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Abstract

Rotaviruses (RVs) are a large genetically diverse population of segmented double-stranded (ds)
RNA viruses that are important causes of gastroenteritis in many animal species. The human RVs
are responsible for the deaths of nearly 450,000 infants and young children each year, most
occurring in developing countries. Recent large-scale sequencing efforts have revealed that the
genomes of human RVs typically consist of phylogenetically linked constellations of eleven
dsRNA segments. The presence of such preferred constellations indicate that the human RV genes
have co-evolved to produce protein sets that work optimally together to support virus replication.
Two of the viral genes encode virion outer capsid proteins (VP7 and VVP4) whose antigenic
properties define the G/P type of the virus. From year-to-year and place-to-place, the G/P type of
human RVs associated with disease can fluctuate dramatically, phenomena that can be associated
with the presence and behavior of genetically distinct RV clades. The recent introduction of two
live attenuated RV vaccines (RotaReq™ and Rotarix™) into the childhood vaccination programs
of various countries has been highly effective in reducing the incidence of RV diarrheal disease.
Whether the widespread use of these vaccines will introduce selective pressures on human RVs,
triggering genetic and antigenic changes that undermine the effectiveness of vaccinations
programs, is uncertain and will require continued surveillance of human RVs.
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Introduction

Rotaviruses (RVs) were first described in 1973 (Bishop et al., 1973). Thereafter, they were
quickly recognized as important causes of diarrheal disease in many species of animals,
including humans (Estes & Kapikian, 2007). Today, we know that the group A RVs are
responsible for ~1500 deaths each day, primarily of infants and young children in
developing countries (Yen et al., 2011b). We have also learned that there are numerous
distinct types of RVs; some are found throughout the world while others seem to remain
regional, and yet others can be seen to emerge, then disappear, only to re-emerge later
(O’Ryan, 2009; WHO, 2010). While much remains to be learned about the human RVs,
much has changed recently. Most notably, effective RV vaccines have been introduced in
many countries of the world (Heaton & Ciarlet, 2007; Ruiz-Palacios et a/., 2006). In
addition, global RV surveillance programs have been established (lturriza-Gomara et al.,
2011; Payne et al., 2008; Payne et al., 2011; Steele & lvanoff, 2003; Steele et al., 2003),
high throughput sequence technologies have allowed large scale complete genome sequence
projects to move forward (McDonald et al., 2009), and sophisticated classification schemes
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and phylogenetic analyses (Matthijnssens et al., 2008a) are providing new insight into the
dynamic landscape of circulating RVs. As reviewed below, information gained from these
changes has advanced our understanding of RV biology and epidemiology, while bringing
some clarity to the challenges that are faced in developing a globally successful
immunization program.

Rotavirus Structure

The infectious RV virion is a 100-nm non-enveloped icosahedral particle with a capsid made
up of three concentric protein layers (Fig. 1A-C) (McClain et al., 2010; Settembre et al.,
2011). The capsid surrounds a genome composed of eleven segments of double-stranded
(ds) RNA (Fig. 1D). Each genome segment codes for one protein, except for segment 11,
which can code for two (Estes & Kapikian, 2007). Six of the proteins are structural
components of the capsid (VP1-VP4 and VP6-VP7) and six are nonstructural proteins
(NSP1-NSP6) (Fig. 1D). The nonstructural proteins support various virus functions,
including genome replication, particle assembly, regulation of host innate responses (e.g.,
interferon induction) (Feng et al., 2008), and stimulation of viral gene expression. The
innermost protein layer of the virion is formed by the core shell protein VP2 (McClain et al.,
2010). Attached to the interior side of the VP2 layer are two minor proteins: the viral RNA-
dependent RNA polymerase VVP1 and the RNA capping enzyme VP3 (Liu et al,, 1992; Lu et
al., 2008). Together, VP1, VP2, VP3 and the dsSRNA genome form the virion core. The core
is surrounded by VP86, the sole component of the intermediate protein layer (Fig. 1B). The
outer protein layer of the virion consists mostly of the VVP7 glycoprotein. Projecting outward
from the VVP7 layer are spikes of the protease-activated attachment protein VP4. Cleavage of
the VP4 spike by trypsin-like proteases yields two polypeptides, VP8* and VP5* (Arias et
al., 1996). VP8* represents the globular head of the spike, while VP5* forms its stalk and
base (Fig.1D) (Settembre et al., 2011). In the infected host, intestinal trypsin-like proteases
cleave VP4, stimulating virus interaction and penetration of susceptible intestinal
enterocytes.

