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Abstract. A maximum-likelihood analysis of selec- seen in infants and young children (Collins et al. 1996).
tion pressures acting on the attachment (G) glycoproteilBoth human (HRSV) and bovine (BRSV) forms exist,
gene of respiratory syncytial virus (RSV) from humanswith the latter causing similar symptoms in cattle to
(HRSV) and bovines (BRSV) is presented. Six positivelythose observed in humans (Baker et al. 1986; Collins and
selected sites were identified in both group A and groupMcintosh 1995). Two major groups of HRSV, desig-
B of HRSV, although only one site was common be-nated HRSV A and HRSV B, have been identified by
tween them, while no positively selected sites were deantigenic and phylogenetic analyses and differ by up to
tected in BRSV. All positively selected sites were 10- 45% in amino acid sequence (Johnson et al. 1987; Muf-
cated within the ectodomain of the G protein and showedson et al. 1985), whereas no such distinction is present
some association with positions of immunoglobulin (Ig) among BRSV strains.

epitopes and sites of O-glycosylation. These results sug- Key to understanding the evolution and epidemiology
gest that immune (antibody)-driven natural selection ispf RSV, and hence central to our efforts to control the
an important determinant of RSV evolution and that thisjrys, is determining the role played by antigenic varia-

sel'ection pressure_differs among strains. The passage.hig;on_ For example, a variety of antibody escape mutants
tories of RSV strains were also shown to affect the dist55 peen characterized in the viral G glycoprotein (re-
tribution of positively selected sites, particularly in \;ewed by Melero et al. 1997) and antigenic differences
HRSV B, and should be considered whenever retrospeg;anveen HRSV A and HRSV B, as well as smaller-scale
tive analysis of adaptive evolution is undertaken. antigenic variation within groups, may facilitate reinfec-
tions with the virus (Sullender et al. 1998). More perti-
nently, there is as yet no safe and effective vaccine to
protect against RSV infection, and although a BRSV
vaccine exists, it does not inhibit the circulation of the
virus in cattle herds (Schrijver et al. 1998; Van der Poel
et al. 1993).
Introduction In both HRSV and BRSV the viral G glycoprotein,
responsible for attachment to the host cell, is the major
Respiratory syncytial virus (RSV) is a negative-strandedarget of the immune response (Garet al. 1994). The
RNA virus (genusPneumovirusfamily Paramyxoviri-  protein varies in length from 257 to 299 amino acids and
dag that induces a respiratory tract disease commonlthe mature 90-kDa form is obtained through extensive
carbohydrate modification of a 32-kDa precursor poly-
peptide by the addition of N-linked carbohydrates to Asn
Correspondence tdr. Edward C. Holmesg-mail: Edward.Holmes@ ~ '€sidues and O-linked carbohydrates to Ser and Thr resi-
zoo.ox.ac.uk dues (Wertz et al. 1989). The protein can be divided into
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an intracellular domain, a transmembrane domain, and &as constructed by concatenating sequence data from amino acid 90 to
|arge ectodomain. the latter of which in turn is COmprisedamino acid 132 and from amino acid 262 to amino acid 298. This

. - . - alignment was constructed from the complete HRSV A sequences de-
of two hlghly glycosylated mucin-like variable regions cribed above and a previously published data set of partial G protein

that sandwich a conserved region between amino aCIaequences (Cane et al. 1995). Sequences that had greater than 99%

148 and amino acid 197 (Langedijk et al. 1996). Thissimilarity were again pruned from the data set and thus MON/9/92 and
conserved region includes a cluster of four cysteines2 sequences from the Cane et al. (1995) data set were excluded. Those

(amino acids 173, 176, 182, and 186) and its moderateartial sequences retained and subjected to selection analysis are pre-

hydrophobicity suggests the presence of a receptor binds—e”;ed_in Ti_b'etz-th octs of ol e selec
ing domain (Johnson et al. 1987). o investigate the effects of passage history on positive selection,
. . h h . . a further three data sets were compiled which mirrored the complete
Previous Stu_dles ave Squeslted that Certa'n regiongia sets just described except that strains isolated prior to 1980, and so
of the G protein may be under immune selection. Forpossibly passaged many times, were excluded. Although the 1980 date
example, it has been proposed that RSV modulates glyis somewhat arbitrary, this analysis will at least show whether adapta-
cosylation sites to abolish or mask epitopes (Melero et altion to cell culture might have affected our results. Consequently,
1997, Palomo 2000) POint mutations m|ght aISO Chang RSV strains A51908, FS-1, 375, 127, Snook, 220-69, NMK?7, and

. , . . orset were removed to form the BRSWata set, the Long, A2, and
epitopes (Gara et al. 1994; Maftiez et al. 1997), as RSS-2 strains were removed to form the HRSV data set, and the

could hypermutations (Mértez et al. 1997; Rueda et al. 18537, 8/60, and 9320 strains were removed to form the HRS¥aB
1994), frameshifts (GaratBarreno et al. 1990), and al- set.

ternative termination codons (Mamgz et al. 1999; ML trees of each of the seven data sets were estimated using the
Rueda et al. 1995)_ Simple pairwise comparisons of thé’AUP* package (Swofford, 1998). The HKY85 model of nucleotide

b H d d sd substitution was used with values for both the transition/transversion
numbers or nonsynonymou l\o and synonymou (5) ratio and the shape parameter) (of a gamma distribution of rate

substitutions per site, either in the entire G gene or th&ariation among sites (with eight categories) estimated during tree re-
variable regions considered alone, have also providedonstruction. These parameter values are given in Tables 3a and 3b
evidence for positive selection (Cane et al. 1991; Garcl (trees not shown; available at http://evolve.zoo.ox.ac.uk). For a review
et al. 1994: Larsen et al. 1998: Stine et al. 1997, Meler0°f the phylogenetic relationships of HRSV see Sullender (2000) and

