGGTAGC 427–447
P6_3 TATAATAGTGTTTGGACTTTC 517–537
P8_VAC-str1b CTGATACCAGACTTGTAGGA 485–504
P8_VAC-str2b GTAGGAATATTTAAATATGGTG 499–520
P 8_1_2b ACCACCTACTGATTACTGG 234–252
P 8_4_1a ACCCAGTAGATAGACAATATATG 347–369
P 8_4_3a GATCCAGTAGATAGACAATATAATG 346–370
P 9_1c ACTTCGTGGAAATTTATATTATT 415–437
P_9_2d AGATGGGCAAAATGTCCAAGG 372–392
P 10b AGCCCCATTAAATGCTG 261–277

a The letter N stands for inosine.
b All sequence positions are given according to the sequence of the P�8� strain WA (GenBank accession number L34161).
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cocktail of 11 primers is called the VP7 primer set. The expected
amplimer size is 400 bp. Subsequently, universal probes, aimed
at the region between positions 852 and 878, were designed. Each
of the nine HRV VP7 genotypes should hybridize to at least one
of the universal VP7 probes. Type-specific probes, aimed at target
sequences located in the interprimer region, were selected and
used on the reverse hybridization strip. Examples of the VP7
assay are shown in Fig. 1.

Sequences from six different HRV VP4 genotypes (P[1],
P[4], P[6], P[8], P[9], and P[10]) were aligned to identify con-
served genomic regions suitable for the design of broad-spec-
trum RT-PCR primers. Based on this sequence alignment,
target regions for forward and reverse primers were chosen for
the broad-spectrum VP4 RT-PCR. Six forward primers were
aimed at the conserved region of VP4 between positions 204
and 224 (all positions for VP4 are given according to those of

TABLE 5. Probes for identification of rotavirus VP7 types

Probe designation Sequence (5�33�)a Positionb

Uniprobes
Rota-uni_2 ATTAGACATAACAGCAGATCCAACGAC 852–878
Rota-uni_3 TAGATATCACTGCTGATCCAACAAC 854–878
Rota-uni_4 ATTAGATATAACGGCTGATCCCACAAC 852–878
Rota-uni_5 TAGATATTACAGCTGATCCGACGAC 854–878
Rota-uni_6 TTGGATATTACNGCNGATCCAACAAC 853–878

Type-specific probes
G1vac-605T1 GAATACGCAAATGTTAGG 642–659
G1WT-605C3 AATACGCAAACGTTAGGA 643–661
G1WT-605aC4 ACTGAATACACAAACGTTAG 639–658
G1WT-605taC1 CTGAATATACAAACGTTAGG 640–659
G1WT-1_2 TTAGCTATAGTGGATGTCGGG 718–739
G1WT-1a_10 AAATTAGCTATAGTAGATGTCGGG 715–739
G1WT-2_3 CGTTGATGGGATAAATCAT 735–753
G1WT-2t_10 CGTTGATGGGATAAATTAT 735–753
G2_11 AGAAAATGTTGCTATAATTCA 813–833
G3_11 AGCAGTTATACAGGTTGGT 822–840
G3B_1 GGCGGTCATACAAGTT 822–837
G4_11 CAGCTACTTTTGAAACAGTT 683–702
G4VA70-3 AGCTACTTTTGAAATGGTG 684–702
G4_Arg1 CAGCTACTTTTGAAACGGGG 683–702
G5_2 TATCTATGGGTTCTTCATGG 602–624
G6_2 CTCGGTATCGGATGTCT 655–671
G8_n10 ACTACAACTTTTGAAGAAGTTGC 682–704
G8_n21 ACACTACGACTTTTGAAGAA 680–699
G9_1 ATGGGACAGTCTTGTAC 607–623

a N stands for inosine.
b All sequence positions are given according to the sequence of the G1 strain WA (GenBank accession number M21843).