The RV VP7 and VP4 proteins (including the VP4 fragments VP8* and VVP5*) contain
multiple antigenic epitopes that can induce the production of neutralizing antibodies (Aoki
et al., 2009; Dormitzer et al., 2002). With the availability of atomic structures for VP7 and
VP4 and the characterization of viral neutralization escape mutants, it has been possible to
locate and identify amino acids critical to the antigenic properties of RVs. This information
combined with sequencing of RV VP7 and VP4 genes provides a pathway for monitoring
circulating human viruses for antigenic changes that may influence the effectiveness of RV
vaccines.

Classification and Diversity

Groups

RVs (genus Rotavirus) are members of the Reoviridae, a family of icosahedral viruses with
genomes consisting of 9 to 12 segments of dsSRNA (Attoui et al., 2012). RVs are subdivided
into groups (or species) based on the antigenic properties or, more recently, the amino acid
sequences of the VP6 capsid protein (Matthijnssens et al., 2012). So far, five groups (A to E)
have been defined for RVs, with phylogenetic evidence suggesting the existence of three
more (groups F to H). Virus strains belonging to different RV groups appear not to be able
to exchange genome segments, i.e., reassort their genomes, during co-infection. In contrast,
virus strains belonging to the same group can reassort their genomes, providing a
mechanism for the evolution of novel viruses (Muller & Johne, 2007).
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Of the various RV groups, viruses belonging to group A account for nearly all RV-
associated mortality and morbidity. It is these viruses that are targets of current vaccine
programs. A number of group B, C, and H RVs have been identified that can cause diarrheal
disease in humans (Attoui et al., 2012). Perhaps most notable of these is the group B adult
diarrhea rotavirus (ADRV) (Fang et al., 1989). Unlike the group A RVs, which are
associated with disease predominantly in children less than 5 years of age, ADRYV infections
have caused large outbreaks of severe diarrhea involving thousands of adults in China.
Group C RVs are associated with diarrheal disease in children that are somewhat older (4 to
7 years) than is typical of group A infections (Caul et a/,, 1990; Matsumoto et al., 1989).
Group C outbreaks tend to be sporadic and self-limiting in nature, and have been associated
with food-borne contamination in institutional settings. The group D, E, and G RVs are only
known to infect avian species (Trojnar et al., 2010).

G and P types

In early studies of group A RVSs, virus strains were assigned G and P serotypes simply based
on the reactivity of the antigenic epitopes of their VP7 (G for Glycoprotein) and VP4 (P for
Protease-sensitive) proteins to reference antisera (Coulson, 1996). More recently, the binary
G/P-serotyping system of classifying RV strains has been largely replaced with a G/P-
genotyping system that is based on analysis of VP7 and VP4 genes by reverse transcription-
polymerase chain reaction (i.e., RT-PCR typing) or by cDNA sequencing (Gentsch et al.,
1992; Gouvea et al., 1990). Currently, 27 G genotypes (G1 - G27) and 35 P genotypes (P[1]
- P[35]) have been described for RVs (Matthijnssens ef al., 2011a). To what extent each
genotype defines an antigenically distinct VP7 or VP4 protein is not known.