. . Elvander et al. (1998) for BRSV. To determine how well different
1997; Sullender et al. 1991, 1998). Moreover, it has allscZ;roupings were supported, a bootstrap analysis was undertaken using

been suggested that immunological pressures may diffefooo replicate neighbor-joining trees with input distances estimated
among BRSV, HRSV A, and HRSV B because of un-under the ML substitution model.
derlying differences in the variability of the central hy- A ML approach was also used to examine selection pressures. This

; ; ; analysis utilizes a series of models of codon substitution (Yang et al.
dmphObIC region (PrOZZI etal 1997)' 000). All models require a phylogenetic tree (described above) with

In this paper we have employed more SOphIStlcatethe instantaneous transition/transversion rate rdfjpand base fre-
maximum-likelihood analyses af/ds to determine, on  qguencies at the three codon positions given. The models either estimate
a site-specific basis, the selection pressures acting on the fix » parameters, equivalent th/ds ratios. The simplest model,

G protein of HRSV and BRSV and how these pressureéllo, calculates a single parameter for all sites. The M1 model ac-

might differ among viruses. Furthermore, since someFPunts for neutral evolution by assuming that a proportion of sfigs (
is conserved withno, fixed at 0, and that a proportion of siteg,) is

RSV strains were Or'g'na”y_Obtamed .Over 40 Yeafs a9%veutral withw, set to 1. The M2 model attempts to account for positive
and may have been extensively manipulated in cell culselection with the addition of a third category of sitps) for which o,

ture since this time, we also investigated whether theiiis estimated from the data. The M3 model provides a more sensitive test
inclusion affected the analysis of selection pressures. for positive selection by using a discrete distribution to estimateothe
ratio for a predetermined number of classes (in this case three). The M7
and M8 models both use a discrete beta distribution (with 10 catego-
ries) to model differento ratios among sites, although the M8 model
can estimate a further class of sites with & 1. Models that are nested
can be compared directly using a likelihood ratio test (LRT) (Nielsen
Complete and nearly complete RSV G protein gene sequenceand Yang 1998). In particular, as both MO and M1 are nested with M2
were obtained from GenBank (Table 1). Sequences were divided int@and M3, these comparisons can be used to detect the presence of
BRSV, HRSV A and HRSV B data sets and each was aligned usingpositive selection and hence reject neutral evolution (provigingl).
CLUSTALW (Thompson et al. 1994). All alignments are available Models MO and M1 are not nested. M7 and M8 are also nested and
from the authors on request. Even after identical sequences were reéhereby provide a further test for positive selection. Empirical Bayes
moved, the BRSV and HRSV A data sets contained too many setheory can also be used to calculate the probability that a site is from
quences for an efficient maximum-likelihood (ML) analysis of selec- a particular site class (i.e., conserved, neutral, or positively selected).
tion pressures so that further pruning was needed. All sequences with By making use of the free ratio (FR) model it is also possible to
greater than 99% similarity to each other in the data set were therefordetect individual branches that have undergone positive selection
deleted. Yang (1998) proposed that the results of selection analysis wilfYang 1998). Instead of analyzing sites, the FR model estimates the
show little change when sequences with a high level of similarity ared,/ds ratio for the entire gene along each branch and can be compared
pruned from the data set. In all, 12 sequences were removed from th® the MO model, which assumes the sadygds ratio for the whole
BRSV data set, leaving 18 sequences, and 18 HRSV A sequences wetee. The methods and models described were implemented using the
removed, to form a new data set of 26. Those sequences deleted a@ODEML program of the PAML package version 3.0prior (Yang
indicated in Table 1. Due to its small size, the HRSV B data set did not1997).

need pruning and contains 12 sequences. A duplicated codon thatled to The NetOglyc program (version 2.0) was used to determine the
an insertion of a Thy amino acid in the C-terminal portion of HRSV B extent of O-glycosylation at sites along the G protein (Hansen et al.
strain NM1355 was also removed. A further partial HRSV A data set1998).

Materials and Methods
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Table 1. RSV strains used in this stutly

