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TABLE I

Site 197-199 Egg-cultured Egg-free

With N-glycosylation 14 50

©CoO~NOUTA,WNPE

10 Without N-glycosylation 49 9

14 Site 233-235 Egg-cultured Egg-free

16 With N-glycosylation 29 22

18 Without N-glycosylation 34 37

Table I: Presence or absence of N-glycosylation site at positions 197-199 and
o5 233-235 in egg-cultured and egg-free strains. Chi-square test significant only for

77 site 197-199 (p < 0.0001).
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TABLE II

Site 197-199 Yamagata Victoria
With N-glycosylation 46 18
Without N-glycosylation 33 25
Site 233-235 Yamagata Victoria
With N-glycosylation 13 38
Without N-glycosylation 66 5

Table II: Presence or absence of N-glycosylation sites at positions 197-199 and

233-235 in Yamagata and Victoria strains. Chi-square test significant only for site

233-235 (p < 0.0001).
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TABLE III

EGG-CULTURED

M8 |Site Pr(omega>1) omega SE

©CoO~NOUTA,WNPE

10 75 0.994* 9.843 1.092
12 116 0.774 7.793 3.827
14 129 0.916 9.115 2.638
197 1.000%* 9.902 0.820

19 199 1.000%* 9.902 0.820

21 M2| 75 0.952%* 9.797 2.043
23 197 1.000* 10.246 0.522

25 199 1.000* 10.246 0.522

EGG-FREE

32 M8 |Site Pr(omega>1) omega SE

34 48 0.801 1.523 0.613
36 56 0.908 1.657 0.527
38 73 0.857 1.595 0.583
40 75 0.977% 1.729 0.462
116 0.821 1.549 0.602
P 129 0.884 1.629 0.559
47 146 0.817 1.544 0.604

49 199 0.994%* 1.743 0.445

51 M2| 56 0.727 1.662 0.651
53 75 0.879 1.835 0.720
129 0.725 1.676 0.692

58 199 0.944 1.880 0.699
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Table III: Positive selection in influenza B HA in egg-cultured and egg-free
strains. Pr(omega>1): probability that the site in question is subject to positive
selection; SE: standard error of omega. Sites 197 and 199 are part of the N-
glycosylation site commonly lost in egg-cultured strains. All sites with a
Pr(omega>1) of greater than 0.7 are listed. Asterisks indicate Pr(omega>1) of

>0.95
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TABLE IV

M2 p>=0.5]| p>=0.75 | p>=0.95 | p>=0.99 Max.

omega

©CoO~NOUTA,WNPE

10 Egg-cultured 4 3 3 2 10.246

12 Egg-free 16 2 0 0 1.880

16 M8 p>=05 |p>=0.75 |p>=0.95 |p>=0.99 Max.

18 omega

20 Egg-cultured 5 5 3 3 9.902

Egg-free 22 8 2 1 1.743

27 Table IV: Summary of humber of candidate positively selected sites and the

29 strength of selection, in egg-cultured and egg-free strains. Model M2 allows for 3
31 selective categories, namely constraint, neutrality and positive selection, and M8
33 for a beta distribution of 10 constrained or neutral categories plus an eleventh

35 category of positive selection. p >= x: number of sites positively selected at

37 probability of greater than x. Max. omega: largest sitewise omega value found in

39 the data.
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10 22 Several studies have identified residues apparently under positive selection in influenza
12 23 B virus haemagglutinin. Host immune evasion is the main mechanism proposed to exert
14 24 this selection pressure. However, these reports have not considered the culture history
16 25  of the strains used to calculate positive selection. This paper shows that passage of

18 26  influenza B virus through egg culture is a strong contributory factor to the strength and
20 27  statistical significance of positive selection on haemagglutinin. Non-synonymous

22 28 mutations resulting in the loss of the N-glycosylation site at positions 197-199 of

24 29  haemagglutinin have been positively selected to a far greater degree in egg-cultured

26 30 strains than in other strains. Once egg-cultured strains are removed from the analysis,
28 31 positive selection is found to be far weaker, less statistically significant and more

30 32  diffusely localised along the protein. Caution should therefore be exercised both in
33 33  claims for the existence of positive selection in influenza B haemagglutinin, and in

35 34 attribution of host immune evasion as its cause. The major cause of molecular

37 35 adaptation in influenza B haemagglutinin proteins may well be laboratory eggs rather
39 36  than natural hosts.