Globally, the vast majority of human RVs associated with diarrheal disease have the
genotype combinations G1P[8], G2P[4], G3P[8], G4P[8], or G9P[8] (Santos & Hoshino,
2005; WHO, 2010). In developed countries, these (common global) strains may cause nearly
100% of infections in some RV seasons (see Fig. 2) (lturriza-Gomara et al., 2011; lturriza-
Gomara & Gray, 2011; Payne et al., 2011). Many, if not all, of the common human strains
may co-circulate within a single season, creating conditions that favor the formation of
reassortant viruses (Payne et al., 2009; WHO, 2010). Of the common global strains, the
G1P[8] viruses consistently represent on average the primary cause of human disease.
However, at any one location, strains that are other than G1P[8] may be primarily
responsible for disease, and from one season to the next, the genotype of the viruses
primarily responsible for disease may change (O’Ryan, 2009; Payne et a/., 2009; Zuridah et
al., 2010). The epidemiological basis of the genotype cycling phenomenon is unclear, but it
does introduce challenges to predicting the appropriate compaosition and the efficacy of
vaccines.

In developing countries, human RV strains with uncommon G/P type combinations, due to
reassortment with animal RVs, can be a frequent cause of disease in young children (Fig. 3)
(Armah et al., 2010; Binka et al., 2011; Jere et al.,, 2011b). Remarkably, the G/P types of the
uncommon strains show wide variation from one region to the next. For instance, a
surveillance program directed by the World Health Organization noted that in 2010 the
predominant uncommon strains were G12P[8] and G12P[6] viruses in Southeast Asia;
G2P[6], G3P[6], and G1P[6] viruses in sub-Saharan Africa; G1P[4] and G2P[8] viruses in
the Western Pacific; and GOP[4] viruses in the Americas (WHO, 2010). Which, if any, of
the uncommon strains will spread throughout the world to become common global strain is
difficult to predict. Indeed, the G9P[8] strains represent the only clear example of a
previously rare G/P genotype combination that has become dominant within the landscape
of globally circulating RVs (Clark et al., 2004; Cunliffe et al., 2001; Matthijnssens et al.,
2010a). Based on the increasing numbers of countries, both developed and developing, that
have reported human G12 RV infections during the last 10 years, it is possible that G12
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viruses will become globally dominant as well (Matthijnssens et al., 2009; Rahman et a/.,
2007; Samajdar et al., 2006).

Gene constellations

The limitation of the binary G/P type classification system is that it ignores all but two (VP7
and VVP4) of the eleven viral genes. Thus, the binary system fails to provide the necessary
information required to fully evaluate the genetic diversity and evolutionary dynamics and
relationships of co-circulating RVs. This limitation has been partially overcome by two
developments: (i) the advancement of high throughput sequencing technologies that allow
routine full-genome sequencing of RV strains (e.g., http://gsc.jcvi.org/projects/msc/
rotavirus/) and (ii) the creation of a complete sequence-based classification system that
allows each genome segment of the virus to be assigned to a particular genotype
(Matthijnssens et al., 2008a). In this classification system, the genome segments for VP7-
VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 are represented by the
acryonym Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (x = Arabic numerals > 1). The VP7
and VP4 genotypes used in the full genome classification system are the same as described
above for the binary G- and P-typing system. To date, 8 or more genotypes have been
defined for each of the other nine segments (termed the internal genes) of RV strains (Table
1).