Country of Year of
Virus Accession No. Strain isolation isolation Reference
BRSV L08410 375 U.S.A. 1971 Stine et al. (1997)
BRSV L08411 88-294 U.S.A. NK Stine et al. (1997)
BRSV L08412 87-14594 U.S.A. NK Stine et al. (1997)
BRSV 108413 234-489 U.S.A. NK Stine et al. (1997)
BRSV L08414 236-652 U.S.A. NK Stine et al. (1997)
BRSV L08415 1344R US.A. NK Stine et al. (1997)
BRSV L08416 1540R U.S.A. NK Stine et al. (1997)
BRSV L08417 NDKS-7 US.A NK Stine et al. (1997)
BRSV L10925 375 U.S.A. 1971 Stine et al. (1997)
BRSV M58307 391-2 U.S.A. 1984-1985 Lerch et al. (1990)
BRSV From paper A51908 U.S.A. 1975 Mallipeddi & Samal (1993)
BRSV From paper FS-1 U.S.A. 1971 Mallipeddi & Samal (1993)
BRSV From paper VC464 U.S.A. 1972 Mallipeddi & Samal (1993)
BRSV u24713 NMK7 Japan 1968-1969 Prozzi et al. (1997)
BRSV u24714 MVR553 Belgium 1983 Prozzi et al. (1997)
BRSV u24715 Dorset U.K. before 1971 Prozzi et al. (1997)
BRSV u24716 85-1330 U.S.A. 1985 Prozzi et al. (1997)
BRSV U33539 Lelystad Netherlands 1983-1984 Prozzi et al. (1997)
BRSV u57823 BovX Sweden 1967 Prozzi et al. (1997)
BRSV U92098 8307027 Denmark 1983 Larsen et al. (1998)
BRSV U92100 88LU195 Denmark 1988 Larsen et al. (1998)
BRSV U92101 9304899 Denmark 1993 Larsen et al. (1998)
BRSV u92102 9314893 Denmark 1993 Larsen et al. (1998)
BRSV U92103 9402020 Denmark 1994 Larsen et al. (1998)
BRSV U92104 9402022 Denmark 1994 Larsen et al. (1998)
BRSV Y08716 127 U.K. 1973 Furze et al. (1997)
BRSV Y08717 WBH Holland 1986 Furze et al. (1997)
BRSV Y08718 4642 U.K. 1976 Furze et al. (1997)
BRSV Y08719 Snook U.K. 1976 Furze et al. (1997)
BRSV Y08720 220-69 Belgium 1969 Furze et al. (1997)
HRSV A AFO65254 CHO09 U.S.A. 1990-19%95 Peret et al. (1998)
HRSV A AFO65255 CH17 U.S.A. 1990-1995 Peret et al. (1998)
HRSV A AF065256 CH28 U.S.A. 1990-1995 Peret et al. (1998)
HRSV A AFO65257 CH34 U.S.A. 1990-19%95 Peret et al. (1998)
HRSV A AF065258 CH57 U.S.A. 1990-1995 Peret et al. (1998)
HRSV A AF065405 WV2780 U.S.A. 1979 Sullender et al. (1998)
HRSV A AFO65406 WV5222 U.S.A. 1981 Sullender et al. (1998)
HRSV A AF065407 WV6973 U.S.A. 1982 Sullender et al. (1998)
HRSV A AF065408 WV19983 U.S.A. 1987 Sullender et al. (1998)
HRSV A AF065409 WV12342 U.S.A. 1984 Sullender et al. (1998)
HRSV A AFO65410 WV23836 U.S.A. 1988 Sullender et al. (1998)
HRSV A M11486 A2 Australia 1961 Wertz et al. (1985)
HRSV A M17212 Long U.S.A. 1956 Johnson et al. (1987)
HRSV A U39662 RSS-2 UK. 1976 Tolley et al. (1996)
HRSV A X73350 RSB89-642 U.K. 1989 Cane et al. (1991)
HRSV A X73351 RSB89-5857 UK. 1989 Cane et al. (1991)
HRSV A X73352 RSB89-6190 UK. 1989 Cane et al. (1991)
HRSV A X73353 RSB89-6256 UK. 1989 Cane et al. (1991)
HRSV A X73354 RSB89-1734 U.K. 1989 Cane et al. (1991)
HRSV A X73355 RSB89-6614 UK. 1989 Cane et al. (1991)
HRSV A 733410 MAD/6/93 Spain 1993 Gaecet al. (1994)
HRSV A 733411 MAD/3/92 Spain 1992 Gaecet al. (1994)
HRSV A 733412 MAD/1/89 Spain 1989 Gaecet al. (1994)
HRSV A 733414 MAD/1/93 Spain 1993 Gara et al. (1994)
HRSV A 733415 MAD/3/89 Spain 1989 Gara et al. (1994)
HRSV A 733416 MAD/4/90 Spain 1990 Gaecet al. (1994)
HRSV A 733417 MAD/5/92 Spain 1992 Gara et al. (1994)
HRSV A 733418 MAD/6/92 Spain 1992 Gar@ et al. (1994)
HRSV A 733419 MAD/8/92 Spain 1992 Gara et al. (1994)
HRSV A 233420 MAD/4/91 Spain 1991 Gar@ et al. (1994)
HRSV A 733421 MON/1/87 Uruguay 1987 Gaacet al. (1994)
HRSV A 733422 MON/1/89 Uruguay 1989 Gaéacet al. (1994)
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Country of Year of
Virus Accession No. Strain isolation isolation Reference
HRSV A 733423 MON/1/92 Uruguay 1992 Garca et al. (1994)
HRSV A 733424 MON/2/88 Uruguay 1988 Garca et al. (1994)
HRSV A 733425 MON/3/88 Uruguay 1988 Garca et al. (1994)
HRSV A 733426 MON/4/90 Uruguay 1990 Géacet al. (1994)
HRSV A 733427 MONY/5/90 Uruguay 1990 Gaacet al. (1994)
HRSV A 733428 MONY/5/91 Uruguay 1991 Garca et al. (1994)
HRSV A 733429 MON/7/91 Uruguay 1991 Garca et al. (1994)
HRSV A 733430 MON/8/92 Uruguay 1992 Garca et al. (1994)
HRSV A 733431 MON/9/91 Uruguay 1991 Géacet al. (1994)
HRSV A 733432 MON/9/92 Uruguay 1992 Gaacet al. (1994)
HRSV A 733493 MAD/2/93 Spain 1993 Gar@ et al. (1994)
HRSV A 733494 MON/1/90 Uruguay 1990 Gaacet al. (1994)
HRSV B AFO013254 B1 U.S.A. 1985 Karron et al. (1997)
HRSV B AF065250 CH10b U.S.A. 1990-1994 Peret et al. (1998)
HRSV B AFO65251 CH93-9b U.S.A. 1990-1995 Peret et al. (1998)
HRSV B AF065252 CH93-18b U.S.A. 1990-1995 Peret et al. (1998)
HRSV B AF065253 CH93-53b U.S.A 1990-1995 Peret et al. (1998)
HRSV B M17213 18537 U.S.A. 1962 Johnson et al. (1987)
HRSV B M55633 8/60 Sweden 1960 Sullender et al. (1991)
HRSV B M73540 WV4843 U.S.A. 1980 Sullender et al. (1991)
HRSV B M73541 WV10010 U.S.A. 1983 Sullender et al. (1991)
HRSV B M73542 WV15291 U.S.A. 1985 Sullender et al. (1991)
HRSV B M63543 NM1355 U.S.A. 1989 Sullender et al. (1991)
HRSV B M73544 9320 U.S.A. 1977

Sullender et al. (1991)

@Sequences in bold type indicate those deleted from the selection analysis. NK, not known.

b Strain isolated between the years given.