FIG. 1. Outline and representative examples of the VP7 RHA. The top line (Conj cont) is a control line for checking the detection reaction
on the strip. The positions of the universal probe lines as well as those for type-specific probes are indicated. The VP7 genotype can be deduced
from the hybridization pattern and is given at the top of each strip.
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the P[8] strain WA [GenBank accession number L34161]).
Three reverse primers were aimed at the conserved region
between positions 680 and 703. Forward and reverse primers
were designed to cover all relevant genotypes, and some con-
tain one or two inosines (primer degeneracy). This cocktail of
nine primers is called the VP4 primer set. The expected am-
plimer size is 500 bp. Subsequently, universal probes, aimed at
the region between positions 640 and 685, were designed. Each
of the six HRV VP7 genotypes should hybridize to at least one
of the universal VP4 probes. Type-specific probes, aimed at
target sequences located in the interprimer region, were se-
lected and used on the reverse hybridization strip. The results
of the VP4 assay are shown in Fig. 2.

In order to achieve high specificity for all probes on the
strips under the uniform RHA conditions, the length and com-
position of each probe were optimized.

Specificities of the VP4 and VP7 assays. The specificities of
the VP4 and VP7 assays were first assessed by comparing the
primer and probe sequences to the GenBank database (per-
formed in April 2004) using BLAST software (1). This in silico
analysis confirmed the specificities of all primers and probes,
Probe G1vac was specifically aimed at recognizing the VP7
sequence of the vaccine strain. The C605T variant was not
found in GenBank; therefore, this probe sequence appears
completely specific for the identification of the vaccine strain.

Probes P8vac-WT1 and P8vac-WT2 were aimed at recogniz-
ing specifically the VP4 P[8] sequence of the vaccine strain.
However, GenBank contained several VP4 P[8] wild-type se-
quences fully matching the VP4 vaccine strain sequence. These
strains were first isolated in Finland (35). Thus, the VP4 P[8]
sequence of the vaccine strain is not completely unique, since
it also occurs in some natural strains. In conclusion, the vaccine
strain can be reliably identified only by the VP7 G1vac se-
quence, and the VP4 P[8] sequence should be used for confir-

mation only when the VP7 result indicates the presence of the
vaccine strain.

The specificities of both the VP4 and VP7 assays were ex-
perimentally tested by analysis of reference strains represent-
ing established G and P genotypes. All reference strains (listed
in Table 1) were correctly identified on the strips, confirming
the specificity of the genotyping probes on the strips (Fig. 1 and
2). Amplimers from each reference strain were also sequenced
and confirmed the presence of the expected VP4 or VP7 ge-
notypes.

To assess potential cross-reactivity of the VP4 and VP7
RT-PCR assays with other gastrointestinal pathogens, the ro-
tavirus vaccine strain (G1vacP[8]vac; 50 focus-forming units
[FFU] per RT-PCR) was mixed with various enteroviruses
included in the third Quality Control for Molecular Diagnos-
tics enterovirus panel (www.qcmd.org) or with poliovirus
(Sabin strain, produced at GlaxoSmithKline Biologicals, Rix-
ensart, Belgium). The results (data not shown) indicate that
these organisms do not interfere with the detection and geno-
typing of the HRV G1vacP[8]vac strain by the VP4 and VP7
RT-PCR RHAs.

For assessment of the specificity of identification of the G1
vaccine strain, high concentrations of PCR amplimers from
two different cloned G1WT sequences were used for reverse
hybridization in order to determine whether this could cause
cross-reactivity on the G1vac probe. Only specific hybridization
patterns were observed, without any visible cross-reaction
(data not shown).

Furthermore, experimental mixtures of G1vac and G1WT

amplimers were tested. PCR products were generated from
plasmid DNA containing VP7 sequences from either the
G1WT or the G1vac strain by using the VP7 primer set.
Mixtures with different relative concentrations were pre-
pared, leaving the total amount of amplimer constant, and

FIG. 2. Outline and representative examples of the VP4 RHA. The top line (Conj cont) is a control line for checking the detection reaction
on the strip. The positions of the universal probe lines as well as those for type-specific probes are indicated. The VP4 genotype can be deduced
from the hybridization pattern and is given at the top of each strip.
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these mixtures were used for reverse hybridization and di-
rect sequence analysis.

RHA allowed the detection of the G1vac strain in samples
with G1vac–G1WT mixtures in 50:50, 25:75, and 10:90 ratios. In
mixtures containing less G1vac (5:95 and 1:99 ratios), only
G1WT was observed on the strip. Direct sequencing detected
only G1vac in samples with G1vac–G1WT mixtures at 50:50 and
25:75 ratios, but in the 10:90, 5:95, and 1:99 mixtures, only
G1WT could be identified.