Full-genome sequencing has revealed that the internal genes of human G1P[8], G3P[8],
G4P[8], and G9P[8] RVs almost invariably belong to genotype 1 (Table 1) (Heiman et al.,
2008; Jere et al., 2011a; Matthijnssens et al., 2008a; McDonald et a/., 2009). When there are
exceptions, usually only 1 or 2 of the internal genes are involved (Esona et al., 2011).
Viruses that have internal gene constellations that are predominantly of genotype 1 are
referred to as genogroup 1 viruses. Sequencing has revealed that the internal genes of the
human G2P[4] viruses typically belong to genotype 2. Viruses with such internal gene
constellations are referred to as genogroup 2 viruses (Table 1). Genome sequencing studies
indicate that RV strains with pure genotype 1 or 2 internal gene constellations are rarely
recovered from animals, other than humans. This suggests that viruses with pure genotype 1
or 2 constellations are ideally suited for replication in humans. Phylogenetic analysis has
indicated that a distant evolutionary link exists between human genogroup 1 RV and porcine
RVs and between human genogroup 2 RVs and bovine RVs (Matthijnssens et af., 2008a).
This evolutionary link accounts for the many genotype 1 genes that the human G1P[8],
G3P[8], G4P[8], and G9P[8] viruses share with some porcine RVs (e.g., OSU) and for the
many genotype 2 genes that the human G2P[4] viruses share with some bovine RVs (e.g.,
WC3) (Table 1).

Rotavirus Disease

Group A RVs are the primary cause of acute dehydrating diarrhea in infants and children
under 5 years of age (Bernstein, 2009). These viruses are transmitted by the fecal-oral route,
and peak periods of RV-associated disease occur within the winter-spring months in
temperate climates (Cook et a/., 1990). Significant numbers of children can have
asymptomatic infections, yet shed virus in their stool, thus serving as possible sources of
virus within the community (Ramani et a/,, 2010). Similarly, RVs can cause symptomatic
and asymptomatic infections in older children and adults; a common feature that may
contribute to the rapid global spread of the virus (Anderson & Weber, 2004).

In addition to humans, RVs are responsible for gastroenteritis in many other animal species,
including common farm animals (cows, pigs, sheep), exotic animals (llamas, giraffes),
nonhuman primates (macaques), house-hold pets (dogs, cats), rodents, and birds (Martella et
al., 2010). The gene constellations of animal viruses are often unique and quite different in
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their genotype composition from that of human RVs, an attribute that likely reflects the co-
evolution (or co-speciation) of animal viruses with their natural host (Matthijnssens et al.,
2011c). Perhaps, it is this co-speciation process that explains why it is rare for zoonotic
infections to lead to large-scale outbreaks of human disease (Martella ef a/., 2010). Even
when administered at high titers, animal RVs usually fail to cause diarrheal disease in
humans (Vesikari et al., 1986). However, animal RVs can induce protective immunological
responses against RV disease when administered to humans, which has provided the
conceptual basis for the development of some RV vaccines (Christy ef al., 1988; Vesikari,
1996).

In essence, the gene products of animal viruses may not function well enough in humans to
support efficient virus replication and spread. However, there are numerous reports in the
literature of animal-like RVs causing disease in humans (Ghosh & Kobayashi, 2011;
Matthijnssens et al.,, 2011b; Matthijnssens et al., 2008b; Park et al., 2011). In many cases,
these animal-like viruses appear to have originated by reassortment between an animal and
human RV, generating novel virus strains with gene constellations that include one or more
genes that are typical of human viruses. The acquisition of human RV genes may improve
the efficiency of the virus such that it can productively replicate in humans, leading to
disease outbreaks.

The major symptoms associated with RV disease in young children are mild-to-severe
watery diarrhea and vomiting (potentially leading to dehydration), and low-grade fever, with
symptoms lasting for up to 4-8 days (Bernstein, 2009). The primary site of replication is the
mature enterocytes at the villus tips of the small intestine (Greenberg & Estes, 2009).
Infection characteristically leads to blunting of the villi and defects in fluid absorption and
retention and ion transport. Recent studies have revealed that RV infections may spread
outside the intestine, leading to antigenemia and viremia (Blutt ef a/., 2007; Ramig, 2007).
The clinical significance of RV extra-intestinal spread is not clear, although there have been
a number of anecdotal reports suggesting its rare involvement in other disease
symptomatologies. Most notably, there have been reports of RV infection affecting the
central nervous system, leading to convulsions, aseptic meningitis, and/or encephalitis
(Dickey et al., 2009; Rath et al., 2011).