¢ GenBank designations for the sequences of RSB89-642 and RSB89-1734 have been transposed.

Results Table 2. Partial RSV strains from Cane et al. (1995) used in
this study
Analysis of Positive Selection at the Lineage Level , County of Year of
Strain isolation isolation
Parameter estimates resulting from the implementatiorsyezooss US.A. 1963
of models of codon evolution are given in Tables 4a andRsG1545 UK. 1965
4b, and a summary of LRTs performed between nestetlC2825 UK. 1966
models is given in Tables 5a and 5b. These results indiﬁig’gfgsgl US"K"ede” 19179170
_cate that the ER model d!d not outpe_rform the MO modeIRSG1503 UK. 1972
in any analysis, suggesting that a singleatio for the  gssw3s129 Sweden 1974
entire tree is an adequate explanation of the data. Comncsas3 UK. 1975
sequently, no further analysis of evolution on individual RSG4988 UK. 1976
branches was undertaken. RSG3881/77 e il
RSG3423/77 UK. 1977
B1/938 U.S.A. 1979
; i ; ; B2/958 U.S.A. 1979
Analysis of Positive Selection at the Codon Site Level B7/1393 UsA 1979
B9/1407 US.A. 1979
BRSV B16/1687 USA. 1979
The averagen ratio estimated over all sites ranged H1414 UK. 1980
from 0.431 to 0.458 among models, excluding the worstRSAS UK. 1982
fitting M1 model. The M2 model fitted the data signifi- fonay o Ton
cantly better than both MO and M1 (Table 5a) but did notyco7g2 UK. 1985
support the action of positive selection since the majorityrses7-9 U.K. 1985
of sites (72.7%) appear to be moderately conserugd ( RSB90-8336 UK. 1990
= 0.252), with the remainder falling into the neutral RS03148 Norway 1991
class. The M3 model could not reject either M2 or MO.Egggg?gf% E'.Ti‘f’md e
and parameter estimates also suggested that the majoriggceo7g UK. 1993

of sites py + p; = 74.6%) are moderately conserved (
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Table 3a. Maximum-likelihood parameters for RSV G gene phylo- essentially neutrale; = 0.990), and the remaindep
genetic tre€s = 43.6%) are moderately conserves,(= 0.224). The
partial alignment covers amino acid regions in which
positively selected sites 117 and 297 were identified in
BRSV 18 257 -2611.348 4742 1433 the analysis of the complete gene. Analysis of this partial

Virus Taxa Codons InL Ts/Ty «

HRSV A 26 297 -3362.437 4.030  0.813 - " i
HRSV A partial 52 50 1780488 4112 1489 d_ata259e7t t():onflrmed the ﬂe;ence of positive selection at
HRSV B 12 299 -2128365 3457 0482 SI€ ut not at site 117.

2In L; log likelihood; T/ Ty, , observed transition/transversion raio; HRSV B

shape parameter of a gamma distribution of among-site rate variation. In the case of HRSV B, the M2, M3, and M8 models
which allow positive selection significantly outperform
Table 3b. Maximum-likelihood parameters for RSV G gene phylo- those that do not (Table 5a) and their averageatio
genetic trees after removal of strains isolated prior to $980 ranges from 0.493 to 0.619 (Table 4a). M2 estimates that
approximately 1.9% of sites are under strong positive

Virus Taxa  Codons It Ty« selection ¢, = 8.627). Although M3 was not signifi-
BRSV' 10 257 -1902.139  5.851 1.066 cantly favored over M2, it too suggested that a small
HRSV A" 23 297 —3124.122 4127 0.725 proportion of sites (0.6%) is under strong selectian (
HRSV B' 9 299 -1777.939  3.013  0.400

= 10.726). M3 also identified another class of positively
aIn L; log likelihood; T</T,,, observed transition/transversion raig; ~ Selected sites with a, ratio of 3.592, which accounted
shape parameter of a gamma distribution of among-site rate variatiodfOr 6.7% of sites, although the majority of sites were
moderately conserved( = 0.269). The M8 model has
) ) ) a significantly better likelihood than M7 and estimates
= 0.260), with the remainder essentially neuti@} (= {hat 6.0% of sites are positively selected (= 4.671).
1.039). Finally, the M8 model did not perform signifi- The M2 model identified only position 223 to be un-

cantly better than M7. Together, these models failed tqygr strong positive selection, with a posterior probability

detect positive selection in the G gene of BRSV. of 0.991. M3 and M8 produced identical results in iden-
tifying six sites to be under positive selection: positions
HRSV A 223 and 257 at the 99% level, positions 152, 227 and 295

The average ratio ranges from 0.468 to 0.635 when 4t the 959 level, and position 232 at the 90% level (Fig.
the complete G gene of HRSV A was analysed. Table 53 \with respect to M3, site 223 was assigned to the
shows that the MO model is significantly rejected by highly positively selected class§ = 10.726), whereas

models that allow for positive selection (M2 and M3). In ine other sites all belong to the weaker positively se-
turn, M1 and M2 can be rejected in favor of M3, which |gcteqd classd, = 3.592).

