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ABSTRACT Rotavirus is the leading global cause of diarrheal mortality for unvacci-
nated children under 5 years of age. The outer capsid of rotavirus virions consists of
VP7 and VP4 proteins, which determine viral G and P types, respectively, and are
primary targets of neutralizing antibodies. Successful vaccination depends upon gen-
erating broadly protective immune responses following exposure to rotaviruses pre-
senting a limited number of G- and P-type antigens. Vaccine introduction resulted in
decreased rotavirus disease burden but also coincided with the emergence of un-
common G and P genotypes, including G12. To gain insight into the recent predom-
inance of G12P[8] rotaviruses in the United States, we evaluated 142 complete rota-
virus genome sequences and metadata from 151 clinical specimens collected in
Nashville, TN, from 2011 to 2013 through the New Vaccine Surveillance Network. Cir-
culating G12P[8] strains were found to share many segments with other locally cir-
culating strains but to have distinct constellations. Phylogenetic analyses of G12 se-
quences and their geographic sources provided evidence for multiple separate
introductions of G12 segments into Nashville, TN. Antigenic epitopes of VP7 proteins
of G12P[8] strains circulating in Nashville, TN, differ markedly from those of vaccine
strains. Fully vaccinated children were found to be infected with G12P[8] strains
more frequently than with other rotavirus genotypes. Multiple introductions and sig-
nificant antigenic mismatch may in part explain the recent predominance of G12P[8]
strains in the United States and emphasize the need for continued monitoring of ro-
tavirus vaccine efficacy against emerging rotavirus genotypes.

IMPORTANCE Rotavirus is an important cause of childhood diarrheal disease world-
wide. Two immunodominant proteins of rotavirus, VP7 and VP4, determine G and P
genotypes, respectively. Recently, G12P[8] rotaviruses have become increasingly pre-
dominant. By analyzing rotavirus genome sequences from stool specimens obtained
in Nashville, TN, from 2011 to 2013 and globally circulating rotaviruses, we found
evidence of multiple introductions of G12 genes into the area. Based on sequence
polymorphisms, VP7 proteins of these viruses are predicted to present themselves to
the immune system very differently than those of vaccine strains. Many of the sick
children with G12P[8] rotavirus in their diarrheal stools also were fully vaccinated.
Our findings emphasize the need for continued monitoring of circulating rotaviruses
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and the effectiveness of the vaccines against strains with emerging G and P geno-
types.

KEYWORDS G12P[8], efficacy, genotype, phylogenetics, rotavirus, vaccine

accines that fail to eradicate a viral pathogen can apply pressures that lead to

changes in the genetic composition of a microbial population (1-4). Close human-
animal interactions and increased global movement can spread new virus serotypes or
variants into antigenically naive populations, providing opportunities for these viruses
to gain a foothold (5, 6).

Rotavirus is the leading cause of diarrheal mortality for unvaccinated children under
5 years of age, resulting in an estimated 146,000 deaths worldwide in 2015, mostly in
developing countries (7). The introduction of vaccines in the last decade has dramat-
ically reduced the incidence of rotavirus disease and mortality in many countries.
However, the effects of widespread vaccination on rotavirus evolution and the level of
cross protection provided by current vaccines against antigenically distinct rotaviruses
remain areas of active inquiry.

Rotavirus virions are nonenveloped particles enclosing a genome of 11 double-
stranded RNA (dsRNA) segments, which encode six structural proteins (VP) and five or
six nonstructural proteins (NSP) (8). The virion outer capsid consists of 260 VP7 trimers
forming the glycoprotein shell and 60 VP4 trimers projecting from the surface (9). In the
trypsin-activated form, cleaved VP8* fragments form dimers at the tips of VP4 spikes.
VP4 and VP7 facilitate viral attachment and entry and are the primary targets of
neutralizing antibodies. Human rotaviruses comprise a limited subset of G types,
specified by VP7, and P types, specified by VP4 (10-12). While rotaviruses are often
referred to solely by GXP[X] type, complete rotavirus nomenclature involves assign-
ment of a genotype to each of the 11 segments (13, 14). The nine internal segments
(those other than VP7 or VP4) of circulating human rotaviruses often are classified as
either all genotype 1 or all genotype 2 (15).

Rotarix (RV1; GlaxoSmithKline), one of two domestically approved vaccines, is an
attenuated human G1P[8] isolate introduced in the United States in 2008 (16, 17).
RotaTeq (RV5; Merck) contains five human-bovine monoreassortant viruses, each con-
taining a human VP4 (P[8]) or VP7 (G1 to G4) segment in a bovine rotavirus genetic
background (18). RV5 was introduced in the United States in 2006. Rotavirus-specific
IgA levels in serum and stool mostly correlate with protection from severe disease (19,
20). RV1 and RV5 have demonstrated >85% efficacy against severe rotavirus disease in
developed countries and about 51% efficacy in developing countries, where there often
is greater rotavirus antigenic diversity (21-23). Thus, both RV1 and RV5 can induce
broadly protective responses.

Viruses with segmented RNA genomes, including rotavirus, evolve primarily through
accumulation of nonsynonymous substitutions due to the error-prone viral RNA-
dependent RNA polymerase (drift) and genome segment reassortment during coinfec-
tion (shift) (24). Outer-capsid gene segments (VP7 and VP4) are more diverse and
reassort more readily than the remaining nine internal segments, which exhibit pre-
ferred constellations at the subgenotype level (25). Current rotavirus vaccines were
derived using human strains that circulated in the 1980s, when G1, G2, G3, G4, P[4], and
P[8] were the most prevalent genotypes, with G1P[8] rotaviruses predominant during
most seasons (16, 26, 27). Circulating rotaviruses have subsequently diversified through
genetic drift and shift. Differences in known VP7 and VP4 antigenic epitopes between
vaccine strains and circulating strains have been demonstrated by studies in Belgium,
where the highest variability was noted between circulating G1P[8] rotaviruses and G1
and P[8] vaccine components (28). While G1 strain prevalence declined globally from
2000 to 2007, G3 strains reemerged, and G9 and G12 strains emerged (27). These trends
continued with the introduction of national immunization programs in many countries,
with a slight resurgence of G1P[8] strains and transient predominance of G2P[4] (29).
Rotaviruses containing G9 and G12, which are absent from RV1 and RV5, have recently
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TABLE 1 Rotavirus G/P types collected and sequenced from children at VUMC in Nashville, TN (2005 to 2013)