Rotavirus Morbidity and Mortality

Nearly all children by 5 years of age have been infected by RV at least once, regardless
whether they live in developed or developing countries (Velazquez, 2009). However,
multiple infections in the early years of life are probably the norm. For example, a landmark
study by Velazquez et a/ (1996) showed that 13% of Mexican children had undergone 5 RV
infections by two years of age. As shown by this and other studies, the first RV infection is
the one that is most likely to produce moderate-to-severe diarrhea disease. The incidence of
moderate-to-severe diarrhea decreases with second infections, and third infections are
typically asymptomatic. RVs associated with second infections have G/P-genotypes that
typically differ from those causing the primary infection. For instance in the Velazquez
study, G1 and G3 viruses were the most frequent cause of primary infections, while G2
viruses were the most frequent cause of second infections. Such results suggest that primary
infections induce protective responses that are at least partially genotype specific. It is this
possibility - that RV infections induce strong G-type-specific immune responses - that has
provided the impetus for developing multivalent vaccines that include multiple viruses with
differing G types (Christy et al., 1988).

Globally, RV infections result in an estimated 23 million outpatient visits and 2.3 million
hospitalizations each year (Parashar et al., 2009; Parashar et al., 2003). Based on an analysis
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of 2008 data, RV infections are estimated to cause 453,000 deaths per year, representing 5%
of all deaths of young children (Tate et al., 2011a). Most of these deaths take place in
developing countries, particularly those located in sub-Saharan Africa and Southeast Asia.
In India alone, there are nearly 100,000 deaths each year from RV infections.

Rotavirus Vaccines

Two RV vaccines (RotaTeq and Rotarix) were licensed for use in various countries of the
world, including the United States, beginning in 2004-2005 (Yen et al., 2011b). The US
Advisory Committee on Immunization Practices (ACIP) recommended RotaTeq in 2006 and
Rotarix in 2008 for universal vaccination of infants in the United States (Cortese, 2009;
Parashar, 2006). In 2009, the World Health Organization recommended the inclusion of RV
vaccines into the national immunization programs of all countries, and strongly
recommended the introduction of vaccines into countries where diarrheal deaths are
responsible for >10% of mortality of children that are younger than 5 years of age (WHO,
2009). The World Health Organization and the GAVI Alliance have efforts underway to
support the introduction of RV vaccine programs into countries that have a high incidence of
RV mortality but that lack the infrastructure or financial resources to develop such programs
themselves.

RotaTeq (Merck) is a live-attenuated pentavalent vaccine that is administered orally to
infants at 2, 4 and 6 months of age (Heaton & Ciarlet, 2007). The vaccine contains five
human-bovine reassortant viruses [W179-9 (G1P[5]), SC-2 (G2P[5]), WI178-8 (G3P[5]),
BrB-9 (G4P[5]), and WI179-4 (G6P[8])]; these were generated by crossing the naturally
attenuated bovine RV strain WC3 with five unique human RVs each contributing a G1, G2,
G3, or G4 VP7 or P[8] VP4 gene to one of the vaccine viruses (Matthijnssens et al., 2010b).
The multivalent design of the vaccine was based on the principle that the protective
responses of RV infection may be predominantly homotypic in nature, vis-a-vis, specific to
the G/P type of the infecting virus (Kapikian ef a/., 1996). In fact, early protection studies
with individual animal RV strains [e.g., RRV (G3P[3])] indicated that these monovalent
viruses were poorly effective in inducing heterotypic protection (Christy et a/., 1988).
Because the globally dominant G1P[8], G2P[4], G3P[8], G4P[8], and G9P[8] viruses all
contain at least one G or P genotype in common with the RotaTeq vaccine strains, the
vaccine should be effective in providing protective responses to any of the globally
dominant strains, as well as other less frequently seen strains (e.g., G12P[8] and G2P[6]
viruses). In order for RotaTeq to protect against the potentially globally-emerging G12P[6]
viruses, the vaccine must induce heterotypic responses.

