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Human respiratory syncytial virus (HRSV) is the most important cause of acute respiratory disease in
infants. Two major subgroups (A and B) have been identified based on antigenic differences in the attachment
G protein. Antigenic variation between and within the subgroups may contribute to reinfections with these
viruses by evading the host immune responses. To investigate the circulation patterns and mechanisms by
which HRSV-B viruses evolve, we analyzed the G protein genetic variability of subgroup B sequences isolated
over a 45-year period, including 196 Belgian strains obtained over 22 epidemic seasons (1982 to 2004). Our
study revealed that the HRSV-B evolutionary rate (1.95 X 10~ nucleotide substitutions/site/year) is similar to
that previously estimated for HRSV-A (1.83 X 10~ nucleotide substitutions/site/year). However, natural
HRSV-B isolates appear to accommodate more drastic changes in their attachment G proteins. The most
recent common ancestor of the currently circulating subgroup B strains was estimated to date back to around
the year 1949. The divergence between the two major subgroups was calculated to have occurred approximately
350 years ago. Furthermore, we have identified 12 positively selected sites in the G protein ectodomain,
suggesting that immune-driven selective pressure operates in certain codon positions. HRSV-A and -B strains
have similar phylodynamic patterns: both subgroups are characterized by global spatiotemporal strain dy-
namics, where the high infectiousness of HRSV permits the rapid geographic spread of novel strain variants.

Human respiratory syncytial virus (HRSV) is the most com-
mon causative agent of serious respiratory tract infections in
infants and young children (6, 16, 20, 25). HRSV is also in-
creasingly recognized as an important agent of disease in the
elderly (11), in immunocompromised patients (10, 12) and
even in the general adult population (9, 21, 39).

HRSV is an enveloped virus with a nonsegmented negative-
sense RNA genome of approximately 15,200 nucleotides and
belongs to the genus Pneumovirus (6). Two major antigenic
groups, HRSV-A and -B, have been identified on the basis of
reactions with monoclonal antibodies (1, 38). Only antibodies
directed against the G and F surface glycoproteins have been
shown to be neutralizing in vitro or protective in vivo (7, 57,
64). Nucleotide sequencing has revealed that the attachment G
protein is the most divergent between and within the two
subgroups (27). The G protein is a type II integral protein of
289 to 299 amino acids, depending on the viral strain (13, 32,
55). The mature 90-kDa form of the G protein is obtained
through extensive glycosylation of a 32-kDa polypeptide pre-
cursor by the addition of N-linked sugars to Asn residues and
O-linked sugars to Ser and Thr residues (67, 68). The attach-
ment G protein can be divided into an intracellular domain, a
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transmembrane domain, and a large ectodomain. The latter is
comprised of two hypervariable mucin-like regions separated
by a highly conserved putative receptor-binding site (4, 27, 55).

HRSYV infections occur continually throughout life, which is
indicative for partial cross-immunity against different strains
(18, 23, 69). Children initially infected with an HRSV-A strain
appear more likely to experience reinfection with an HRSV-B
strain (37, 65). These findings suggest that antigenic variability
of the G protein between and within the two major HRSV
antigenic groups may facilitate reinfection by evading the pre-
existing host immune response (37, 54).

Most reports on the genetic variability and evolution of the
attachment G protein are based on HRSV-A strains (2, 13, 52,
75), and there is little information available about the genetic
diversity and molecular evolution of HRSV-B strains (29, 32,
55, 59). This can be explained by the fact that HRSV-A strains
are generally more often isolated during HRSV outbreaks (1,
19, 24, 36). The predominance of HRSV-A over HRSV-B
viruses has been attributed to the higher variability among the
HRSV-A strains (5, 46, 49, 61). Differences in the extent of
intragenetic diversity in the G protein between the two HRSV
subgroups may reflect differences in the evolutionary patterns
of these viruses. We have previously reported 13 amino acid
sites to be under positive selection in the G attachment protein
of HRSV-A, suggesting that evolution under immune selective
pressure occurs in certain codon positions (75). A detailed
understanding of the evolutionary mechanisms employed by
HRSV to evade the host immune responses will be beneficial
in predicting possible changes in virulence and will be pivotal
in vaccine development programs.
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In the current study we investigated the genetic diversity,
circulation patterns, and mode of evolution of HRSV-B vi-
ruses. We have therefore sequenced 724 bp of the attachment
G protein from 196 subgroup B HRSV strains obtained over
22 epidemic seasons (1982 to 2004) in Belgium.