No. of samples®

2005-2006¢ 2006-2007 2007-2008 2008-2009 2009-2010 2010-2011 2011-2012 2012-2013
G/P type Coll. Seq. Coll. Seq. Coll. Seq. Coll. Seq. Coll. Seq. Coll. Seq. Coll. Seq. Coll. Seq.
G1P[8] 65 26 30 10 12 4 1 1
G2P[4] 5 4 5 12 12 5 2
G3P[8] 2 1 3 25 17 1 18 1 1
GI9P[8] 2 1 2 1
G12P[8] 1 3 2 1 15 15 126 121
G12P[6] 4 2d 1
Mixed 1 1 1 1
Total 75 28 36 11 15 0 39 19 1 0 34 12 16 16 135 126

aAdapted from Dennis et al. (37) and McDonald et al. (38).

bNumbers of samples collected (Coll.) and sequenced (Seq.) are shown by season and collection status.
<For the 2005-2006 season, sample collection began on 1 January 2006.

9Typed as P[6] by PCR but determined to be P[8] by sequence analysis by McDonald et al. (38).

gained global epidemiologic relevance, including in the United States (30-32). The
impact of vaccine pressure on rotavirus evolution and selection remains unclear.

Rotaviruses with G12 genotypes were first identified in diarrheic babies in the
Philippines in 1987 (G12P[4]) and then again in Thailand in 1998 (G12P[9]) (33, 34).
Since then, these strains have been detected across the globe with increasing fre-
quency, primarily as G12P[6] and G12P[8] combinations (29, 31, 35). In the United
States, G12P[8] has been the predominant rotavirus type detected for the past several
years (30). Human G12 VP7 segments cluster in three phylogenetic lineages, with the
vast majority clustering in lineage Il (31). Phylogenetic analyses suggest that human
G12 strains originated from a human-porcine reassortment event (36). Within the
human population, the G12 VP7 segment appears to have reassorted frequently with
locally circulating strains (35).

The New Vaccine Surveillance Network (NVSN) was established to evaluate the
impacts of new rotavirus vaccines through active sentinel surveillance at U.S. medical
centers, including Vanderbilt University Medical Center (VUMC) in Nashville, TN. In the
current study, we analyzed 142 rotavirus complete genome sequences from 151 stool
samples collected between 2011 and 2013 through the VUMC NVSN. The majority were
G12P[8] strains. Based on analysis of phylogenetic data and metadata, we found
evidence of multiple G12 introductions into Nashville, TN, and higher probability of
vaccination for G12P[8]-positive than other rotavirus-positive children, which may be
related to marked antigenic variation between VP7 proteins of circulating G12P[8] and
vaccine strains. These findings underscore the importance of continued surveillance
and analyses aimed at determining whether responses elicited by current vaccines are
fully protective against emerging rotavirus genotypes, including G12P[8].

RESULTS

Collection, sequencing, and genotyping of rotaviruses circulating in Nashville,
TN, from 2011 to 2013. The types of rotaviruses from stool specimens collected at the
VUMC NVSN site and sequenced between the 2005-2006 and 2010-2011 seasons are
summarized in Table 1 (37, 38). In the current study, 2,165 total stool specimens were
collected from children with acute gastroenteritis (AGE) (1,447) and healthy controls
(718) enrolled at the VUMC NVSN site from the 2011-2012 and 2012-2013 seasons. Of
these, 151 were verified to be rotavirus positive and genotyped as described previously
(30). G12P[8] rotaviruses predominated during both seasons (Table 1), and they pre-
dominated throughout the United States during this period (30). We determined
complete rotavirus genome sequences from 142 VUMC NVSN specimens collected
during the 2011-2012 and 2012-2013 seasons using semiautomated 11-segment
reverse transcription (RT)-PCR and the lon Torrent next-generation-sequencing plat-
form. The terminal sequences of each segment were derived from RT-PCR primer
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FIG 1 Phylogenetic relationships among Nashville, TN, rotaviruses, 2005 to 2013. ML trees assembled from nucleotide sequences of four genome segments
(VP7, VP4, VP6, and VP1) for all VUMC NVSN rotavirus specimens with completely sequenced genomes are shown. Horizontal branch lengths are drawn to scale
and represent substitutions per nucleotide. Internal genotype assignments are indicated on the right, and subgenotype allele assignments for segments other
than VP7 are indicated by color. Bootstrap values at nodes defining genotypes or subgenotype alleles are shown as percentages. For a detailed ML tree for

each genome segment, see Fig. S1.

sequences and may differ slightly from actual sequences within the 5’- and 3'-terminal
34 to 39 nucleotides. Of these sequences, 136 were derived from G12P[8] rotaviruses,
with the remainder representing G1P[8] (n = 1), G2P[4] (n = 2), G3P[8] (n = 1), G9P[8]
(n = 1), and mixed G1,G6P[8] (n = 1) strains, as determined by RT-PCR (Table 1). Partial
genome sequences determined for the remaining rotavirus-positive specimens were
excluded from this analysis.

Phylogenetic and constellation analyses of rotaviruses circulating in Nashville,
TN, from 2005 to 2013. To investigate phylogenetic relationships among rotaviruses
circulating in Nashville, TN, we constructed maximume-likelihood (ML) trees for each of
the 11 rotavirus segments using nucleotide sequence data for all completely se-
quenced specimens collected between 2005 and 2013 (Fig. 1; see Fig. S1 in the
supplemental material). Using the online genotyping tool RotaC (39) and phylogenetic
clustering, we assigned genotypes to each of the 11 gene segments of the 142 newly
sequenced viruses. Phylogenetic clustering of the outer-capsid segments was consis-
tent with assignments made by RT-PCR (Table 1). Internal segments were classified
as entirely genotype 1 (G1P[8], G3P[8], GOP[8], and G12P[8]) or entirely genotype 2
(G2P[4]) for each sequenced specimen, as in previous analyses of VUMC NVSN speci-
mens (37, 38). The only two exceptions were the G2P[4] specimen VU12-13-26, which
contained a genotype 1 VP3 segment (M1) in an otherwise genotype 2 background,
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FIG 2 Allele-based genome constellations for rotaviruses in Nashville, TN, 2005 to 2013. The bars
representing genome segments are colored based on phylogenetic analyses and subgenotype allele
assignments, as shown in Fig. 1 and described in the text. Constellations are ordered based on genotype
and frequency of detection, which are indicated on the left. The protein encoded by each segment is
shown at the top. Allele constellations detected in multiple seasons are indicated by asterisks.