Rotarix (GlaxoSmithKline) is a live-attenuated monovalent vaccine that is administered
orally to infants at 2 and 4 months of age (O’Ryan, 2007). The sole component of the
vaccine is the human G1P[8] virus R1X4414, which was derived by serial passage in cell
culture of a virus recovered from the stool of an infected child (Ruiz-Palacios et a/., 2006).
Given the presence of G1- and P[8]-specific proteins in R1X4414, immunization with
Rotarix should induce homotypic protective responses that protect vaccinees against all the
globally dominant viruses except for those that have G2P[4] genotypes. Several, but not all,
reports have concluded that Rotarix is effective in preventing severe diarrhea caused by
G2P[4] viruses by inducing heterotypic responses (Correia et al., 2010; Gurgel et a/., 2009;
Snelling et al., 2011; Yen et al,, 2011a). Whether this cross-reactive response involves
neutralizing antibodies to VP7 or VP4, antibodies to internal genes (VP6, NSP2), or
cytotoxic T lymphocytes is not clear.

The introduction of RotaTeq in 2006 and Rotarix in 2008 into the US childhood vaccination
program has resulted in substantial reductions in levels of RV-associated health care (Tate et
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al., 2011b; Tate et al.,, 2009). Before routine RV vaccination began, RV infections caused an
estimated 20-60 deaths, 55,000 hospitalizations, 200,000 emergency room visits, and
400,000 outpatient visits each year in the US, at a medical treatment cost of $300 million.
During the January—June months of 2007-08 and 2008-09, RV-associated patient
hospitalizations were reduced by an estimated 60-75%, at a cost savings of approximately
$278 million (Cortes et al., 2011). Other developed countries that have introduced RV
vaccines into their immunization programs have seen similar successes in reducing the
incidence of severe RV disease (Patel ef a/., 2011). These outcomes are consistent with the
results of clinical trials, which indicated an efficacy for the Rotarix and RotaTeq vaccines
against severe gastroenteritis of at least 85% (Yen et al., 2011b). In contrast, clinical trials
have indicated that the vaccines are much less efficacious in some low-income countries, for
reasons that are not fully understood (Armah et al,, 2010; Patel et al., 2011; Zaman et al.,
2010).

Rotavirus Genomics and Evolution

The field of RV genomics originated in 2008 with publications comparing the genomes of
45 RVs, of which 25 were human strains (Heiman et al., 2008; Matthijnssens et al., 2008a).
The analysis included the genome sequences of human RVs with 15 different G/P
combinations (G1P[8], G2P[4], G3P[8], G3P[9], G4P[6], G5P[8], G6P[9], G8P][6],
G8P[10], G9P[8], G10P[14], G12P[4], G12P[6], G12P[8], and G12P[9]). From these
sequences, a complete genome classification system was developed for the RVs that allowed
assignment of a genotype to each of the eleven viral genes (Matthijnssens et al., 2008a). The
2008 studies provided evidence that the human RV strains, with few exceptions, had internal
gene constellations that consisted entirely of either genotype 1 or genotype 2 genes (Heiman
et al., 2008; Matthijnssens et al., 2008a). These results support the idea that human RVs
have evolutionarily maintained preferred gene constellations, perhaps due to selective
pressures favoring maintenance of viral protein sets that work ideally in virus replication.
For example, the need for compatibility at protein-protein interfaces may explain why G1
VP7 is almost always a component of viruses with P[8] VP4 and genotype 1 VVP6 proteins,
while G2 VP7 is almost always a component of viruses with P[4] and genotype 2 VP6
proteins (see Figure 1C). Thus, although RVs can exchange genes through reassortment, the
cost in most cases is probably to create a virus that is less evolutionarily fit than its parental
viruses, rendering the reassortant unlikely to succeed in expanding into the landscape of
circulating viruses.