incorporates slightly more sites into its positively se-
lected classy, = 8.8%) than M2, but with less positive
selection pressuranf = 2.433). The majority of sites Analysis of Passaging Effects
(po = 58.6%) are weakly conserved{ = 0.532), while
32.7% of sites are strongly conserved (= 0.001). The To assess the possible effects of passage history on se-
M7 model is rejected in favor of M8, which indicates that lection analysis the complete BRSV, HRSV A and
7.1% of sites are undergoing positive selection witbha HRSV B data sets were reanalyzed with strains isolated
ratio of 2.571. The» estimates for the positively selected before 1980 removed. In BRSV none of the models al-
class under M3 and M8 are remarkably similar. Posteriolowing positive selection could significantly reject those
probabilities identified only site 226 to be under positive that do not (Table 5b), confirming that there is little
selection at the 90% level for the M2 model. In contrast,evidence for adaptive evolution in the G protein of this
the M3 model identified six positively selected sites: virus. In the case of HRSV A, there was still evidence for
positions 117 and 208 at the 90% level, positions 225 angositive selection after cultured strains were removed.
297 at the 95% level, and positions 215 and 226 at thédowever, dramatic changes were seen in the parameter
99% level (Fig. 1). The M8 model was able to identify estimates of M3, in which most sites are now strongly
only three of these sites above the 90% level—positionsather than weakly conserved and there is an increase in
215, 226, and 297. the o estimate associated with the positively selected
Parameter estimates for the selection analysis of thelass (Table 4b). This was also true of M2 and M8.
partial HRSV A data set generally mirrored those of theFurthermore, the M8 model now identified only two
complete G gene (Table 5a) and led to identical LRTpositively selected sites (226 and 215) above the 90%
results (Table 5b). Although the M3 model estimates aevel, while M3 could identify only site 226.
positively selected class of similar sizg, (= 7.8%) and The most dramatic results were obtained with HRSV
under similar selection pressure,(= 2.518) as before, B such that selection analysis was no longer able to
the majority of sites are no longer weakly conserved butcorroborate the position of positively selected sites since
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Virus Model P InL dy/dg  Parameter estimate(s)
BRSV FR 33 —2602.934 NS NS
MO 1 -2619.596 0431 o = 0.431
M1 1 -2622.330 0.631 p, = 0.369,p, = 0.631
M2 3 -2616.153  0.456 p, = 0.000,p, = 0.273,p, = 0.727,0, = 0.252
M3 5»  -2616.150 0.458 p, = 0.369,p, = 0.377,p, = 0.254,0, = 0.260,0, = 0.260,w, = 1.039
M7 2 -2616.414 0.450 p = 0.864,q = 1.056
M8 4 -2616.152  0.458 p = 70.543,q = 198.970,p, = 0.748,p, = 0.252,0, = 1.043
HRSV A FR 49 -3387.166 NS NS
MO 1 -3411.652 0.468 o = 0.468
M1 1 -3384.150 0.550 p, = 0.450,p, = 0.550
M2 3 -3381.312 0.635 p, = 0.443,p, = 0.527,p, = 0.029,0, = 3.701
M3 5»  -3376.751 0.525 p, = 0.586,p, = 0.327,p, = 0.088,w, = 0.532,0; = 0.001,w, = 2.433
M7 2 -3382.137 0.470 p = 0.175,q = 0.197
M8 4 -3377.129 0527 p = 0.481,q = 0.814,p, = 0.929,p, = 0.071,0, = 2.571
HRSV A partial FR 86 -1779.732 NS NS
MO 1 -1829.290 0.684 o = 0.684
M1 1 -1823.663  0.845 p, = 0.155,p, = 0.845
M2 3 -1820.688  1.022 p, = 0.148,p, = 0.777,p, = 0.075,0, = 3.275
M3 5°  -1813.730  0.775 p, = 0.486,p, = 0.078,p, = 0.436,w = 0.990,0, = 2.518,w, = 0.224
M7 2 -1817.502 0.639 p = 0.603,q = 0.341
M8 4 -1814.333  0.762 p = 0.960,q = 0.771,p, = 0.865,p, = 0.135,0, = 2.093
HRSV B FR 21 -2095.112 NS NS
MO 1 -2109.732 0436 o = 0.436
M1 1 -2099.143  0.460 p, = 0.540,p, = 0.460
M2 3 -2094.540  0.619 p, = 0.525,p; = 0.456,p, = 0.019,0, = 8.627
M3 5°  -2092.109 0.550 p, = 0.067,p, = 0.928,p, = 0.006,w, = 3.592,w, = 0.269,0, = 10.726
M7 2 —2098.910 0.433 p = 0.012,g = 0.014
M8 4 -2093.694  0.493 p = 122.029,q = 272.736,p, = 0.940,p, = 0.060,0, = 4.671

2P, number of parameters in model,/ds, averagew ratio. NS: For simplicity, thev ratios in these cases are not shown (available from authors

on request).

®The M3 model was run witi = 3 so the number of parameters in the modelds21 = 5.