MATERIALS AND METHODS

Viral isolates. Nasopharyngeal secretions were collected during 1982 to 2004
from patients between 10 days and 73 years of age (mean age, 13 months) who
were admitted with a lower respiratory tract illness to the Gasthuisberg Univer-
sity Hospital in Leuven, Belgium. Samples were included in this study when they
reacted positively with an HRSV antigen test (TestPack RSV; Abbott Labora-
tories, Abbott Park, IL) or exhibited a typical HRSV cytopathic effect in cell
cultures (HeLa and HEp-2). HRSV-positive nasopharyngeal aspirates and
HRSV-infected cells were stored at —80°C. The nomenclature adopted for the
Belgian isolates indicates the place of isolation (Belgium, BE), followed by a
laboratory isolate number and the epidemic season (e.g., BE/14610/03-04).

PCR primer sequences. HRSV-B-specific oligonucleotide primers were de-
signed based on available GenBank subgroup B sequences of the attachment G
protein and the intergenic G-F region. The forward primer BGF located in the
G gene (5'-GCAGCCATAATATTCATCATCTCT-3') and the reverse primer
BGR located in the intergenic G-F region (5'-TGCCCCAGRTTTAATTTCGT
TC-3") correspond to nucleotides (nt) 4858 to 4881 and 5637 to 5658, respec-
tively, in strain WV/B1/85 (GenBank accession number AF013254). The ex-
pected size of the PCR product was 0.8 kb.

One-step RT-PCR. Total RNA was extracted from 140 pl of HRSV-positive
sample using a QIAmp viral RNA mini kit (QIAGEN, Westburg, The Nether-
lands) and was dissolved in 60 pl of elution buffer. The reverse transcription
(RT)-PCR assay was performed with a OneStep RT-PCR Kit (QIAGEN) in a
50-pl volume containing 30 pmol of forward and reverse primer and 10 wl of the
extracted RNA. Thermocycling was conducted on a GeneAmp PCR system 9600
thermal cycler (Applied Biosystems, Foster City, Calif.) programmed as follows:
55°C for 30 min for reverse transcription and 94°C for 15 min for DNA-poly-
merase activation; 40 cycles of 94°C for 30 s, 63°C for 1 min, and 72°C for 1 min,
followed by a final extension step at 72°C for 10 min. The amplified products
were subjected to 6% polyacrylamide gel electrophoresis. The 0.8-kb amplicons
were purified using a QIAquick PCR Purification Kit (QIAGEN).

DNA sequencing. The purified PCR products were sequenced in forward and
reverse direction using an ABI PRISM BigDye Terminator Cycle Sequencing
Ready Reaction kit (Applied Biosystems). Besides the PCR primer set, an
additional forward primer (5'-AGAGACCCAAAAACACYAGCCAA-3") and
reverse primer (5'-ACAGGGAACGAAGTTGAACACTTCA-3’), both located
in the G protein gene, were used to obtain the full-length sequence of the
amplified products. Sequencing analysis was performed on an ABI PRISM 3100
DNA sequencer (Applied Biosystems).

Sequence analysis. The chromatogram sequences were inspected with Chro-
mas 2.2 (Technelysium, Helensvale, Australia), and contigs were prepared using
SeqMan II (DNASTAR, Madison, Wis.). Multiple sequence alignment of the
HRSV-B G gene sequences included in this study was performed using
CLUSTAL X, version 1.83 (58), and manually edited in the GeneDoc version
2.6.002 alignment editor (41). Identical sequences and amino acid variability
were estimated using the DAMBE (data analysis in molecular biology) program,
version 4.2.13 (71). O glycosylation sites were determined using the program
NetOglyc version 3.1 (22, 28).

Phylogenetic analysis. The appropriate nucleotide substitution model was
determined using hierarchical likelihood ratio testing (47). Phylogenetic recon-
struction was performed using the PAUP (phylogenetic analysis using parsi-
mony) package version 4b10 (56). Model parameters were optimized on an initial
neighbor-joining tree. Using the estimated parameters and the neighbor-joining
tree as a starting tree, a heuristic maximum likelihood (ML) search was per-
formed, evaluating tree topologies generated by both nearest neighbor-inter-
change and tree bisection-reconnection.