and the G1,G6P[8] mixed specimen VU12-13-176. Rotaviruses containing mixtures of
genotype 1 and genotype 2 are rarely detected, possibly due to requirements for
coevolved gene sets to permit successful maintenance within the population (15). It will
be interesting to see whether this constellation persists across seasons. The G1,G6P[8]
mixed specimen VU12-13-176 has the genotype G1,G6-P[8]-12-R2-C2-M1-A3-N2-T6-E2-
H3. At the nucleotide level, VU12-13-176 G1 VP7 and P[8] VP4 segments have 100%
nucleotide identity with RV5 strain WI97-9 and 99% nucleotide identity with RV5 strain
WI197-4, respectively. The internal segments have 99 to 100% nucleotide identity with
those from RV5 strain WI97-4 or WI97-9, suggesting that the virus is a fully vaccine-
derived reassortant. Vaccine-associated AGE has been reported at multiple NVSN sites
in the United States and in other countries (30, 40-44). The most commonly associated
virus appears to be a vaccine-derived G1P[8] (vdG1P[8]), which results from reassort-
ment among RV5 strains (43). The genome sequence of the G1,G6P[8] mixed specimen
VU12-13-176 strongly suggests it contains vdG1P[8] rotavirus. The infant from whom
the specimen was collected was just over 9 weeks old and had been admitted to the
emergency department with AGE 2 days after receiving the first dose in the RV5
vaccination series. No underlying medical conditions were reported.

To investigate phylogenetic relationships at the subgenotype level, we made sub-
genotype “allele” assignments for phylogenetic clades with strong bootstrap support
(>70%) at separating nodes (Fig. 1 and Fig. S1). For the majority of segments, two to
four subgenotype alleles were assigned per genotype. Allele combinations (constella-
tions) associated with each VP7-VP4 pair in the collection were determined by making
a grid of colored boxes and revealed many shared alleles within each genotype but
little overlap between genotypes (Fig. 2; see Table S2 in the supplemental material). For
genotype 1 rotaviruses, some constellations persisted during multiple seasons. How-
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FIG 3 Phylogenetic relationships among globally circulating G12 VP7 rotavirus segments. ML trees assembled from G12 nucleotide sequences of 839 globally
circulating rotaviruses. Horizontal branch lengths are drawn to scale and represent substitutions per nucleotide. Lineage (I, Il, or Ill), group (1 or 2), clade (A or
B), and monophyletic group or subclade (1 to 10, A1, and B1 to B3) assignments are indicated. Bootstrap values at nodes defining clades are shown as
percentages. The same tree is shown in both panels but colored to reveal the continent of origin for each sequence (A) or a Nashville, TN, origin versus other
geographic origin (B).

ever, many constellations seemed to preferentially segregate with specific G-P allele
combinations. The maintenance of genotype distinctions and persistence of specific
constellations across seasons are consistent with previous findings (37, 38). The vast
majority of G12P[8] rotaviruses (131/140) contained one of three internal segment
constellations: (i) all “red” alleles, (ii) a “blue” VP1 and otherwise “red” alleles, or (iii) a
“pink” VP6 and otherwise “red” alleles (Fig. 2 and Table S2). While nearly all the alleles
present in these constellations have been observed in association with at least one
other rotavirus type circulating in Nashville, TN, between 2005 and 2013, the three most
commonly detected allele combinations are unique to the G12P[8] rotaviruses. Other
than in G12P[8] constellations, the blue VP1 allele was detected in only a single G1P[8]
strain collected during the 2012-2013 season, and the pink VP6 allele was detected in
four G1P[8] strains collected during the 2005 to 2007 seasons. The red VP6 allele was
detected only in the context of G12P[8] strains, whereas the remaining red alleles in the
G12P[8] constellations were detected commonly in circulating G1P[8] and G3P[8]
strains in the VUMC NVSN collection.

Global relationships among G12 segments. To determine the relationship of G12
segments from rotaviruses circulating in Nashville, TN, and elsewhere in the United
States with those circulating globally, we generated an ML tree of 839 global complete
G12 VP7 nucleotide sequences from GenBank (Fig. 3). In line with the lineages of G12
defined previously (31), lineage | comprises strain L26, isolated from the Philippines,
and there are a small number of lineage Il strains collected from 1998 to 2012, mainly
from South America. Most global G12 strains collected from 2002 to 2015 are in lineage
Il (Fig. 3A). The ML phylogeny of global lineage Ill G12 strains suggests significant
genetic diversity. Although we could not define true sublineages (groups 1 and 2) in
lineage lll, due to low bootstrap support values and frequent polytomies (multiple
branches descending from a single node), we defined two clades (A and B) and a
number of monophyletic groups or subclades (1 to 10, A1, and B1 to B3), which contain
at least three sequences and are supported by ML bootstrap values of at least 70%.
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Nonetheless, the strains in group 2 (e.g., clade B and monophyletic groups 5 to 10) are
phylogenetically distinct from those in group 1 (e.g., clade A and monophyletic groups
1 to 4) (Fig. 3A). In group 1, sequences from the same geographical origin (continent)
tend to cluster together or close to each other in the phylogenetic tree. Most Asian and
African sequences present polytomies, while strains from Europe (ltaly and France) and
North America (United States) form monophyletic groups 3, 4, and A1. The long internal
branches of these monophyletic groups show the extensive genetic diversity that exists
among G12 strains and suggest they evolved over many years prior to being detected
or sampled (Fig. 3A). Sequences in group 2 include strains that circulated worldwide
recently, and they are more geographically mixed than sequences in group 1. In
particular, monophyletic group B1 contains recent strains isolated from North America,
South America, Asia, Europe, and Africa from 2009 to 2015 (Fig. 3A).