41 37

43 38 Keywords: N-glycosylation, immune evasion, non-synonymous substitution, codeml,
45 39  omega, adaptation

47 40

49 41
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Introduction

Influenza A (Family Orthomyxoviridae, Genus Influenzavirus A, Species Influenza A
virus) and the related influenza B (Family Orthomyxoviridae, Genus Influenzavirus B,
Species Influenza B virus) are major public health concerns. A lack of lifelong immunity
in human hosts results in seasonal epidemics, with annual vaccination the best current

strategy for limiting mortality and the economic impact of these viruses.

The earliest viral isolates confirmed as influenza B by haemagglutinin (HA) gene
sequencing date from 1940 (strains B/Lee/0/1940 to B/Lee/3/1940). Other isolates
document the continued presence of the virus during the subsequent two decades
(strains B/Maryland/0/59 and B/Russia/0/69). Since the late 1980s, systematic seasonal
sequencing of new strains has been performed, revealing that all influenza B HA gene
sequences of the last 20 years belong to one or other of two lineages, designated
Yamagata and Victoria after their original isolates (B/Yamagata/16/88 and
B/Victoria/2/87 respectively). HA protein sequences within each of the two lineages are
more than 97% identical, with sequence identity in inter-lineage comparisons at 88-90%
on average. The original Lee strain HA from 1940 is approximately 91% identical to
modern samples of either lineage. By comparison, influenza A HA sequences are only

22-23% identical to influenza B HA.

It has been proposed that influenza B, like influenza A, achieves host immune evasion by
rapid evolution of HA. Mutations causing amino acid substitutions at certain residues of
HA are hypothesised to afford a selective advantage to the virus, resulting in a
statistically significant excess of non-synonymous over synonymous substitutions at the
codons corresponding to these residues [Shen et al., 2009]. Positive selection is the
term given to such selection for non-synonymous substitutions. The ratio of the rates of
non-synonymous to synonymous substitution is termed omega. An omega of less than 1

indicates selective constraint and suppression of non-synonymous substitutions. In

John Wilgy & Sons
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71 neutrally evolving proteins omega will be close to 1, and positive selection produces
72  omegas which may be considerably greater than 1. PAML [Yang, 1997] provides a suite

73 of tools for the calculation of omega and determination of its statistical significance.

©CoO~NOUTA,WNPE

10 74  Omega may be calculated as an average over the whole length of a gene, orin a

12 75 sitewise manner. The latter has proved useful for identifying individual residues that are

13

14 76  under selective pressure.
15

16 77

17

18 78  Previous studies have detected codons with omega significantly greater than 1 in HA

20 79  genes from influenza B, and attribute this positive selection to immune evasion on the
22 80 grounds that the detected sites are within HA epitope regions [Nunes et al., 2004; Nunes
24 81 et al., 2008; Pechirra et al., 2005; Shen et al., 2009]. However, some of the candidate
26 82  positively selected residues are associated with an N-glycosylation site, and mutations
28 83  causing the loss of that site are often found in laboratory strains passaged in

30 84  embryonated hen eggs [Robertson et al., 1985; Saito et al., 2004], where the absence
33 85  of the site can result in increased binding to the plasma membranes of chorio-allantoic
35 86 cells [Gambaryan et al., 1999]. By contrast, loss of this N-glycosylation site can also

37 87  occur in strains cultured only in Madin Darby canine kidney (MDCK) cells [Ikonen et al.,
39 88 2005] and some egg-cultured strains can retain it [Rota et al., 1992]. A full survey of
41 89 the association of N-glycosylation site presence with egg culture has not been

43 90 undertaken so far.

45 91

47 92  The possibility therefore remains that host immune evasion is being confused with egg
49 93  culture adaptation as a cause of positive selection in influenza B HA genes. This study
ol 94  analyses positive selection in an extensive set of influenza B HA genes, separating genes
53 95 from egg-cultured strains from those of cell-cultured strains. Studies published

55 96 previously of positive selection in influenza B HA genes have not performed this analysis.
97 A survey of the association of N-glycosylation site presence with egg culture is also

60 98 described. The relative contribution of egg culture to detected positive selection may

99  therefore be more fully understood.

John Wilgy & Sons
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Materials & Methods

Identification of culture history
259 full length non-redundant influenza B HA coding sequences, dating from 1940 to
2007, were retrieved in GenBank format from the NCBI Influenza Virus Resource

(http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html). GenBank format includes the