Evolutionary rate analysis. An exploratory root-to-tip linear regression was
performed in Path-O-Gen, kindly provided by Andrew Rambaut (University of
Oxford). This program takes a phylogenetic tree as input and performs a linear
regression between the genetic distance from the root and the sampling time for
each strain. The root of the tree was assigned on the long branch separating the
early samples from the others. A more accurate estimate for the evolutionary
rate and the most recent common ancestor (MRCA) was obtained using the
single rate dated tips (SRDT) model, a statistically well founded likelihood
method (48). The ML tree was rooted at the position that yielded the highest
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likelihood under the SRDT model. For the amino acid data set including both
HRSV-A and -B sequences, the phylogeny was obtained by connecting the ML
trees of both groups at the positions that yielded the highest likelihood under the
SRDT model in their separate analyses. The likelihood ratio test comparing the
SRDT model with the different rates model was used to test the molecular clock.
These analyses were performed using the TipDate program (48) for nucleotides
and the PAML (phylogenetic analysis by maximum likelihood) program package
version 3.13 (74) for amino acids.

Selective pressure analysis. Positively selected sites were identified under
probabilistic models of codon substitution that allow for variable nonsynony-
mous/synonymous substitution rate ratios (dN/dS, or w) among sites (42, 72, 73).
The likelihood ratio test was used to determine whether allowing for sites with w
of >1 significantly improved the fit of the model to the data. If the dN/dS ratio
for any site class was above 1, the Bayes theorem was used to calculate the
posterior probability that each site, given its data, belonged to such a site class.
Three different model comparisons were performed: the neutral model M1,
which assumes a proportion p, of negative (conserved) sites with w, of 0 and a
proportion p; = 1 — p, of neutral sites with w; of 1, was tested against the
selection model M2, allowing for an extra class of sites under diversifying selec-
tion with frequency p, = 1 — py — p; and with w, of >1 estimated from the data.
The selection model M2 does not allow for sites with 0 < w < 1. Model M0
allowing for one w for all sites was tested against model M3 with a discrete
distribution of three site classes (with proportions py, py, p» and o, ©,, ©,). M7,
incorporating a beta distribution with parameters p and g to account for variable
w, in the interval (0 to 1) among neutral or negatively selected sites, was tested
against model M8, to which an extra component allowing for positively selected
sites is added with proportion p, and w,. All calculations were performed using
the CODEML program from the PAML package version 3.13 (74).

Nucleotide sequence accession numbers. The nucleotide sequences from the
Belgian isolates were deposited in the GenBank database under accession num-
bers AY751084 to AY751282.

RESULTS

Genetic diversity in the HRSV-B G protein. Genetic vari-
ability was determined by nucleotide sequencing of a 724-bp
fragment in the G gene (nt 177 to 900 in reference strain
WV/B1/85; GenBank AF013254) of 196 HRSV-B strains iso-
lated in Belgium over 22 epidemic seasons (1982 to 2004). No
subgroup B strains were obtained from the epidemic seasons
1983-1984 and 1994-1995. The nucleotide sequences from the
Belgian isolates were compared to 15 HRSV-B sequences
available in the GenBank database (Table 1).

Among the 196 Belgian strains, there were 124 strains with
a unique sequence in the G gene, with 32 of the unique se-
quences being repeated one or more times among the remain-
ing 72 strains (Fig. 1). An absolutely conserved 23-amino-acid
region (amino acids 165 to 187 according to strain WV/B1/85)
was recognized among all HRSV-B G protein sequences (Fig.
2A).

There were significant differences in the length of the de-
duced G protein sequences among the HRSV-B strains. The
predicted complete G proteins of the Belgian isolates were of
13 different amino acid lengths (254, 278, 282, 292, 293, 295,
296, 297, 299, 312, 315, 317, and 319 amino acids) (Fig. 2).
Differences in the G protein lengths were caused by the usage
of alternative termination codons; by the presence of in-frame
duplications, deletions and insertions; by one frameshift mu-
tation; and by two premature stop codons. Three alternative
stop codons were observed at nucleotide positions 877, 886,
and 898 (referring to strain WV/B1/85), leading to G proteins
of, respectively, 292, 295, and 299 amino acids (Fig. 2A). A
six-nucleotide in-frame deletion after residue 474 was identi-
fied in 12 isolates. Due to the usage of the second and third
termination codons, two strains with this deletion had G pro-
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TABLE 1. HRSV-B GenBank sequences used in this study