Table 4b. Likelihood and parameter estimates for the selection analysis of the RSV G gene after the removal of strains isolated prior to 1980
Virus Model P InL dy/dg Parameter estimate(s)
BRSV FR 17 —-1880.042 NS NS
MO 1 -1884.217 0.402 o = 0.402
M1 1 -1886.780 0.550 p, = 0.450,p, = 0.550
M2 3 -1883.859 0.410 p, = 0.194,p, = 0.000,p, = 0.806,w, = 0.508
M3 5P -1883.859 0410 p, = 0.396,p, = 0.409,p, = 0.195,w, = 0.509,w, = 0.508,w, = 0.001
M7 2 -1883.886 0.410 p = 1.658,q = 2.377
M8 4 -1883.859 0410 p = 0.005,q = 2.697,p, = 0.194,p, = 0.806,0, = 0.508
HRSV A’ FR 42 -3151.403 NS NS
MO 1 -3168.150 0.465 o = 0.465
M1 1 -3142.083 0.537 p, = 0.463,p, = 0.537
M2 3 -3138.293 0.635 p, = 0.455,p, = 0.519,p, = 0.026,w, = 4.449
M3 5P -3134.613 0.535 p, = 0.052,p, = 0.634,p, = 0.314,0, = 3.083,w, = 0.133,w, = 0.926
M7 2 —-3140.294 0.463 p = 0.161,q = 0.187
M8 4 -3134.636 0533 p = 0.453,q = 0.779,p, = 0.932,p, = 0.068,0, = 2.803
HRSV B’ FR 15 -1749.655 NS NS
MO 1 -1761.375 0.384 o = 0.384
M1 1 -1752.860 0.370 p, = 0.630,p, = 0.370
M2 3 -1751.089 0.523 p, = 0.633,p, = 0.341,p, = 0.025,w, = 7.193
M3 5° -1750.383 0.513  p, = 0.044,p, = 0.900,p, = 0.056,0, = 0.224,0, = 0.224,0, = 5.358
M7 2 -1752.978 0.400 p = 0.006,q = 0.010
M8 4 -1750.383 0513 p = 57.625,q = 198.616,p, = 0.944,p, = 0.056,w, = 5.363

2P, number of parameters in respective modglds, averagew ratio. NS: For simplicity, thev ratios in these cases are not shown (available from
authors on request).
P The M3 model was run withkk = 3 so the number of parameters in the modelks-21 = 5.
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Table 5a. Likelihood ratio tests (LRT) between models of codon evolution for the RSV G%ene

BRSV HRSV A HRSV A partial HRSV B

LRT dfP X2 p value X2 p value X2 p value X2 p value
MO vs. FR —£ 33.323 0.403 48.971 0.434 99.117 0.140 29.239 0.083
MO vs. M2 2 6.887 0.032 60.680 0.000 17.204 0.000 30.384 0.000

M1 vs. M2 2 12.354 0.002 5.677 0.059 5.949 0.051 9.206 0.010

MO vs. M3 4 6.892 0.142 69.801 0.000 31.121 0.000 35.246 0.000

M1 vs. M3 4 12.359 0.015 14.798 0.005 19.866 0.001 14.068 0.007

M2 vs. M3 2 0.005 0.997 9.122 0.010 13.917 0.001 4.862 0.088
M7 vs. M8 2 0.524 0.769 10.015 0.007 6.337 0.042 10.432 0.005

@See Table 5b, footnote a.
b Degrees of freedom between the respective models.
¢df is 32 for BRSV, 48 for HRSV A, 85 for HRSV A patrtial, and 20 for HRSV B.

Table 5b. Likelihood ratio tests (LRT) between models of codon inghtIy different immune responses The relevance of
lution for the RSV G ft | of strains isolated prior _; L : ' .
Vo on for e gene after removal of strains ISoiated Priof gjva 226 in either group is unknown but clearly merits

to 198G ) "
further study. It is also noteworthy that all the positively
BRSV' HRSV A’ HRSV B’ selected sites we identified were located in the ectodo-
main of the G protein, while none were found in the
LRT drb x? p value 2 p value 2 p value

receptor binding domain. It is possible that the latter
MOvs. FR —° 8349 0.938 33.494 0.791 23.440 0.053 region may lack variability because of structural—

MOvs. M2 2 0.715 0.699 59.7140.000 20.571 0.000 functional constraints or because it is not immunodomi-
Mlvs.M2 2 5841 0054 = 7.58(0.023 3542 0170 pant (Walsh et al. 1998). Variability in the N terminus of
MOvs. M3 4 0.715 0.949 67.0730.000 21.984 0.000 th tod in has b tributed t ‘
Mlvs.M3 4 5841 0211 14.94.005 4.955 0.292 € ectodomain has been attributed to compensatory
M2vs. M3 2  0.000 1.000  7.3600.025 1.413 0.493 changes to mutations in the C terminus (Cane and Prin-
M7 vs. M8 2 0.054 0973 11.3170.003 5.190 0.075 gle 1995). Hence, positively selected sites 117 in HRSV

celinood ormed by tak e dift A and 152 in HRSV B, which fall into the N terminus,
2 Likelihood ratio tests are performed by taking twice the difference in : P _
log likelihood between two models and comparing the value obtainedmay (;ek;))reientbcompgnsa;ory mu;—altI?OHS. Thlsf IS ZUp
with ax? distribution (degrees of freedom equal to the difference in the porte ) _yt €eo Serva_tlon that Slte_ was no_t ound to
number of parameters between the modeisalues in boldface indi- b€ positively selected in the analysis of the partial HRSV
cate comparisons where the null hypothesis can be rejected in favor oA data set. Finally, it is interesting that the positively
the alternative hypqthesis (i.e., the model on the leftis rejected in favoiselected sites in HRSV B fell into two distinct classes,
of the one on the right). . one with an associated,/ds of 3.592 and the other
Degrees of freedom between the respective models. .
cdfis 16 for BRSV. 41 for HRSV A and 14 for HRSV B. whered,/ds was 10.726, revealing a far stronger selec-
tion pressure, although only site 223 belonged to the

. - . latter class at the 99% level (the possible functional rel-
models accounting for positive selection could no longer

unanimously reject those that do not (Table 5b). As with®Vahce of th'.s site Is d_lscussed below). .
. ; That positive selection could not be found in BRSV
HRSV A, the removal of heavily passaged strains also