In Nashville, TN, G12 strains were reported sporadically before 2011 and became
predominant from 2011 to 2013. In our phylogenetic analysis, two 2005 G12 sequences
cluster together; however, three 2008 G12 sequences in clade B do not cluster together,
suggesting at least two independent introductions of G12 strains into Nashville in 2008
(Fig. 3B). Most G12 strains from 2012 to 2013 are in group 1, monophyletic groups A1,
3, and 4, and the rest are in group 2, monophyletic group B1. Polytomies of Nashville
G12 strains in A1 with very short genetic distances suggest that a single introduction
of the A1 strain spread quickly and dominated activity in Nashville during the 2012-
2013 season. The A1 G12 VP7 corresponds to the red subgenotype allele, 4 corresponds
to the orange allele, and 3 corresponds to the black allele in Fig. 2 and Table S2 (Fig.
3B). All group 2 virus introductions into Nashville correspond to the pink subgenotype
allele. A notable finding was that the majority of strains circulating in Nashville from
2012 to 2013 (A1, 3, and 4) were phylogenetically distinct from the common strains
circulating worldwide (clade B) (Fig. 3B). In summary, the activity of G12 strains in
Nashville is characterized by multiple introductions of G12 viruses into the area,
followed by quick spread of the predominant strains, which is different from what has
been observed for strains circulating in other global regions (45-48) (Fig. 3).

Antigenic-epitope comparison of circulating G12P[8] rotavirus VP4 proteins
with those of vaccine strains. We performed amino acid sequence alignments to
compare the compositions of VP4 proteins of circulating G12P[8] rotaviruses and those
of vaccine strains. We identified 13 residues in the 775-amino-acid VP4 protein that
differ among all the fully sequenced G12P[8] rotaviruses in the Nashville, TN, NVSN
collection and the VP4 components of both RV1 and RV5. A total of 39 or 28 residues
differ between all of the fully sequenced G12P[8] rotaviruses in the collection and the
P[8] VP4 component of RV1 or RV5, respectively. To gain insight into the antigenic
properties of G12P[8] rotaviruses, we identified VP4 amino acids that reside in predicted
antigenic epitopes and differ among all G12P[8] rotaviruses in the collection and VP4
components of RV1 and RV5 (Table 2). These epitopes were previously predicted by
mapping neutralization escape mutants and identifying surface-exposed amino acids in
the VP4 trypsin cleavage products VP5* and VP8* that vary among prevalent human P
types (25, 49, 50). We found three residues in antigenic epitopes that consistently
differed from those of both the RV1 and RV5 vaccine strains and three additional
residues that differed for a small number of clinical specimens (Table 2). The three
changes were nonconservative; at amino acids 146 and 196, polar (Ser or Asn) or acidic
(Asp) residues were replaced by flexible Gly residues. At amino acid 386, a basic His or
polar Tyr was replaced by an acidic Asp residue. Four additional VP4 antigenic-epitope
residues differed in all cases from those of RV1 VP4, and one differed in all cases from
RV5 VP4. By mapping the locations of residues that differed between P[8] VP4 proteins
of all specimens from the Nashville, TN, NVSN collection and all VP4 components of RV1
and RV5 onto the structure of rhesus rotavirus (RRV) VP4, we found that five of the
residues are located in the VP8* domain (amino acids 46 to 231), and four of them are
predicted to be surface exposed (Fig. 4). While they vary in sequence, VP4 proteins from
different rotaviruses have highly similar structures, with the VP8* domains of different
genotypes exhibiting differences in the width of a cleft between two B-sheets of some
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TABLE 2 Antigenic-epitope variation between Nashville, TN, G12P[8] VP4 and VP7 proteins and those of vaccine strains

VP5* Epitope 5-1 5-2 5-3 5-4 5-5
3847 386 388 393 394 398 440 441 434 459 429 306 Different from RV
P[8] RV1 S Y s A W N L R “E N s T Different from RV5
P[8] RV5 R H S A W N L R E N S L Different from RV1 and RV5
P[5] RV5 D S A Q W K T R E R R M A Site of neutralization escape mutation
G12P[8] s D s A W N L R E N S L # Amino acid numbering based on RRV VP4
V(2)b N(1) ® Number specimens with the indicated sequence
A A A A A A A A A A A A
VP8* Epitope 8-1 8-2 8-3 8-4
100 146 148 150 188 190 192 193 194 195 196 180 183 113 114 115 116 125 131 132 133 135 87 88 89
P[8] RV1 D S S N S S A N L N N E R N P V D S S N D N N T N
P[8] RV5 D S S N S N A N L N D E R N P V D N R N D D N T N
P[5] RV5 G T | G R | T NK Y A S E N T S E T S S N A D T G P
G12P[8] D G S N S N A N L N G E R N P V D N R N D D N T N
T(35)
A A A A A A A A A A A A A A A A A
VP7 Epitope 7-1a 7-1b 7-2
87 91 94 96 97 98 99 100 104 123 125 129 130 291 201 211 212 213 238 242 143 145 146 147 148 190 217 221 264
G1RV1 T T N G E W K D Q S \ v D K Q N V D N T K D Q N L S M N G
G1RV5 T T N G D W K D Q S \% \ D K Q N V D N T K D Q § L S M N G
G2 RV5 A N S D E W E N Q D T M N K Q D V S N S R D N T S D I 8§ G
G3 RV5 T T N N S W K D Q D A \ D K Q D A N K D K D A T L S E A G
G4 RV5 S T S ili E W K D Q N L | D K Q D T A D T R A S G E S T S G
G6 RV5 \Y N A T E W K D Q D A \ E K Q N P D N A K D 8 T Q S T T G
G12P[8] S139) T T P D W TM37)N(138) Q D T(76) V D(136) K Q b V T N N Q Q N S L s(138) E A G
N(1) M@3) S(2) S(64) N(6) L(2)
A A A A A A A A A A A A A A A A A A A

strains (51). Thus, we anticipate that the simian RRV VP4 structure approximates the
locations of surface-exposed residues well.