Sensitivities of the assays. In order to determine the sensi-
tivities of the assays, dilution series of the following reference
strains (genotypes) were used: RIX4414 (G1P[8]vac), WA
(G1P[8]WT), WI61 (G9P[6]), and ST3 (G4P[6]). The choice of
these strains was based on the high prevalence of these geno-
types around the world (21). These strains were quantified by
virus titration after culture, and virus levels were expressed in
focus-forming units.

The limit of detection (LOD) was determined by testing
10-fold dilutions of these strains in EBSS in four different runs,
using six replicates per dilution, yielding 24 test results per
dilution. From these data, the smallest amount of virus de-
tected in 95% of the assays was calculated as the LOD, and
values for each genotype are shown in Table 6. The sensitivity
of the RT-PCR assay ranged from 1.3 FFU per PCR to 3.5 �
10�3 FFU per PCR, depending on the genotype of the virus. In
general, the VP4 PCR was less sensitive than the VP7 PCR.

Accuracy of the assay. In order to assess the accuracy of the
VP7 and VP4 RT-PCR RHAs, a panel of human stool samples
was tested. This panel consists of 149 stools that tested positive
for rotavirus by an enzyme-linked immunosorbent assay
(ELISA) for HRV antigen. These samples were analyzed un-

der code by the novel VP4 and VP7 RT-PCRs and reverse
hybridization as well as by conventional type-specific PCR
methods (20, 23, 30). It should be noted that the conventional
type-specific PCRs do not allow discrimination between the G1
vaccine strain and G1 WT strains. The results are summarized
in Tables 7 to 9. Comparison of the results obtained by the two
methods showed that for G typing, 88% of the results were
identical (exactly the same genotype by both methods), 9%
were compatible (at least one HRV genotype in common), and
3% were discordant. All discordant cases were due to negative
results obtained by the conventional type-specific RT-PCR and
positive typing results found by the novel RHA.

For P typing, 90% of the results were identical, 4% were
compatible, and 6% were discordant. As with G typing, dis-
cordance was completely due to negative results obtained by
the type-specific RT-PCR methods. Most compatible results
were due to the fact that the novel method found additional
genotypes besides those identified by the conventional method.

These results show that genotyping agreement between the
two methods was very high and that the novel method was
slightly more sensitive, mainly in cases of mixed rotavirus in-
fections.

As shown in Table 9, there is a very close correlation be-
tween the identification of G1vac and that of P[8]vac: all 21
samples in which G1vac was detected also contained P[8]vac.
However, one sample contained P[8]vac in combination with
G1WT, as determined by the RHA method. This confirmed the
fact that the sequence identified by the P[8]vac probes is not
completely specific to the vaccine strain alone but also occurs
in some natural strains. Interestingly, the G1WT/P[8]vac sample
was obtained from a patient in Finland, and natural strains
containing this P[8]vac sequence have also been reported pre-
viously in Finland (35).

To illustrate the effectiveness of the novel VP7 and VP4
assays, genotyping results from more than 2,000 clinical stool
samples positive for HRV antigen by ELISA were analyzed.
These samples were of various geographic origins. The VP7
PCR was positive for more than 97% of the antigen-positive
samples. Reverse hybridization yielded clear VP7 genotypes
for approximately 85% of the PCR-positive samples, but all
samples were positive for the VP7 universal probes. Sequence

TABLE 6. LODs of the VP7 and VP4 RT-PCR RHAs

Genotype
LOD (FFU of HRV)/RT-PCR RHA for:

VP7 VP4

G1vacP8vac � 1.3 � 10�2 � 1.2 � 10�1

G1WTP8WT � 3.5 � 10�3 � 2 � 10�2

G9P6 � 6.4 � 10�2 �1.3
G4P6 � 10�1 NDa

a ND, not determined.