Strain Accession no. Isolation place Year of isolation Reference
SW/8/60 M73545 Sweden 1960 55
CH/18537/62 M17213 District of Columbia 1962 27
WV/4843/80-81 M73540 West Virginia 1980 55
WV/10010/83 M73541 West Virginia 1983 55
WV/B1/85 AF013254 West Virginia 1985 30
WV/15291/85 M73542 West Virginia 1985 55
NM/1355/89 M73543 New Mexico 1989 55
MON/15/90 AY333361 Montevideo (Uruguay) 1990 59
NY/CH10b/90-91 AF065250 New York 1990 46
NY/CH9b/92-93 AF065251 New York 1992 46
NY/CH18b/92-93 AF065252 New York 1992 46
NY/CH53b/92-93 AF065253 New York 1993 46
Sap/4/00-01 AB117522 Sapporo (Japan) 2000 40
BA/3833/99 AY333362 Buenos Aires (Argentina) 1999 59
BA/3859/99 AY333363 Buenos Aires (Argentina) 1999 59

tein lengths of 293 amino acids (BE/1732/82-83, which is iden-
tical to BE/1733/82-83) and another two strains (BE/3455/
86-87 and BE/946/86-87) were 297 amino acids long (Fig. 2B).
One isolate (BE/450/82-83) with the same deletion also had a
single nucleotide gap at nucleotide position 702, resulting in
amino acid alterations after residue 233 and G protein length
of 254 amino acids (Fig. 2C). During the period 1999 to 2004,
we have identified 47 isolates with a 60-nt duplication of the
region 721 to 780 according to strain WV/B1/85 (Table 2 and
Fig. 2D to F). The same three alternative termination codons
were observed among the strains with this duplication leading
to protein lengths of 312, 315, and 319 amino acids (Fig. 2D).
Seven isolates with the 60-nt duplication had protein lengths of
317 amino acids, due to the six-nucleotide deletion described
above and the usage of the third termination codon (Fig. 2E).
As a result of a single nucleotide mutation at position 862
(CAG—TAQG) (referring to strain BA/3833/99), one strain
with the 60-nt duplication (BE/13159/02-03) had a protein
length of 282 amino acids (Fig. 2F). In addition to the G
protein length polymorphism observed among the strains with
the 60-nt duplication, we recognized several nonsynonymous
amino acid substitutions in the duplicated region indicated on
Fig. 3. A three-nucleotide insertion (GAA) after residue 678
was identified in five isolates from 1995-1996 (Fig. 2G and H),
and two other strains from the epidemic seasons 1989-1990
and 1990-1991 had a three-nucleotide (AAA) insertion after
residue 702 (Fig. 2I). All isolates with the three-nucleotide
insertions with the exception of strain BE/1334/95-96 used the
second termination codon and had G proteins of 296 amino
acids (Fig. 2G and I). Because of the three-nucleotide GAA
insertion and the stop codon-inducing nucleotide substitutions
at positions 835 and 837 (CAA—TAG), isolate BE/1334/95-96
had a protein length of 278 amino acids (Fig. 2H).
O-glycosylated sites. Using the program NetOglyc version
3.1 (22, 28), we predicted 105 serine and threonine residues to
be potentially O glycosylated in 16.67% to 100% of the
HRSV-B viruses, with a best general score predictor (G score)
ranging between 0.50 and 0.77 (Fig. 4). Among these poten-
tially O-glycosylated residues, 22 have also been predicted to
be the most likely to contain O-linked sugars in HRSV-A
strain A2 (6). The amino acid positions of the 22 serine and
threonine residues referring to strain WV/B1/85 are 100, 113,

117, 119, 137, 138, 139, 141, 147, 199, 203, 220, 228, 232, 236,
254, 270, 271, 276, 283, 284, and 287.

Phylogenetic clustering and circulation patterns of the Bel-
gian HRSV-B strains. A total of 124 unique Belgian HRSV-B
sequences and 15 GenBank-derived HRSV-B sequences were
included in the phylogenetic analysis (Fig. 1). The Belgian
HRSV-B strains clustered into 13 main lineages designated as
genotypes GB1 to GB13. Seven Belgian sequences (BE/456/
86-87, BE/2756/85-86, BE/11712/93-94, BE/7374/92-93, BE/
10495/93-94, BE/23/90-91, and BE/12015/96-97) were not as-
signed to any lineage. Since there are only a few published
subgroup HRSV-B G gene sequences covering the 724-bp re-
gion analyzed in this study, it was difficult to present our data
in the context of previous classification schemes (45, 46, 60,
61). We could designate two lineages as GB1 and GB2, based
on close clustering with previously assigned HRSV-B viruses
(45, 60, 61). Most Belgian strains isolated during the same
epidemic season clustered closely together in the phylogenetic
tree (e.g., GB4, GBS, and GBY). All isolates possessing the
60-nt duplication grouped together in lineage GB13. Lineages
GBI, GB2, GB3, GBS, GB6, GBY, and GB12 were supported
with bootstrap values of 84 to 100%, based on 1,000 replicates.