Antigenic-epitope comparison of circulating G12P[8] rotavirus VP7 with those
of vaccine strains. Using amino acid sequence alignments, we identified 24 residues
in the 326-amino-acid VP7 protein that differ among all sequenced G12P[8] rotaviruses
in the VUMC NVSN collection and all VP7 components of RV1 and RV5. A total of 72 or
70 residues differ among all of the fully sequenced G12P[8] rotaviruses in the collection
and the G1 VP7 components of RV1 or RV5, respectively. By mapping residues that
differ among the VP7 proteins of all G12P[8] rotaviruses in the collection and all RV1
and RV5 VP7 vaccine components onto the RRV VP7 structure, we identified 16
surface-exposed residues, at least 7 of which reside in predicted antigenic epitopes (Fig.
5 and Table 2). VP7 proteins from different rotaviruses appear to have highly similar
structures (9, 52-54). Furthermore, VP7 proteins from different rotavirus species are
capable of forming hybrid virus-like particles and are predicted to have similar overall
folds (55, 56). Based on these observations, we anticipate that the simian RRV VP7
structure approximates the locations of surface-exposed residues well. VP7 antigenic
epitopes were previously predicted by mapping antibody neutralization escape mu-
tants, using structural information from RRV rotavirus protein-antibody complexes, and
identifying surface-exposed amino acids that vary among prevalent human G types (25,
52). Several of the amino acid differences in antigenic epitopes are nonconservative
(e.g., G/D/N/T96P and D/A145Q) and potentially alter antigenic properties of the viruses
(Table 2).

Antigenic-epitope comparison of circulating non-G12 rotavirus VP7 with those
of vaccine strains. RV1 contains a single human G1 VP7 component, and RV5 viruses
contain human G1, G2, G3, and G4 components, as well as a bovine G6 VP7. Based on
amino acid alignments, there are only two amino acid differences, one of which is
surface exposed, between the VP7 components of all 37 G1P[8] rotaviruses in the
sequenced VUMC NVSN collection and the G1 RV1 VP7 component (Fig. 5). There are
seven amino acid differences, two of which are surface exposed and one of which
resides in a predicted antigenic epitope, between the VP7 of G1P[8] viruses in the
collection and the G1 RV5 VP7. Between the VP7 proteins of the 14 fully sequenced
G2P[4] rotaviruses in the VUMC NVSN collection and the G2 VP7 component of RV5,
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P[8] vs all P[8]

FIG 4 Amino acid variation between VP4 proteins of G12P[8] rotaviruses circulating in Nashville, TN, since 2005
and those of vaccine strains. (Left) Ribbon drawing showing a cutaway view of the rotavirus surface, with VP4
trypsin fragments VP5* (red) and VP8* (purple) labeled (PDB accession no. 4V7Q) (9). VP7 is colored yellow, and
VP6 is colored green. (Middle) Front (as in the ribbon drawing) and back (rotated 180°) surface contour views of
the enlarged VP8* domain shown in light gray, with known antigenic epitopes colored red (8-1), pink (8-2), purple
(8-3), and green (8-4) (PDB no. 1KQR) (50). (Right) Additional surface representations of RRV VP8* showing positions
at which all derived P[8] VP4 amino acid sequences from G12P[8] viruses in the VUMC NVSN collection differ from
those of all the VP4 components of RV1 (P[8]) and RV5 (P[8] and P[5]) colored cyan.

there are 15 differences, 3 of which are in surface-exposed residues in predicted
antigenic epitopes. VP7 proteins of the 19 sequenced G3PI[8] rotaviruses in the collec-
tion all differ from the RV5 G3 VP7 at seven positions, four of which are surface exposed
and three of which reside in predicted antigenic epitopes. The VP7 protein of the lone
sequenced G9P[8] virus from the collection differs from the six VP7 components of RV1
and RV5 at 14 positions. Six of the differing residues are surface exposed, and two
reside in predicted antigenic epitopes. While the G9 VP7 is more antigenically distinct
from all VP7 vaccine components than G1, G2, and G3 VP7 proteins in circulating
rotaviruses are from just the homologous vaccine components, it is less divergent from

G1vs RV5 G1 G2 vs RV5 G2 G3vs RV5 G3 G9 vs all VP7

FIG 5 Amino acid variation between VP7 proteins of rotaviruses circulating in Nashville, TN, since 2005
and those of vaccine strains. (Upper left) Surface representation of a rotavirus virion, with VP4 colored
red and VP7 colored yellow (PDB accession no. 4V7Q) (9). The boxed area shows an enlarged RRV VP7
trimer colored light gray, with known antigenic epitopes colored red (7-1A), khaki (7-1b), and purple
(7-2) (PDB accession no. 3FMG) (96). Positions at which all derived VP7 amino acid sequences of a
particular G type from the VUMC NVSN collection (2005 to 2013) differ from those of the indicated VP7
vaccine component(s) are colored cyan. The word “all” refers to all VP7 components of RV1 (G1) and
RV5 (G1, G2, G3, G4, and bovine G6).
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TABLE 3 Vaccination status of rotavirus-positive children in Nashville, TN, with sequenced
viral genomes (2005 to 2013)

No. of children

1 dose 2 doses 3 doses

G/P type 0 dose RV1? RV5® M< RV1 RV5 M RVl RV5 M U4 NA¢ Total

G1P[8] 9 1 1 26 37
G2P[4] 6 1 2 1 3 1 14
G3P[8] 12 2 3 1 1 19
GIP[8] 1 1
G12P[8] 46 3 4 2 13f 61f 5 6" 140
Mixed 1 1
Total 73 9 20 74 3 33 212
aRV1, Rotarix.

bRVS5, RotaTeq.

<M, mixed RV1 and RV5 dosing or identity of vaccine dose unknown.
9y, vaccination status unknown.

eNA, vaccine not available or child <42 days old.

One sample in the category was from a healthy control.

all RV1 and RV5 VP7 sequences than are the G12 VP7 proteins in rotaviruses circulating
in Nashville, TN (Fig. 5 and Table 2).