TABLE 7. Rotavirus VP7 genotyping results for 149 stool samples, obtained by conventional type-specific PCR and the novel PCR-reverse
hybridization method

Genotype by
TS PCRa

No. of isolates with the following VP7 genotype by broad-spectrum RT-PCR and reverse hybridization:

Total
G1vac G1WT

G1WT �
G2

G1WT �
G2 � G3

G1WT �
G4

G1WT �
G9 G2 G2 � G3 G2 � G4 G2 � G4 �

G9 G3 G1 � G2 �
G3 G4 G9

G1vac 20 20
G1WT 71 2 1 1 75
G1WT � G2 1 1 2
G1WT � G9 2 2
G1 � G9 1 1
G2 1 7 8
G3 1 1 6 8
G4 1 1 11 13
G9 16 16
Negative 1 1 1 1 4
Total 21 72 4 1 1 1 8 1 1 1 6 1 11 20 149

a TS PCR, type-specific PCR.
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analysis of the remaining samples revealed the presence of
G12 (for which there is no probe on the strip) and a G9 variant
(which showed weak results on the G9 probe on the strip but
was confirmed by sequencing). In less than 1% of the PCR
positive samples, novel variants of G2, G3, G4, G6, or G8 were
observed (data not shown).

Similarly, the VP4 PCR was positive for more than 97% of
the rotavirus antigen-positive samples. Reverse hybridization
yielded clear VP4 genotypes for approximately 98% of the
PCR-positive samples, but all samples were positive for the
VP4 universal probes. For the remaining 2%, sequence anal-
ysis revealed the presence of P[14] (for which there is no probe
on the strip) or of P[4], P[6], or P[8] variants (data not shown).

Robustness of the assays. To assess the robustness of the
assays, both RT-PCR and reverse hybridization were per-
formed at temperatures deviating from the standard values. A
dilution series of samples was tested by RT-PCR where the
incubation temperatures during PCR were either 1.5°C lower
or 1.5°C higher than the standard temperatures. Similarly, re-
verse hybridization was performed at temperatures 0.5°C
higher or lower than the standard temperature. The results
showed that small variations in temperature did not signifi-
cantly impact the outcome of the assay (data not shown).

Storage of samples. In order to determine the impact of long
term-storage and repeated freeze-thawing of samples, dilu-
tions of stool samples were subjected to as many as five freeze-
thaw cycles (�20°C to room temperature). There was no im-
pact on the HRV detection and genotyping results by the VP4

and VP7 assays. Similarly, RNAs isolated from stool samples
were subjected to repeated freeze-thawing cycles (�80°C to
room temperature), and again, there was no impact on the test
outcome (data not shown).

Stools were stored at 4°C for 6 weeks and were tested again
by the VP4 and VP7 assays. The results were identical to the
original results, indicating that stool samples could be stored at
4°C for a prolonged period. Isolated RNA was stored for 6
weeks at �80°C and retested, also yielding identical results.
Finally, RT-PCR products were stored at �20°C for 6 weeks;
again, no impact on test results was observed.

DISCUSSION

Accurate detection and genotyping of HRV is important
for several reasons. The epidemiology of rotavirus infections
shows significant geographic differences, and global surveil-
lance is crucial to determine the prevalence and incidence of
different rotavirus genotypes.

In general, all recent studies confirm that the diversity of
rotavirus strains is much greater than previously recognized (8,
14, 15, 21, 42).

The epidemiology of rotavirus is changing rapidly. Specific
genotypes, such as G9 and G12, are emerging in various parts
of the world (9, 28, 33, 39, 40, 45, 47). Outbreaks of rotavirus
infections have been described, and these also require ade-
quate genotype identification tools (18, 46, 50). Analysis of
the epidemiology, molecular complexity, and evolution of

TABLE 8. Rotavirus VP4 genotyping results for 149 stool samples, obtained by conventional type-specific PCR and the novel PCR-reverse
hybridization method

Genotype by
TS PCRa

No. of isolates with the following VP4 genotype by broad-spectrum RT-PCR and reverse hybridization:
Total

P�4� P�6� P�8� P�8�vac P�8�/P�4� P�8�/P�6� P�8�/P�4�/P�6�

P�4� 9 1 1 1 12
P�6� 15 1 2 18
P�8� 90 19 1 1 111
Negative 1 5 2 8
Total 9 17 95 22 2 3 1 149

a TS PCR, type-specific PCR.