HRSV-B viruses showed complex circulation patterns with
up to six lineages cocirculating during the same epidemic sea-
son (Table 2). Certain genotypes were found throughout more
than five epidemic seasons (GB1, GB3, and GB12), while ge-
notypes GBS, with the exception of one strain isolated in 1987/
1988, and GBY were detected during one season. Genotype
GBI was the most prevalent genotype in Belgium during the
80s, isolated over eight epidemic seasons (1982-1983 to 1989-
1990), with the exceptions of the 1983-1984 season, during
which no HRSV-B strains were identified, and the epidemic
season 1984-1985 in which GBS was the dominating lineage
observed. Most HRSV-B strains demonstrated a gradual
build-up and then replacement of the predominant genotypes
with new ones. For example, GB1 and GB4 (1989/1990) were
replaced by GB3 (1990/1991), and lineages GB3 and GB12
(2000/2001) were replaced by GB13 (2001/2002). The predom-
inant genotypes tended to prevail for one to two consecutive
epidemics before being replaced by another genotype. Lineage
GBI13 was first detected in Belgium in 1999-2000, and these
strains had a predicted G protein length of 315 amino acids.
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FIG. 2. Schematic diagrams presenting the predicted G protein length variability among the HRSV-B Belgian isolates. The linear presentations
are given according to the reference strain WV/B1/85 with the two variable regions and the central conserved region (residues 153 to 221) indicated
above the top diagram. The absolutely conserved amino acid region (amino acid positions 164 to 187) among the HRSV-B isolates is indicated
with a double line (A). The underlined sequences present the three alternative termination codons described previously (32), and the predicted
full protein lengths of Belgian representative sequences are given. The six-nucleotide deletion is indicated with a filled box (B, C, and E), the 60-nt
duplication is indicated with a large open and divided box (D to F), and the three-nucleotide insertions are indicated with a small open box (G
to I). The position of the frame-shifting in the frameshift mutant is indicated (@) in panel C. The two premature terminated sequences with their
respective protein lengths are presented in panels F and H.

GBI13 became the predominating lineage during 2001-2002 neutral (M1), and beta distribution (M7) models were rejected
with the cocirculation of isolates of three different protein when compared with the discrete (M3), the selection (M2),
lengths (312, 315, and 319 amino acids) (Fig. 3). After being and the beta and  (M8) models. Although model M2 (selec-
replaced by GB12 in the 2002-2003 season, GB13 became tion) fits the data set better than model M1 (neutral), it does
again the prevailing lineage during the following 2003-2004 not suggest presence of positively selected sites (p, = 0.62; w,
epidemic season, and strains with protein lengths of 317 amino = 0.17). Model M3 suggested that approximately 8% (p, =
acids were dominating. 0.08) of the amino acid sites in the HRSV-B G-protein are

Analysis of selective pressure. The average nonsynonymous/ under positive selection (w, = 2.47). Parameter estimates un-
synonymous substitution rate ratio (dN/dS) in the HRSV-B G der model M8 (beta and w) suggested that about 11% (p, =
protein ranged from 0.44 to 0.70 among all codon substitution 0.11) of the sites are under diversifying selection with w, of
models, suggesting that a nonsynonymous mutation has about 2.16. In conclusion, models M3 and M8 provide consistent
44 to 70% as much chance as a synonymous mutation of be- evidence for the presence of a small proportion of positively
coming fixed in the population. The simpler one-ratio (MO), selected sites in the HRSV-B G attachment protein. Models

FIG. 1. HRSV-B G protein maximum likelihood phylogenetic tree. The nucleotide sequences of the G protein gene of the Belgian isolates (BE)
were compared with those from Buenos Aires (BA), District of Columbia (CH), Montevideo (MON), New Mexico (NM), New York (NY), Sweden
(SW), and West Virginia (WV). The reference strain SW/8/60 was used as outgroup sequence in the tree. Numbers at internal nodes represent
bootstrap percentages, as determined for 1,000 iterations by the neighbor-joining method. Only bootstrap values greater than 75% are shown. The
italicized numbers in brackets at the terminal nodes correspond to the number of identical sequences. The genetic clusters obtained in the analysis
are indicated by the square brackets and assigned as GB1 to GB13. The predicted G protein lengths are designated in boldface; exceptions are
indicated next to the corresponding sequence.



9162

TABLE 2. Epidemic season distribution of HRSV-B genotypes GB1 to GB13

Number of HRSV-B strains isolated from each epidemic season”
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“ The numbers of non-Belgian GenBank HRSV-B strains that were included in this study are indicated in parentheses.
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M3 and M8 gave similar lists of positively selected sites, al-
though the posterior probabilities varied somewhat among the
two models. Model M3 identified 12 positively selected sites
with posterior probabilities P (w > 1) of >0.5, while model M8
located 22 sites to be under positive selection, including the 12
sites found by M3. In this study, we have only presented the
posterior probabilities for positively selected sites identified
under model M3.