. : . uggests that this virus induces a weaker host immune
led to major changes in parameter estimates for the M o . .
A i . : . response than HRSV. However, it is possible that if the
model and to variations in the ratios associated with

" period of adaptive evolution is brief or the selection pres-
the positively selected classes (Table 4b). sures very localized, then even codon-based methods like

those employed here will fail to identify positive selec-
) ) tion. Moreover, vaccines had been administered to some
Discussion of the cattle from which viruses were isolated and this
may have affected our analysis, although these strains do
Although our analysis provided no evidence for positivenot appear to contain any distinct amino acids compared
selection on specific lineages of either BRSV or HRSV,to those from non-vaccinated calves (Valarcher et al.,
we did find a small nhumber of codon sites in the G personal communication).
protein under positive selection in the human form of the  To characterize further why natural selection might
virus. Interestingly, only one selected site was found inoperate at the selected sites identified in HRSV, we de-
common between HRSV A and HRSV B, and this was attermined if they were associated with parts of the G
position 226 (homologous to position 227 in HRSV B) protein known to be functionally important. One obvi-
(Fig. 1), suggesting that these viral groups induceously crucial group of amino acid residues are those that
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g intracellular
BRSV: MSNHTHHLEKFXKTLERKRAWKASKYFIVGLS SCL 30
HRSVA: MSKNKDQRTAKTLEXRKTWDTLNHLLFISSGL 30
HRSVB: M SKHKNQRTARTLEXKXKTWDTLNHLIVISSCTL 30
- transmembrane
BRSV: YKFNLKSLVQTALSTLAMITLTSLYVITATITSE60
HRSVA: YK LNLKSIAQITLSILAMIISTSLITITATITSG6O
HRSVB: YRLNLKSIAQIALSVLAMTITI TSLIIAATITIG®GO
g ectodomain
BRSV: YISVGNAKAKPTSKPTIQQTQQPQNHTSTPTF 90
HRSVA: FIASANHEKVTLTTAIIQDATSQIXKNTTPTY 90
HRSVB: FIISANHKVTLTTVTVQTIXKXKNHTEKNTITTY 90
A A A
117
BRSV: FTEHNYKSTHTSIQSTTLSQLLNIDTTRGT 120
HRSVA: LTQDPQLGISFSNLSEITSQTTTTITL A(:)T T P 120
HRSVB: LTQVPPERVSSSKQPTTTSPIHTNSATTSP 120
A A A A
ectodomain
BRSV: TYGCHSTNETQNREKIKGQSTLPATRIEKPPTINPI150
HRSVA: CGVKSNLQPTTVEKTEKNTTTTQTQPSKPTTZEKAQ 150
HRSVB: NTKSETHHTTAQTEKGRTTTSTQTNEKPSTZEKZP 150
A A A A
152
BRSV: SGSIPPENHQDHNNFQTLUPYYV P[C]s T[C]E G N L 180
HRSVA: ROQONKPPNEKPNNDFHFEVFNTFVP|CISIICISNNZP 180
HRSV B: R(:)K NPPKKPKDDYHFEVFNFVP I G NN Q 180
A A A
ectodomain 208
BRSV: A[CILSLICIHIETERAPSRAPTITLEKZEKTPZEKZPK KT 210
HRSVA:TWAIHKRIPNKKPGKKTTTKPTKKPT@KTZlO
HRSV B: LI|IC/IK S TICIK TI PSNEKPRKEKKPTIKPTNEIKPTTI KT 210
225226
215 223 227 232
BRSV: T----KKPTKTTIHHRTSPETEKLQP - - - - - 231
HRSV A: T - KKD@KPQTTKPKEMATTKPTEEPTINTT 239
HRSV B: TN KRDPRKTPARKTMKKEDTTNP@KKPTLTTT 240
257 A A
ectodomain
BRSV: - - - ----=-KNN-TATP----QQGIULSSTE 247
HRSV A: K TNIITTLLTNNTTGNPERKLTSQMETPFHGSTS 269
HRSVB: ERDTSTSQSTVLDT T'TC)E HTIQQQSLHSTT 270
A A A A
295 297y,
BRSV: HHTNQSTTQI ---- == == - - - = - - = = - = 257
HRSV A: SEGNLSPSQVSTTSEHPSQPSSPPN T’TC)Q 298
HRSV B: PENTPNSTQTPTASEPSTSNSTQ N(:)Q S HA 299
A A A A A

Fig. 1. Alignment of G protein amino acid sequences from strains 391-2 (BRSV), Long (HRSV A), and B1 (HRSV B). Notation above the
sequences divides the protein into the intracellular domain (1-37), the transmembrane domain (38-66), and the ectodomain (67—-298). The
underlinedregion of the ectodomain delineates a conserved region (amino acids 148-197) asoubhe-underlinedregion identifies the
hydrophobic receptor binding domain (amino acids 164-176). The conserved Cys residues in the ectodomain are b&ax@dnhdleindicates

both conserved and nonconserved N-glycosylation sites regardless of host or @Qiralgrl amino acids represent those identified to be under
positive selection above the 90% level in our analysis. It should be noted that although a positively selected site was identified at position 295 in
HRSV B, the N-glycosylation marker at this position refers to a conserved N-glycosylation site at position 294 in HRSV A.