Vaccination status of rotavirus-positive infants and children. To ascertain the
relationship between receipt of RV1 or RV5 vaccine and infection with specific circu-
lating rotavirus G/P types, we determined the vaccination status of infants and children
whose stools were collected between 2005 and 2013, from which rotavirus complete
genomes were subsequently sequenced. Of these 212 children, 33 were unvaccinated
because the vaccine was not available when they were infants or they were too young
to be vaccinated, and 3 had unknown vaccination status (Table 3). Among the remain-
ing 176 children, 1 of 10 (10%) G1P[8]-positive, 3 of 13 (~23%) G2P[4]-positive, and 3
of 17 (~18%) G3P[8]-positive children had received the complete series of RV5 vaccine.
In contrast, 68 of 134 (~51%) G12P[8]-positive children who were vaccine eligible had
received a complete series of RV1 (two doses) or RV5 (three doses) or three mixed
doses. Three of the 134 children were healthy controls. Among all the G12P[8]-positive
children whose rotavirus genomes were completely sequenced, 68 of 140 (~49%)
received a complete vaccine series, and another 20 of 140 (~14%) received at least one
vaccine dose. The only child with a sequenced G9P[8]-positive specimen had received
a complete series of RV5. Based on these data, we developed a model to predict the
probability of full (complete) or any (complete or incomplete) vaccination associated
with each rotavirus type (Fig. 6). The model predicted with 95% credibility that the
probability of full vaccination was between 0.4 and 0.56 (mean = 0.48) for a child who
tested positive for G12P[8] rotavirus, whereas it was less than 0.1 for G1P[8] (mean =
0.04) and between 0.03 and 0.32 for G3P[8] (mean = 0.17). A similar pattern was
predicted for any vaccination, with a probability between 0.54 and 0.70 (mean = 0.62)
for a child who tested positive for G12P[8] rotavirus, less than 0.09 for G1P[8] (mean =
0.04), and between 0.10 and 0.46 for G3P[8] (mean = 0.27). The highest variability was
predicted for G2P[4]-positive children, with a probability between 0.05 and 0.43
(mean = 0.23) for full vaccination and between 0.29 and 0.75 (mean = 0.50) for any
vaccination. The large credibility intervals and shifts in probability for full or any
vaccination are likely due to the small sample size and higher variability in vaccination
status for G2P[4]-positive children (Table 3).

DISCUSSION

The majority of the sequenced genomes from specimens collected from 2011 to
2013 were from G12P[8] rotaviruses, which have predominated in the United States for
the past several years (30). G12 strains in the VUMC NVSN collection have acquired
multiple internal genes that are genetically well matched to those of other G1P[8] and
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A Probability of any vaccination
G12P[8] ——
G1P[8] ——
G2P[4]
G3P[8] S ey
0.0 02 0.4 06 038 1.0

B

G12P[8] —

Probability of full vaccination

G1P[8] ~—

G2Pld] ————————

G3P[s] ————

0.0 02 0.4 06 08 1.0
FIG 6 Model of vaccination probability based on rotavirus type. Analyses were of data presented in
Table 3. The data points indicate the estimated posterior means, with the bars indicating the

corresponding 95% HPD intervals, which represent a probabilistic statement of uncertainty about
the true probabilities.

G3PI[8] strains that have circulated locally in recent years. However, in most cases, the
G12P[8] strains have acquired new combinations of VP1 and VP6 alleles in their
constellations. The VP1 segment encodes the viral RNA-dependent RNA polymerase.
The VP6 segment encodes the intermediate-layer protein of the viral particle and
interacts directly with the VP7 protein (9, 53). If the internal gene segment constella-
tions associated with G12P[8] viruses confer a fitness advantage of some sort, we
expect to detect them in subsequent seasons and perhaps in association with other G/P
genotypes. Currently, our understanding of the selective advantages of specific gene
sets in constellations is limited.

The phylogenetic analysis of global G12 strains suggests extensive genetic diversity
(Fig. 3). Lineage Il circulates globally and includes recent G12 strains reported from
other countries. It has been proposed that G12P[8] rotaviruses in the United States
originated from the introduction of the G12 VP7 segment into a globally common
G1P[8] rotavirus strain (57). While our analyses support the idea that circulating G12P[8]
strains have a genetic background similar to those of locally circulating strains, the
2012-2013 activity was characterized by multiple G12 introductions into the surveil-
lance area, followed by spread of the predominant strains. Strikingly, most of the strains
circulating in Nashville (in monophyletic groups A1 and 4) from 2012 to 2013 are
phylogenetically distinct from the strains circulating in other places during the same
period (in clade B) (Fig. 3). There were some introductions of global G12 strains (in
monophyletic group B1) into the surveillance area, but they failed to spread rapidly.
Nashville G12 strains in A1 and 4 are genetically closer to some Asian strains. However,
the long internal branches of these monophyletic groups suggest that they evolved
over a long time before being sampled and that there are gaps of unsampled regions
between Asia and the United States. Thus, we cannot definitively conclude that Asia is
the origin of G12 strains circulating in Nashville during 2012-2013.
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The effects of widespread vaccination on rotavirus antigenic profiles and the effects
of antigenic heterogeneity on vaccine-mediated protection remain unclear. We focused
on amino acid differences observed between VP7 or VP4 proteins for all locally
circulating strains of a particular G or P type during the past several years and those of
vaccine strains. There are a relatively small number of conserved differences among VP7
proteins of circulating G1, G2, and G3 rotaviruses and the homologous vaccine com-
ponents. As one would expect, G9 and G12 VP7 proteins exhibit increased numbers of
surface-exposed residues that differ from those of all the vaccine components. The very
small numbers of amino acid differences observed between groups of circulating
rotaviruses in Nashville, TN, and the homologous G1, G2, and G4 VP7 and P[8] VP4
vaccine component proteins imply that vaccine-elicited antibodies would efficiently
neutralize infection by most strains with homologous G or P types, providing some
negative selective pressure on them. In contrast, the relatively high number of consis-
tent amino acid differences on the VP7 antigenic surface, particularly in antigenic
epitopes, between circulating G12P[8] strains and vaccine VP7 components could result
in reduced antibody binding and, therefore, reduced selection against these viruses.
The antigenic epitopes shown in Fig. 4 and 5 and listed in Table 2 were identified using
animal rotaviruses and may differ from those present in the human rotaviruses under
discussion (58). Nonetheless, differences in the amino acid compositions of VP7 or VP4
surfaces have the potential to alter antigenic epitopes. Reduced selection against
circulating G12P[8] viruses, which is consistent with our vaccination results, may favor
predominance of G12P[8] rotaviruses.