An important outcome of the 2008 genomics studies was to provide the information
necessary to design primer sets for sequencing the complete genomes of genogroup 1 and 2
viruses. Subsequently, these primer sets were used in generating a high-throughput RT-PCR
sequencing pipeline at the J. Craig Venter Institute (JCVI). From this pipeline, the first
large-scale sequencing project for the RVs was completed in 2009 (McDonald et a/., 2009).
This analysis determined the genome sequences of 51 G3P[8] viruses in an archival stool
collection recovered from children at Children’s Hospital National Medical Center,
Washington, D.C., from 1974-1991. A parallel project examining the G4P[8] viruses in the
archival collection was published in 2011 (McDonald et a/., 2011), with an analysis of the
G1P[8] viruses in the collection underway. In addition, the JCVI pipeline is being used to
examine large contemporary collections of RVs recovered in the United States, Australia,
and Belgium.

Intra-genotype alleles and virus clades

A goal of the genomics program has been to understand the relationship between RVs
circulating over a period of time. For example, are all the viruses of the same G/P type
genetically identical? And what is the genetic relationship between viruses that are of
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different G/P types but belong to the same genogroup? Some insight into these questions has
been provided by phylogenetic analysis of the genes of the G3P[8] and G4P[8] viruses
circulating at DC Children’s Hospital (McDonald et a/., 2011; McDonald et al., 2009). The
analysis showed that although all the genes were of genotype 1, the genes could be readily
separated into several sub-genotype alleles. In addition, the analysis showed that some
G3P[8] viruses and some G4P[8] viruses maintained different allele-based gene
constellations, even though the viruses were collected from the same epidemic season.
These findings indicate that distinct clades of viruses with the same G/P type can co-
circulate in the same season. The fact that only minimal evidence of reassortment was noted
between the clades, even those of the same G/P type, suggests that even at the sub-genotype
level, there are selective pressures that favor maintenance of certain gene sets.

The DC Children’s Hospital data also indicated that the number of virus clades circulating in
a RV season can vary and that some clades will disappear from one season to the next, only
to reappear years later. For example, three G3P[8] clades co-circulated in 1976 at DC
Children’s Hospital, but only one of these showed a close genetic relationship to the single
major G3P[8] clade that circulated in 1991 (McDonald et a/., 2009). Comparison of G3P[8]
and G4P[8] clades that co-circulated in 1990 demonstrated that some shared closely-related
sub-genotype alleles; thus, these clades were likely linked through an earlier G3/G4 VVP7
reassortment event (McDonald et a/., 2011). However, the 1990 G4P[8] clades also included
some with sub-genotype constellations that consisted entirely of unique alleles. These results
are again supportive of the concept that selective pressures brought about by the co-
evolution of gene sets have provided a counter weight against the unlimited exchange of RV
genes through reassortment.

Reassortment and antigenic variation

A crucial factor in the generation of reassortant viruses is the frequency of co-infection. In
developing countries, the rate of RV co-infection can be as high as 20%, while in developed
countries, the rate is typically less than 5% (lturriza-Gomara & Gray, 2011; WHO, 2010). It
may be because of the high rate of co-infection that the genetic diversity of viruses in
developing countries can be so much higher than in developed countries. In developing
countries, selective pressures that favor the maintenance of preferred gene constellation may
be overwhelmed by the constant reshuffling of genes through co-infection and reassortment.
This may explain reports describing the isolation of human RVs in developing countries that
lack the complete genotype 1 or 2 constellations typical of common global G/P type viruses.
Due to the high frequency of co-infection, large genetically distinct RV clades may not be
detectable in some developing countries.