Four positively selected sites were located in the first hyper-
variable region (amino acid positions 98, 99, 142, and 152
referring to strain WV/B1/85) and eight positively selected
sites were located in the carboxy-terminal third of the ectodo-
main (amino acid positions 219, 223, 237, 247, 251, 257, 258,
and 259) (Fig. 5). Six amino acids (positions 219, 223, 247, 251,
257, and 258) were identified to be under positive selection
above the 90% level. Amino acids 99 and 237 were above the
80% level, amino acids 259 and 98 were above the 70% and
60% level, respectively, and amino acids 142 and 152 were
above the 50% level.

Evolutionary rate. The correlation between phylogenetic
root-to-tip divergence and time of sampling of HRSV-B strains
is displayed in a regression plot (Fig. 6). The rate of substitu-
tion as estimated from this linear regression analysis was 2.36
X 1073 nucleotide substitutions/site/year. The MRCA of
HSRYV-B was estimated to date back to 1955. Although linear
regression gives a good correlation (R*> = (.7) between the
sampling and genetic distance of the viral strains, the data
points cannot be considered independent because of the phy-
logenetic structure. Using a genealogy-based maximum likeli-
hood method, taking into account the phylogenetic depen-
dency, the molecular clock assumption was significantly
rejected (P < 0.01). Nevertheless, a previous simulation study
has shown that non-clock rates should be reliable indicators of
the average substitution rate, providing that data sets are rel-
atively large and informative, and the inclusion of isolation
dates into a single-rate model improves its likelihood (26),
which is the case in our study. Under the SRDT-model, the
evolutionary rate for HRSV-B viruses was calculated as 1.95 X
10 nucleotide substitutions/site/year (95% confidence inter-
val [CI], 1.15 X 1073 to 2.34 X 107?) and the MRCA dates
back to 1949 (95% CI, 1938 to 1955). The upper CIs of the
maximum likelihood estimates of the evolutionary rate and the
MRCA are highly similar to the linear regression estimates.
The maximum-likelihood estimate of the MRCA for HRSV-A
and -B, based on the amino acid sequences of our previous
study (75) and this one, was dated back to 1648 (95% CI, 1544
to 1752).

DISCUSSION

Genetic diversity among the HRSV-B strains. The genetic
diversity observed among the G protein of the HRSV-B strains
was significantly higher than the diversity observed in the Bel-
gian HRSV-A strains, in which only amino acid substitutions
were identified (75). The predicted G proteins of the subgroup
B isolates were of 13 different amino acid lengths. The mech-
anisms responsible for this variability include amino acid sub-
stitutions, insertions, deletions, duplications, changes in the
stop codon usage, and one frameshift mutation. Of particular
interest is the great genetic diversity observed within the novel
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FIG. 3. Phylogenetic tree of the GB13 lineage containing HRSV-B strains with the 60-nt duplicated region isolated from Belgium (BE), Buenos
Aires (BA), and Sapporo (Sap). Bootstrap values above 75% for 1,000 iterations are shown at the branch. The amino acid sequence of the
duplicated region is shown next to each isolate with nonsynonymous substitutions presented in boldface.

GBI13 lineage. We have identified GB13 isolates of five differ-
ent protein lengths (282, 312, 315, 317, and 319 amino acids)
due to six-nucleotide in-frame deletions, one premature stop
codon, and the usage of three alternative termination codons
(Fig. 2D to F and 3). Changes in stop codon usage have been
associated with important antigenetic variations in certain
HRSV-A escape mutants that were selected in vitro with
monoclonal antibodies (15, 33, 50, 51). Therefore, we suggest
that mutations leading to alternative termination codons and
premature stop codons might give a significant advantage to
HRSV-B viruses to persist in the community by escaping the
preexisting host immune response.

In this study, we describe for the first time 12 isolates with a
six-nucleotide (amino acid positions 159 to 160) in-frame de-
letion in a region of the attachment G protein (amino acid
residues 153 to 221) that was previously considered to be
conserved among HRSV-B viruses (Fig. 2B, C, and E) (55). It
is worth mentioning that five of these strains were isolated
during the 80s, and seven strains were from the 2003-2004
epidemic season and possessed also the 60-nt duplicated re-
gion. We speculate that these deletions originated by two sep-
arate mutational events, one in the early 80s and the other
during the last epidemic season (2003-2004). In comparison to
HRSV-A, it appears that HRSV-B viruses can accommodate
more drastic changes in their G proteins and that these

changes are not restricted to the carboxy-terminal third of the
ectodomain.