encode epitopes recognized by either the cellular or th&his region was also found to be important by Sparer et
humoral arms of the immune system. With respect toal. (1998), who showed that amino acids 193-203 were
T-cell epitopes, although the G protein does not appear toesponsible for inducing enhanced illness and lung eo-
induce a significant MHC class | restricted cytotoxic sinophilia and further predicted that two F-Epitopes lie
T-lymphocyte (CTL) response in humans (Cherrie et al.between amino acids 185-193 and 189-197. Our selec-
1992), a CD4 T-cell epitope has been identified betweerion analysis did not identify positively selected sites in
amino acids 184-198 of HRSV A (Tebbey et al. 1998).any of these potential epitopes. It is therefore possible
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that HRSV does not alter epitopes of the effector T cellsof the positively selected sites we identified corre-
currently identified in the G protein as a mechanism tosponded to Asn positions with the potential for N-
evade immune responses. glycosylation. However, there was some support for
We found a stronger association between positivelypositive selection at residues capable of being O-
selected sites and the location of epitopes for antibodiegylycosylated. In HRSV A this was true of site 117, which
Several epitopes have been detected in the G protein @§ commonly Ser, and we predicted that this amino acid
HRSV A by analyzing the reaction of human convales-was O-glycosylated with a high potential (between
cent sera with peptides based on the amino acid sequen®e8857 and 0.9994; threshold of 0.5623 to 0.6575 de-
of the ectodomain (Norrby et al. 1987; Cane 1997). Onlypending on the strain analyzed). HRSV A strains
positively selected sites 225 and 226 were located in on&/V23836, RSB89-642, RSB89-5857, RSB89-6190,
of these epitopes which was synthesized as a peptideSB89-6256, RSB89-6614, MAD/6/93, and MAD/3/92
fragment spanning amino acids 223-234 based on seppear to have lost a Ser residue at this site through
quence data from the RSB89-6190 strain. Further studieseplacement with either Leu or Pro. Intriguingly, our
have mapped antibody epitopes by sequencing escagdylogenetic analysis shows that this replacement has
mutants of the Long strain of HRSV A that were selectedoccurred at least four times, most notably in an entire
with anti-G monoclonal antibodies (MAbs) generated inclade of sequences comprising strains WV23836,
mice (Garta-Barreno et al. 1990; Rueda et al. 1994;RSB89-5857, RSB89-6256, RSB89-6614, and MAD/3/
Walsh et al. 1998). One of these, epitope 63G, has af2, all of which were isolated in the late 1980s and early
association with the position of positively selected sites1990s. It is therefore possible that these strains have
determined here. Specifically, Cane and Pringle (1995abolished O-glycosylation at site 117 and thus lost im-
showed that HRSV A strain RSB89-1734 (mistakenlymune recognition of a carbohydrate epitope. The posi-
entered as RSB89-642 in GenBank) has lost epitope 63@vely selected site at position 152 in HRSV B also
integrity, whereas strain A2 maintained it. With refer- showed replacement of the amino acid Ser by Leu or Pro.
ence to the Long strain, RSB89-1734 has amino acidtrikingly, only the three strains isolated prior to 1980
substitutions at sites 208 (Phe to Pro), 214 (Asp to Gly)(18537, 8/60, and 9320) contained a Ser residue at this
and 215 (His to Pro) and A2 has substitutions at sites 20®osition, which we predict to have a fairly high potential
(Phe to Leu) and 215 (His to Pro). Both 215 and 208of being O-glycosylated (0.7749; threshotd 0.5038),
were deemed to be under positive selection in our analywhereas all the more recently isolated strains contained a
sis. In this case it appears that site 208 plays the key roleeu or a Pro.
in epitope 63G determination such that a Phe-to-Pro sub- Evidence also exists for both the loss and the gain of
stitution results in loss of epitope recognition, whereas &-glycosylation at positively selected sites containing
Phe-to-Leu substitution does not. Natural strains also exThr residues in HRSV B. This is particularly true of
hibit amino acid substitutions of His to Leu, lle, or Phe position 223, which was found to be subject to extremely
at site 215 in comparison to the Long strain and it isstrong positive selectiono( = 10.726), although we
possible that these substitutions may likewise abolistcould confidently predict only the Thr residue of strain
antibody recognition of epitope 63G, although furtherWVv4843 to be O-glycosylated at this site (potential
epitope mapping is needed to confirm this. 0.7144, threshold= 0.5048). Positively selected site 232
Rueda et al. (1995) demonstrated that substitutions ah HRSV B showed loss of O-glycosylation in strains
the last three amino acids (296—298) in HRSV A influ- 18537 and WV10010 since the Thr amino acid at this site
ence the integrity of multiple overlapping strain-specific was replaced by Ala and GlIn, respectively. The remain-
epitopes. Our analysis revealed that site 297 was undeng HRSV B strains contained a Thr residue at this site
positive selection adding support to this finding. A simi- and these were predicted to be O-glycosylated with a
lar overlapping epitope has been hypothesized for HRS\high potential (between 0.8848 and 0.8851; threshold of
B strains, although they have not been identified to date).4927 to 0.5614). Overall, these observations lend cre-
(Martinez et al. 1999). Our analysis pinpointed selectiondence to the idea that HRSV modulates the extent of
on site 295, which lies just prior to the termination codon O-glycosylation of its G protein to evade the immune
in some of the more recently circulating strains of HRSV response.
B. We therefore suggest that site 295 may lie within an  Finally, previous work has suggested that.& “hy-
epitope and that substitutions here would likewise abolpermutation” events in the G gene are partly responsible
ish the recognition of the G protein by strain-specific for generating immune escape mutants of HRSV
overlapping antibodies. (Garém-Barreno et al. 1990; Martez et al. 1997; Rueda
Modulation of glycosylation may also contribute to et al. 1994). Only one of these escape mutants (19G/9A/
immune evasion by either abolishing G protein recogni-2) (Martinez et al. 1997) corresponded to a positively
tion by carbohydrate specific antibodies or by maskingselected site in our analysis, and this was at position 226.
antigenic sites (Melero et al. 1997; Palomo 2000). NoneHere, an A~ G substitution resulted in a Leu to Pro
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