Sequence analysis has shown that the antigenic epitopes of VP7 and VP4 proteins assigned
to the same G and P type, respectively, will frequently show amino acid variation (Jin et al,,
1996; McDonald et al., 2009; Wu et al., 2011; Zeller et al., 2011). This has been seen for
VVP7 and VP4 proteins of viruses recovered from different countries in the same year or that
belong to different co-circulating clades at one site. Such amino acid variation may
ultimately have an impact on vaccine efficacy, particularly if protection is based chiefly on
G and P type specific homotypic responses. In fact, Hoshino et al. (2005) have shown that
the effective titer of a G type specific neutralizing antiserum is affected by the amino acid
composition of VVP7 antigenic epitopes, even if the VP7 proteins are of the same G type.

Vaccine Impact

Whether the widespread use of RV vaccines will have an impact on the diversity of
evolution of human RVs cannot be fully accessed at this time, as most vaccination programs
were established relatively recently (Kirkwood, 2010; Matthijnssens et al., 2009; Patel et al.,
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2011). Since selective pressures coming from the vaccine may be subtle, it could be many
years before they are apparent. However, a recent analysis of children with RV diarrhea in
Nicaragua, a country that exclusively vaccinates with RotaTeq, showed that two children
shed G1P[8] viruses that contained an NSP2 gene identical in sequence to that of RotaTeq
(Bucardo et al., 2012). Otherwise the G1P[8] viruses were like other circulating G1P[8]
viruses. This finding suggests that genome segments in the RV vaccine viruses will be
introduced into the circulating pool of human viruses through reassortment.

Human RVs have specialized gene constellations that enable their efficient replication in the
human host. Differences in their VP7 and VP4 proteins divide the human RVs into a defined
number of antigenically distinct G/P types, some that are common globally and some that
are only regionally important. Variations within the antigenic domains of the VP7 and VP4
proteins of the same G and P type, respectively, are common. Large-scale sequencing
projects indicate that not only are human RVs antigenically diverse, but their genetic
material continues to evolve. These sequencing projects also indicate that the temporal and
geographical fluctuation of RVs results not from the dynamics of individual viral genes but
from the behavior of genetically distinct RV clades.

Perhaps the most pressing issue in predicting the long-range effectiveness of RV vaccines is
the lack of complete information concerning the immunologic basis of protection (Angel et
al., 2007; Velazquez, 2009). In particular, whether the vaccines are effective inducers of
homotypic and/or broad heterotypic responses in immunized children are critical for
predicting how well the vaccines will work against uncommon regional RV strains.
Continued surveillance of circulating viruses in countries using RotaTeq and/or Rotarix
should do much to clarify the mechanism by which these vaccines work.

The RV vaccines face quite a challenge. While they are composed of genetically fixed
viruses that grow poorly in humans, the viruses that they are up against are genetically
diverse and evolutionarily dynamic and can be shed into the environment at high titers by
the ill child. From a molecular vantage point, it will be a remarkable feat if the vaccine
strains can hold dominance over the landscape of diverse, evolving viruses to prevent the
emergence of new strains that are unaffected by current vaccines. Certainly, it would make
for a fine second act to the battle of David and Goliath.
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Rotavirus capsid structure and dsSRNA genome. (A) Intact triple-layered virion with VP4
spikes projecting from the VVP7 outer capsid shell. (B) Cut-away of virion revealing the three
protein layers of the virion: VP2, VPG, and VP7. Note that the foot of the VVP4 spike extends
into the VP6 layer. (C) A VP6 hexamer, VP7 hexamer, and embedded VP4 spike, with the
VP8* and VVP5* regions of VP4 identified. (D) Double-stranded RNA segments of the RV
genome resolved by gel electrophoresis. Segments are labeled as g1-g11 (g = gene), and
their protein products are listed. Associated functions or properties of the protein products

are given (Genotype name). The underlined letter identifies the segment in the gene

constellation acronym: Gx-P[x]-1X-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx.
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Figure 2.
G/P-genotypes of RVs recovered from children with gastroenteritis at VVanderbilt University
Medical Center during three winter-spring seasons. Sample number (n).
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