On the other hand, this model is likely oversimplified. The small numbers of
conserved differences between the P[8] components of all circulating G12P[8] viruses
in the VUMC NVSN collection and the P[8] components of RV1 and RV5 suggest a
potential for antibodies elicited by current vaccines to efficiently neutralize G12P[8]
viruses by binding VP4. Numerous studies suggest that binding of a single VP4-specific
monoclonal antibody to a specific epitope is sufficient to achieve neutralization in vitro
(59-64). Thus, while neutralizing antibody responses may be most efficient when they
are raised against rotavirus strains with outer-capsid proteins that are antigenically
matched in both VP4 and VP7 proteins of circulating strains to which a child is later
exposed, sufficient protection may be induced when either outer-capsid antigen is
antigenically matched with the circulating strain. Studies of antibodies generated
following single or multiple natural rotavirus infections or immunizations suggest that
initial exposures elicit more heterotypic VP4 and homotypic VP7 human rotavirus
antibodies, whereas subsequent exposures are dominated by cross-reactive human-
specific VP7 antibodies (65, 66). A recent study of human rotavirus antibodies in adults,
who had presumably had multiple natural infections, suggested that homotypic anti-
VP7 and nonneutralizing anti-VP8* antibodies are more common than heterotypic
anti-VP7 and anti-VP4 antibodies, though both homotypic and heterotypic antibodies
were detected (67). Limited antibody responses to VP4 after vaccination may result in
little selective pressure, whereas highly cross-reactive VP7-specific antibodies may
negatively select for rotaviruses with homologous VP7 proteins and positively select for
antigenic drift and rotaviruses with the most divergent VP7 proteins. However, clear
correlates of protection for rotavirus following vaccination have not been well estab-
lished (19, 68-71). While protection following vaccination mostly correlates with levels
of rotavirus-specific antibodies, the roles of neutralizing antibodies and other factors in
mediating protection are less clear, particularly in children. In the current study, we
have not sought to identify rates of genetic drift in VP4 and VP7 for each genotype.
Such analyses are important and likely will reveal more complexity and subtlety in the
influence of vaccination on rotavirus evolution than what is described here.

Our analyses of vaccination data for infants and children with sequenced rotavirus
genomes suggest increased probability of any or complete vaccination for G12P[8]-
positive infants and children (Table 3 and Fig. 6). Since nearly all of the children in the
analysis had AGE, this increased vaccination probability may suggest a decreased
probability of vaccine-mediated protection against G12P[8] rotavirus disease. Nonethe-
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less, there has been a sustained decrease in the incidence of rotavirus detection in the
United States in postvaccine years compared to prevaccine years (72). Thus, current
rotavirus vaccines appear to provide broad cross protection. In the early years of the
NVSN, when G1P[8] viruses were predominant, rotavirus vaccines were not widely
available, which makes it difficult to compare the percentages of vaccinated rotavirus-
positive children with AGE caused by G1P[8] and G12P[8] viruses. Still, the failure of
G1P[8] viruses to regain predominance, despite remaining in circulation, as evidenced
by their detection in the 2008-2009 and 2012-2013 seasons, suggests that the current
vaccines protect very efficiently against AGE induced by these viruses. Future analyses
of larger sample sizes are needed to determine whether these trends are supported and
whether rotavirus type-specific differences in vaccine-mediated protection exist.

In Nashville, TN, and across the United States, RV5 is more commonly administered
than RV1. RV1 contains only a G1 component, which differs substantially in amino acid
sequence from nonhomologous VP7 proteins. While RV5 is more antigenically diverse,
including four human VP7 components and one human VP4, it is comprised primarily
of bovine virus segments. Despite its lack of antigenic breadth, RV1 has shown evidence
of broad protection (73, 74). Considering the low neutralizing antibody responses
following two doses of RV1 (75) and protection from rotavirus gastroenteritis observed
for nonseropositive vaccinees (76), it is possible that the human origin of internal RV1
segments provides protection through mechanisms that involve viral proteins other
than outer-capsid antigens. Such mechanisms could include antibodies directed
against the intermediate-layer protein VP6, which can provide protection in mice (77),
or other structural and nonstructural proteins, which could potentially contribute to
T-cell recognition (78-80). When larger data sets can be assembled, it will be informa-
tive to determine the relationships between differences in vaccination probabilities and
rotavirus G and P types based on the type of vaccine (RV1 or RV5) administered.
Recently published data from Australia show increased G12P[8] prevalence in states
using RV5 and increased G2P[4] and equine G3P[8] prevalence in states and territories
using RV1, supporting the idea that the two vaccines apply different selective immu-
nological pressures that influence circulating rotavirus population diversity (81). Mod-
eling suggests that differences in homotypic and heterotypic protection from vaccina-
tion can influence genotype selection, particularly for RV1 (82). However, some studies
have found no consistent pattern to indicate selective pressure from vaccines (29). An
alternative explanation is that continuous natural variation of cocirculating rotavirus
genotypes, along with other poorly understood factors, contributes significantly to
fluctuations in global and regional genotype landscapes. The effects of vaccines on
rotavirus populations also may be more complex than simple serotype selection, as
suggested by increased detection of G2P[4] reassortants containing animal-derived
segments and of G1P[8] rotaviruses containing segments genetically distinct from
those of RV1 in postvaccine versus prevaccine years in Belgium (83, 84). Additional
surveillance and directed studies will help to clarify the specific roles of RV1 and RV5 in
rotavirus selection and evolution.

Regional differences in rotavirus genome constellations, potential variability in RV1
and RV5 efficacy against specific G- and P-type antigens, the rapid pace of segmented
RNA virus evolution via genetic drift and shift, and global spread provide plausible
explanations for reduced vaccine efficacy in some regions of the world and suggest
future potential for current vaccines to lose efficacy against severe rotavirus disease
over time. In the United States, where many circulating rotaviruses share common
genetic backgrounds and a limited number of G and P types, RV1 and RVS5 still seem to
offer broad protection, even against rotaviruses containing emerging outer-capsid
antigens. Specifically, rotavirus vaccine effectiveness (VE) in the United States in 2012-
2013 for completely vaccinated children was 80% for both RV1 and RV5 (85). However,
while RV5 VE was estimated at 78% for G12P[8] and 87% against G2P[4] rotaviruses, RV1
VE was estimated at 82% for G12P[8] and 53% for G2P[4]. Thus, these vaccines may
apply selective pressure against homologous G and P types while promoting the
success of circulating heterologous G and P types. In Europe from 2004 to 2006, RV1 VE
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against G2 rotaviruses was high (85.5%), though still lower than RV1 VE against G1
(96.4%) or G3 (93.7%) rotaviruses (86). Such differences may influence circulating
rotavirus populations. In developing countries, emerging antigenic variation, as repre-
sented by G12 VP7, in genetic backgrounds that are antigenically mismatched with
vaccine strains in both G and P types, and also potentially in internal segments, may in
part explain reduced vaccine efficacy. The findings described here highlight the need
for continued global surveillance to elucidate the changing rotavirus G/P type land-
scape and the efficacy of current vaccines against emerging rotaviruses.