TABLE 9. Combined genotyping results for 149 stool samples, obtained by conventional type-specific PCR and the novel PCR-reverse
hybridization method

G type
No. of isolates with the following P type:

Total
P�4� P�6� P�8� P�8�vac P�4�/P�8� P�8�/P�4�/P�6� P�8�/P�6�

G1vac 21 21
G1WT 68 1 1 2 72
G1WT/G2 1 2 1 4
G1WT/G2/G3 1 1
G1WT/G4 1 1
G1WT/G9 1 1
G1/G2/G3 1 1
G2 8 8
G2/G3 1 1
G2/G4 1 1
G2/G4/G9 1 1
G3 2 4 6
G4 8 3 11
G9 6 14 20
Total 9 17 95 22 2 1 3 149
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the HRV is crucial to optimize the prevention of the disease.
Most importantly, highly effective rotavirus vaccines have been
developed and introduced for childhood immunization (41,
49). The impact of a rotavirus vaccine on local and global
epidemiology should be carefully monitored.

Molecular methods to detect and genotype rotavirus isolates
are hampered by the very high level of molecular heterogeneity
among rotaviruses. The virus has a segmented, double-stranded
RNA genome that is prone to genetic variation due to reassort-
ment of segments and mutation during RNA replication.

Phylogenetic studies have revealed that all genomic seg-
ments show considerable heterogeneity but that some G types,
such as G4, may be even more heterogeneous (6). Similarly,
P[4], P[6], and P[8] show high levels of sequence variation
(4, 25).

The sensitivity of the VP4 and VP7 RT-PCR RHA depends
on the rotavirus genotype, which can be explained by the
considerable sequence variation of the rotavirus genome. At
present, there is no established correlation between focus-
forming units and genome copies. However, all ELISA-
positive stool samples were found positive by both the VP4
and VP7 RT-PCRs, indicating the effectiveness of these RT-
PCRs in a clinical setting.

Genotyping methods should not only adequately identify
known genotypes but also permit recognition of aberrant or novel
genotypes. Type-specific PCR primers are aimed at highly spe-
cific amplification of known genotypes and have two major
disadvantages. First, aberrant sequence will yield no amplimers
at all, preventing downstream analysis. Second, and conversely,
sequence heterogeneity at the primer sites may result in false-
positive results, due to nonspecific annealing at modified prim-
ing sites. The method presented here employs broad-spectrum
PCR primers, which allow the amplification of VP4 or VP7
sequences from a large variety of strains. After this broad-
spectrum amplification, the amplimers can be analyzed in a
stepwise manner to determine the precise genotype. First, hy-
bridization to universal VP4 or VP7 probes is assessed. Sub-
sequently, hybridization to type-specific probes is determined.
For several genotypes, more than one probe was used on the
strip. The aim was to prevent false-negative results and to
match the different variants of certain genotypes, as described
in the literature. Even if the type-specific probes yielded no
signal, there was still the opportunity to perform sequence
analysis on the generated amplimer.

The discrimination between the G1WT and G1vac strains in
this novel assay is based on a single-nucleotide change at po-
sition 605 in VP7. This is the only specific signature sequence
that can be exploited, since VP4 P[8] sequences also occur in
some natural rotavirus strains (35). Therefore, VP4 sequences
can be used only to confirm the specific identification of the
vaccine strain by the VP7 assay.

The present method is highly effective at detecting mixed
infections, which are highly prevalent (15, 16, 26, 36, 39). Mix-
tures of G1vac and G1WT sequences could be identified accu-
rately, even if the two strains were not present in equimolar
quantities.

The novel assay is robust, and the stability of rotavirus par-
ticles and of isolated RNA observed during the present study
is in accordance with earlier observations (17). Taken together,

these are important issues permitting adequate rotavirus diag-
nostics.

The novel assay has several interesting features. The strip
format permits extension with additional probes, to include the
identification of other genotypes. The reverse hybridization
technology is known to be very specific and permits the recog-
nition of single-nucleotide mismatches. Furthermore, reverse
hybridization is very sensitive in detecting the presence of
mixed genotypes. The strip assay allows visual interpretation
and storage of the raw data in an easy format.

In conclusion, the novel VP4 and VP7 RT-PCR RHA is a
useful tool for rotavirus diagnostics for epidemiological, natu-
ral history, and vaccine effectiveness studies.
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