The six-nucleotide deletions, the three-nucleotide inser-
tions, and the single nucleotide gap identified in the HRSV-B
isolates were found next to clusters of adenosine residues.
Previous studies suggested that error-prone regions in the
HRSV-A G gene appear to be concentrated next to adenosines
in runs of six or seven residues (3, 15). These mutations seem
likely to have occurred after a polymerase “stuttering” error
with reiterative copying of the same template due to polymer-
ase pausing and shifting on the nascent mRNA chain (62, 63).
The HRSV-B frameshift mutant strain (BE/450/82-83) had a
predicted protein length that was 45 amino acids shorter than
the WV/B1/85 reference strain, and the 23 carboxy-terminal
residues were altered (Fig. 2C). To our knowledge, this is the
first report of a natural HRSV-B isolate with such extensive
changes in the G protein.

Circulation patterns of HRSV-B isolates. The phylogenetic
tree revealed complex circulation patterns with multiple lin-
eages cocirculating in a single epidemic and a shift of the
prevailing genotype occurring every 1 or 2 years (Table 2 and
Fig. 1). HRSV-B strains have a worldwide distribution, with
viruses isolated in distant places during the same season being
closely related (e.g., BE/2968/85-86 and WV/B1/85; NM/1355/
89, BE/860/89-90, and MON/15/90). The circulation of multi-
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duplicated 60-nt region identified in some HRSV-B strains.

ple identical sequences obtained during the same outbreak
implies that certain strains can take advantage of their slight
immunological differences to evade existing immunity and in-
fect more hosts. Dominant genotypes appeared to show a grad-
ual build-up and then replacement with new ones, with the
disappearance of some lineages and the appearance of others.
For example, lineages GB1 and GBS were circulating in Bel-
gium during the 80s, while GB6, GB7, GBS, and GBY were
found only during the 90s (Table 2). The isolation of particular
lineages over more than five epidemic seasons (GB1, GB3, and
GB12) indicates that certain HRSV-B genotypes can remain
present for relatively long periods of time (Table 2).

All Belgian strains with the 60-nt duplication clustered to-
gether in a separate lineage, GB13, implying that this novel
genotype has originated from a unique mutational event (Fig.
1 and 3). In June and August 1999, three strains with a 60-nt
duplication in the carboxy-terminal third of the G gene were
isolated in Buenos Aires (59). Similar strains (BE/13417/99-00
and BE/12445/99-00) were detected in Belgium for the first
time in December 1999 (Fig. 2). This novel lineage became the
predominant genotype in Belgium during the epidemic seasons
2001-2002 and 2003-2004. Strains with the 60-nt duplication
were also recently reported in Japan and Kenya (40, 53). These
findings indicate that this novel strain is now emerging globally.

Phylodynamic patterns are influenced primarily by natural
selection that arises from cross-immunity and secondarily by
neutral epidemiological processes such as spatial population
separation. The survival of phylogenetic lineages depends,
therefore, on the prevailing epidemiological and immunologi-
cal forces (17). HRSV-B viruses show complex phylogenetic

patterns with cocirculation of multiple lineages and replace-
ment of the prevailing genotype, illustrating the global spatio-
temporal strain dynamics of these viruses.

Positive selection in the HRSV-B G attachment protein. In
many proteins, a high proportion of amino acids can be largely
invariable due to strong functional constraints, and therefore
adaptive evolution is likely to affect only certain amino acids (8,
31). As was observed in our previous study on HRSV-A, the
average ratios of nonsynonymous to synonymous nucleotide
substitutions in the HRSV-B G protein identified under all
models were not indicative for positive selection because these
values did not surpass the threshold of an w of 1. Under the
discrete model (M3), we were able to detect 12 codon sites in
the HRSV-B G protein ectodomain to be under positive se-
lection with posterior probabilities above 0.5 (Fig. 5). Although
there were no positively selected sites found in common be-
tween HRSV-A and HRSV-B, the distribution of these codon
positions in the G protein ectodomain was similar (75). Four
positively selected sites were identified in the first hypervari-
able region for both subgroups (sites 98, 99, 142, and 152 for
HRSV-B). In the second hypervariable region, nine positively
selected sites were detected in HRSV-A viruses and eight sites
were detected in HRSV-B viruses (sites 219, 223, 237, 247, 251,
257, 258, and 259) (Fig. 5). Previous studies have shown that
HRSV-A strain-specific epitopes are preferentially located in
the carboxy-terminal third of the G protein (33, 50), suggestive
for immunodominance of this hypervariable domain. The clus-
tering of positively selected sites in the carboxy-terminal third
of HRSV-B G protein implies that this region contains impor-
tant antigenic determinants. The differences in the positively
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selected codon positions between HRSV-A and -B strains
could be relevant for a different host immune response in-
duced by the two subgroups. A stronger immune response
against HRSV-B might lead to a lower rate of reinfection with
HRSV-B strains. Alternatively, the immune response against
HRSV-A might offer more cross-protection against HRSV-B
infection than vice versa (35). These hypotheses might offer an
explanation for the observation that in most epidemic seasons,
HRSV-A strains are more often isolated than HRSV-B strains.