MATERIALS AND METHODS

Sample collection. Fecal specimens were collected from 2,165 children up to 18 years old who
presented with AGE (1,447) at the VUMC emergency department, hospital, or outpatient clinics or who
were healthy (718) and were seen at outpatient clinics in Nashville, TN, during the years 2011 to 2013.
Collection was performed in accordance with an NVSN protocol approved by the Centers for Disease
Control and Prevention (CDC) and the VUMC Institutional Review Board. Informed consent, including
future specimen use, and permission to obtain medical records were provided by a parent or guardian
at the time of enrollment. Rotavirus vaccination status was verified by reviewing medical records
obtained from the child’s primary care provider and/or the Tennessee Immunization Information System.
Children between the ages of 15 days and 11 years (2011-2012) or 18 years (2012-2013) were considered
eligible AGE cases if they were residents of Davidson County, TN, and had diarrhea (=3 episodes within
24 h) or vomiting (=1 episode in 24 h) within a period of =10 days. Children with a noninfectious cause
of diarrhea, a history of immune deficiency, or previous enrollment for the same episode of AGE or who
were transferred from another hospital were excluded. Children aged 15 days through 11 years (2011-
2012) or 18 years (2012-2013) from Davidson County presenting for well-child visits were eligible to serve
as healthy controls unless they had acute respiratory infection symptoms within 3 days preceding the
visit or AGE symptoms within 14 days preceding the visit or were immunocompromised. Fecal samples
collected within 7 days of enroliment were tested for rotavirus antigen using the commercial enzyme-
linked immunosorbent assay (ELISA) Premier Rotaclone (Meridian Bioscience).

RNA extraction, RT-PCR, and nucleotide sequencing. Rotavirus-positive stool specimens were
processed for RNA extraction and high-throughput RT-PCR and sequencing. Rotavirus dsRNA was
extracted and sequenced from deidentified rotavirus-positive fecal specimens using TRIzol (Invitrogen)
according to previously described methods (87, 88). Briefly, the extracted RNA was used in each of 11
one-step RT-PCRs (Qiagen) to amplify full-length RNA for each genome segment. The primers used to
amplify all the gene segments were described previously (89, 90). The PCR products were cleaned by
treatment with exonuclease | (New England BioLabs). The products were quantified using a SYBR green
dsDNA detection assay (Thermo Fisher Scientific). All 11 RT-PCR products for each genome were pooled
in equimolar amounts in preparation for sequencing using the lon Torrent platform (Thermo Fisher
Scientific).

lon Torrent libraries were prepared by shearing pooled rotavirus amplicons and ligating barcoded
adaptors to the sheared DNA, using the lon Xpress Plus fragment library kit (Thermo Fisher Scientific), to
create a library of approximately 200-bp fragments. Equal volumes of pooled libraries were cleaned using
Ampure XP beads (Beckman Coulter, Inc.). Real-time PCR was performed on the pooled barcoded libraries
to evaluate the library and adaptor quality and to determine the template dilution factor for emulsion
PCR. The pool was normalized and amplified on lon Sphere particles (ISPs) using the lon One Touch
instrument. The pool was enriched for template-positive ISPs on the lon One Touch ES instrument.
Sequencing was performed on the lon Torrent PGM platform using an lon 316 chip (Thermo Fisher
Scientific).

The reads generated by lon Torrent PGM were de novo assembled using CLC Bio’s clc_novo_assemble
program (Qiagen) to form contigs. The resulting contigs were mapped against their closest reference
sequences (CLC Bio's clc_ref_assemble_long program). Any locus with an observed variant that was
detected in the majority of sequencing reads was reflected in the assembled consensus sequence of the
segment.

Nucleotide alignments and phylogenetic analyses. For each segment of a rotavirus collected in
Nashville, TN, between 2005 and 2013 with a completely sequenced genome, nucleotide sequences were
aligned using the MUSCLE algorithm in MEGA 6.0 with manual adjustment (91). A general time-reversal
(GTR) nucleotide substitution model with a gamma distribution of among-site rate variation (GTR + I')
was selected as the best-fit model by Modeltest in MEGA 6.0 and used in ML phylogeny construction with
1,000 bootstrap replicates (in MEGA 6.0). ML trees were visualized using FigTree v1.4.2 (http://tree.bio
.ed.ac.uk/software/figtree/). Genotype assignments were made using RotaC v2.0 (39). Subgenotype allele
assignments were made for phylogenetic clades with strong bootstrap support (>70%) at separating
nodes.

To understand the phylogenetic relationship between G12 segments from rotaviruses collected in
Nashville, TN, and in other countries, a global G12 data set with 839 complete nucleotide sequences was
generated, which included 140 G12 sequences from Nashville and 699 publicly available global G12
sequences downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genbank/; accessed 26 October
2017). The ML phylogeny of the global G12 data set was inferred using the methods described above.

Amino acid alignments and structural analyses. VP7 and VP4 amino acid alignments were
constructed with MAFFT v7.2 (92) using the E-INS-I strategy. Structural analyses of VP7 and VP4 were
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performed using the UCSF Chimera molecular modeling system and Protein Data Bank (PDB) files 4V7Q
(9), 3FMG (52), and TKQR (50). Chimera was developed by the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco.

Biostatistical analysis of vaccination data. To estimate the association between rotavirus genotype
and vaccination status, we fit a Bayesian logistic model (93) predicting the probability of vaccination as
a function of genotype. A generalized linear modeling approach with a logit transformation was used,
with G12P[8], the most common genotype, as the baseline, thereby estimating the relative effects of the
remaining genotypes. The baseline probability and genotype effects were all given vague normal prior
distributions (standard deviation = 3) on the logit scale. Two alternative models were constructed, one
using full vaccination as the positive outcome, with unvaccinated and partially vaccinated individuals
pooled, and another using partial or full vaccination as the positive outcome versus unvaccinated
individuals. The models were fit using the Markov chain Monte Carlo method (the No U-turn sampler
[94]) as implemented in the PyMC3 library for Python (95). The algorithm was run for 1,000 iterations,
following 2,000 tuning iterations, yielding posterior means and 95% highest probability density (HPD)
intervals as a measure of posterior uncertainty (Fig. 6). The samples were checked for convergence and
goodness of fit, with both checks negative.

Accession number(s). The sequences described were submitted to GenBank under the accession
numbers given in Table S1 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.01476-18.
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