“/lab_host” tag, annotating the culture history of the strain. Of the 259 sequences, 133
had a “/lab_host” tag. Of these, 63 sequences were listed as having had contact with
egg culture (Supplementary Data Table 1). For instance, entry CY018373
(B/Michigan/04/2006) has “/lab_host” tag: “"Egg 2 passage(s)”. 70 sequences had no
mention of eggs, for example CY018301 (B/Houston/B720/2004) has “/lab_host” tag:
“"RhMK 1 passage(s)", indicating the use of a rhesus monkey kidney cell line. This initial
set of 70 sequences was reduced to 59 by removal of those with unknown or ambiguous
history (Supplementary Data Table 2). For example, entry CY018725
(B/Paraguay/636/2003) has “/lab_host” tag: "Unknown 1 MDCK 2 passage(s)", and was
therefore omitted from the final set of 59 putative egg-free sequences, on the grounds
that “Unknown” could indicate previous egg culture. The egg-cultured strains range in
date from 1987 to 2006 and the egg-free strains from 1992 to 2006. The proportions of
egg-cultured and egg-free strains are roughly equal for most years after 1997. The
lineages of the egg-free strains are 23 Victoria and 36 Yamagata strains. For egg-

cultured strains, there are 20 Victoria and 43 Yamagata strains.

N-glycosylation site analysis

Due to indels in HA, the N-glycosylation site discussed in the present paper may
elsewhere be referred to as occurring at residues 197 to 199 [Ikonen et al., 2005;
Kinnunen et al., 1992; Nunes et al., 2004; Nunes et al., 2008; Pechirra et al., 2005;
Rota et al., 1992; Rota et al., 1990; Shaw et al., 2002], 196 to 198 [Robertson et al.,

1985; Saito et al., 2004] or 194 to 196 [Shen et al., 2009]. In this study, the majority

John Wilgy & Sons
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129  system is adopted: 197-199. For each HA, the presence or absence of the N-
130  glycosylation consensus sequence (NxS/T, where x is any amino acid) was recorded at

131 197-199 and the nearby 233-235, which has no previous association with positive

©CoO~NOUTA,WNPE

10 132  selection and therefore serves as a control. A 2x2 chi-square test was used to
12 133 determine the statistical significance of the proportion of N-glycosylation sites in the
14 134  egg-cultured and egg-free sets, and also the proportion of N-glycosylation sites in the

16 135 Yamagata and Victoria lineages.

17

18 136

19

20 137  Quantitation of positive selection
21

22 138 Sequences were translated using transeq (EMBOSS) [Rice et al., 2000], then aligned
24 139  using MAFFT [Katoh et al., 2005]. The protein alignment was then used as a basis for
26 140 alignment of the DNA sequences. PAML’'s CODEML mode [Yang, 1997] was used to

28 141 quantify positive selection in these alignments. Comparisons between models M1 (2
30 142 discrete categories: constraint plus neutrality only) and M2 (3 discrete categories:

33 143 constraint, neutrality and positive selection), between models M7 (10 beta-distributed
35 144  categories: constraint plus neutrality only) and M8 (11 categories: as M7 with 1 further
37 145  discrete category for positive selection), and between models M8 and M8a (as M8 but
39 146  with maximum omega fixed at 1), were used to assess the statistical significance of

41 147  detected positive selection.

42

43 148

44

45 149 Results

46

47 150

48

gg 151  N-glycosylation and egg culture
51 152

52

53 153 The presence or absence of N-glycosylation sites at positions 197-199 and 233-235 was
55 154  examined in HA sequences annotated as egg-cultured and those annotated as

155 mammalian cell-cultured with no mention of "unknown” culture conditions (the “egg-

60 156  free” strains). The first null hypothesis is that culture conditions do not affect the

157 presence or absence of N-glycosylation sites at either position. Table I shows the

John Wilgy & Sons
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statistics for the occurrence of the relevant N-glycosylation sites. A 2x2 chi-square test
is significant only for site 197-199. Thus the null hypothesis, that culture conditions do
not affect N-glycosylation state, can be rejected for site 197-199 only. Egg culture is
therefore demonstrated to be a likely cause of loss of N-glycosylation site 197-199 but to
be unlikely to have any effect on site 233-235. The second null hypothesis is that a
strain’s ancestry does not affect the presence or absence of N-glycosylation sites at
either position. Table II similarly shows the N-glycosylation site statistics divided
between Yamagata and Victoria strains. This time, a 2x2 chi-square test is significant
only for site 233-235. Although N-glycosylation is slightly less common in Victoria
strains at position 197-199, this is not statistically significant. The second null
hypothesis, that lineage does not affect N-glycosylation state, can be rejected for site
233-235 only. At that site, Victoria strains are predominantly N-glycosylated, whereas
Yamagata strains are predominantly non-N-glycosylated. Therefore, the presence of the
N-glycosylation site of HA at position 233-235 is mainly an aspect of the ancestry of the
HA sequence and is not affected by culture conditions. The converse applies for the site
at position 197-199 where the relative absence of the N-glycosylation site is a result of
selective pressure from culture conditions and there is no correlation with ancestry of the
strain. The possibility that the absence of the N-glycosylation site at positions 197-199
is merely a result of greater presence of one or other of the 2 lineages in egg culture is

also thereby excluded.