Modulation of the number and distribution patterns of po-
tential N- and O-linked glycosylation sites can influence the
expression of certain epitopes by either masking or contribut-
ing to recognition by carbohydrate specific antibodies (34, 43,
44). In this study, we have located 105 serine and threonine
residues to be potentially O glycosylated in the ectodomain of
the HRSV-B G attachment protein, including 22 of the 25 sites
that have been predicted to be the most likely to contain
O-linked sugars in the HRSV-A strain A2 (Fig. 4) (6, 22, 66).
The serine and threonine residues at positively selected sites
152, 219, 223, and 237 were predicted to be O glycosylated in
100% of the strains, and the serine residues at positively se-
lected sites 247 and 257 were predicted to be O glycosylated in
64% and 43% of the strains, respectively. Furthermore, we
have identified 10 Ser and Thr residue positions to be poten-
tially O glycosylated in the 60-nt duplicated region (Fig. 4, 264*
to 267%, 269*, 270*, 274* to 276*, and 280*). Since O-linked

sugars have been shown to be important for the functional
properties of the G protein, amino acid substitutions at these
positions could give a selective advantage to the virus to avoid
neutralization by preexisting antibodies. Further analysis is
necessary to see if amino acid substitutions in the HRSV-B
positively selected sites can lead to antibody escape mutants.
Understanding the functional importance of these positively
selected amino acid positions could help to predict possible
changes in virulence as well as responses to certain strains in
future vaccination programs.

Rate of evolution of HRSV-B strains. The evolutionary rate
estimate of the G protein of HRSV-B (1.95 X 1072 nucleotide
substitutions/site/year; 95% CI, 1.15 X 107 to 2.34 X 107%) is
very similar to that identified for HRSV-A (1.83 X 102 nu-
cleotide substitutions/site/year; 95% CI, 1.44 X 103 to0 2.26 X
10~?) in our previous study (75). Therefore, the MRCA esti-
mate of the currently circulating HRSV-B strains (1949; 95%
CI, 1938 to 1955) is almost identical to the MRCA of the
HRSV-A strains (1944; 95% CI, 1937 to 1950). Our results
indicate that in the human host, HRSV-B has an equally high
potential as HRSV-A for accumulation of genetic diversity.
Our calculations date the MRCA of HRSV-A and -B viruses
back to 1648 (95% CI, 1544 to 1752), implying that the diver-
gence between the two subgroups occurred approximately 350
years ago.

Although HRSV-B strains are isolated less frequently than
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HRSV-A strains, our study shows that these two subgroups
have very similar circulation patterns and evolutionary rates.
Natural HRSV-B isolates appear to accommodate more dras-
tic changes in their attachment G proteins such as 60-nt du-
plications, 6-nt deletions, premature stop codons, and frame-
shift mutations. In our study, 12 codon positions in the
HRSV-B attachment G protein seem to be under adaptive
evolution. Three positively selected sites (sites 152, 223, and
257) had also been described previously (70), and we report an
additional nine novel positively selected sites (sites 98, 99, 142,
219,237,247, 251, 258, and 259). The world population growth,
widespread urbanization, and the development of modern
transportation have probably aided sustained transmission and
global dissemination of HRSV viruses. We speculate that
amino acid substitutions in certain epitope-related codon po-
sitions in the G attachment protein of HRSV-A and -B strains
have enabled these viruses to escape the preexisting immunity
and reinfect the population. It has been reported previously
that antibody responses after infections with HRSV-A were
more cross-reactive than were the responses that followed pri-
mary infection by HRSV-B (35). Therefore, the observed dif-
ferences in the positively selected sites between HRSV-A and
HRSV-B might reflect differences in the immunological re-
sponses that they elicit. Understanding the significance of pos-
sible amino acid changes in the positively selected positions
identified in both subgroups could give useful insights for fu-
ture vaccine development studies.
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