Positively selected sites on HA

Table III shows the PAML output for egg-cultured and egg-free strains. Each set was
analysed using Bayes Empirical Bayes (BEB) [Yang et al., 2005], under models M2 (3
discrete categories, omega <1, omega=1 and omega >1) and M8 (10 beta-distributed
rate categories from omega of zero to 1, plus 1 discrete category of omega >1). Table
IV summarizes the frequency and intensity of positively selected sites for the two models

in egg-cultured and egg-free strains.

John Wilgy & Sons
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187 For egg-cultured strains, position 75 and the N-glycosylation site 197-199 are strongly
188  positively selected (omega >9) at high probability (p > 0.99), using model M8. Positions

189 116 and 129 have slightly weaker selection (omegas > 7.5) at lower statistical

©CoO~NOUTA,WNPE

10 190  probabilities (p>0.7 for 116 and p>0.9 for 129). Model M2 detects only positions 75,
12 191 197 and 199. This confirms previous results [Nunes et al., 2004; Nunes et al., 2008;
14 192 Pechirra et al., 2005]. However, in egg-free strains detected positive selection is far
16 193  weaker. Using model M8, positions 75 and 199 have weak positive selection only

18 194 (omega < 1.8). With model M2, statistical probabilities of positive selection are also
20 195 weakened. The apparent positive selection detected in previous studies evaporates to a
22 196 large degree when egg-cultured strains are excluded from the analysis.

24 197

26 198  One intriguing further observation (Table 1V) is that egg-free strains have more

28 199  candidate positively selected sites at lower significance levels (0.5 < p < 0.95).

30 200  Although caution must be exercised in interpretation of this weaker signal, it may

33 201 indicate more subtle positive selection going on at a wider variety of HA sites in

35 202  mammalian cell culture or in the human host. In egg-culture, very strong positive

2? 203  selection focuses on a rather small number of sites, of which N-glycosylation site 197-
gg 204 199 is prominent.

40

41 205

42

43 206 Discussion

44

45 207

46

47 208 Detection of the actual N-glycosylation state of an HA protein requires laboratory
49 209 analysis that is not performed here. However, the assumption is made that the N-
51 210 glycosylation consensus sequence is a direct indicator of a true N-glycosylation site.
53 g1

S b) The N-glycosylation site at position 197-199 was chosen as it has previously been
213  described as suppressed in strains cultured in eggs, and also to be a site subject to

60 214  positive selection. A neighbouring N-glycosylation site at positions 233-235 was also

John Wilgy & Sons
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chosen as a control since it has not been implicated in either positive selection or

culture-dependent loss.

The sites detected in the present study as positively selected at p>0.95: namely 75, 197
and 199, are exactly the same as those detected by Nunes et al. [2004; 2008] and
Pechirra et al. [2005], but differ to some extent from those of Shen et al. [2009]. These
latter authors point out that their study divides the data set into Yamagata and Victoria
lineages, and into time series windows. The residues identified as positively selected
differ in each data set as a result of the lineage-specific and time-variable selective

pressures.

The possibility cannot be excluded that the egg-free dataset contains some
contaminating egg-cultured sequences that have been incorrectly annotated. Therefore,
even the residual levels of positive selection seen in egg-free sequences (Table III) may
be misleadingly high. If a truly egg-free set were to be obtainable, it is predicted that

the signal of positive selection would be even weaker.

In summary, caution is necessary to avoid over-interpretation of positive selection
scores in influenza B HA sequences. Although positive selection has now been
demonstrated by several studies, it may be considerably weaker and less significant
once a correction is made for egg-culture. The correction made in the present study
may even be only a partial one, as it cannot be guaranteed that all strains without
annotation for egg culture or unknown culture conditions are truly egg-free in their
culture history. Recent papers on positive selection in influenza B have failed to address
this important issue. Really strong omega values (around 9 or 10) are only found in
egg-cultured strains. Inclusion of egg-cultured strains in an analysis may elevate overall
significance levels and omega values. Under such conditions it is easy to erroneously
attribute a high positive selection score to conditions in the host organism, particularly

immune evasion. Perhaps the biggest factor in apparent positive selection in influenza B

John Wilgy & Sons
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244  HA is adaptation to egg culture rather than to any host. It is suggested that future
245  analysis of positive selection should only be carried out on sequences free from culture

246  conditions of any kind, e.g. directly amplified by PCR from clinical material. Only then

©CoO~NOUTA,WNPE

10 247  will a true picture be seen of positive selection and its relation to host immune evasion in

12 248 influenza B.
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