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Abstract

Influenza viruses are often propagated in a diverse set of culturing media and additional substitutions known as passage
adaptation can cause extra evolution in the target strain, leading to ineffective vaccines. Using 25,482 H3N2 HA1
sequences curated from Global Initiative on Sharing All Influenza Data and National Center for Biotechnology
Information databases, we found that passage adaptation is a very dynamic process that changes over time and evolves
in a seesaw like pattern. After crossing the species boundary from bird to human in 1968, the influenza H3N2 virus
evolves to be better adapted to the human environment and passaging them in embryonated eggs (i.e, an avian
environment) leads to increasingly stronger positive selection. On the contrary, passage adaptation to the mammalian
cell lines changes from positive selection to negative selection. Using two statistical tests, we identified 19 codon positions
around the receptor binding domain strongly contributing to passage adaptation in the embryonated egg. These sites
show strong convergent evolution and overlap extensively with positively selected sites identified in humans, suggesting
that passage adaptation can confound many of the earlier studies on influenza evolution. Interestingly, passage adap-
tation in recent years seems to target a few codon positions in antigenic surface epitopes, which makes it difficult to
produce antigenically unaltered vaccines using embryonic eggs. Our study outlines another interesting scenario whereby
both convergent and adaptive evolution are working in synchrony driving viral adaptation. Future studies from sequence
analysis to vaccine production need to take careful consideration of passage adaptation.

Key words: passage adaptation, host-mediated changes, adaptive evolution, convergent evolution, influenza H3N2,
embryonated egg, vaccine production, mutational mapping.

Introduction 2001), hepatitis E (Lorenzo et al. 2008) and Sendai virus (Itoh

et al. 1997).
Propagation of influenza virus is carried out via two main

The ability to detect and identify a virus is often the first step
for regular surveillance of circulating pathogenic strains.

Following viral identification, proper isolation and propaga-
tion of viral particles play a very crucial role for subsequent
procedures including vaccine production (Hilleman 2000).
For many years, researchers have noticed that additional ad-
aptation might happen during this culturing process (e.g, in
Influenza A virus, Burnet and Bull 1943). Host-mediated
changes due to medium propagation is a widely observed
phenomena and have been documented across a diverse
set of viruses including HIV (Sawyer et al. 1994), influenza B
(Gatherer 2010), Japanese encephalitis virus (Cao et al. 1995),
hepatitis A (Graff et al. 1994), hepatitis C (Lohmann et al.

methods, through the use of embryonated eggs (often
denoted as the egg culture) (Burnet 1940, 1941) and mam-
malian cell lines including Madin—-Darby canine kidney cells
(MDCK) (Madin and Darby 1958; Schepetiuk and Kok 1993),
Vero cells (Govorkova et al. 1995) and many other cell types
(Govorkova et al. 1999; Seo et al. 2001). Sialic acids, sugars
terminally linked to different carbohydrates (e.g, galactose)
on cell surfaces, are the host receptor for the influenza virus.
The linkage between sialic acid and galactose takes two dif-
ferent forms, namely alpha-2,3 glycosidic bond (SAx-2,3Gal,
found mostly in intestinal tracts of birds) or alpha-2,6
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glycosidic bond (SA2-2,6Gal, mostly in human upper respira-
tory tract). Human and avian viruses favor different types of
sialic linkage from their respective natural hosts (Rogers et al.
1983).

Passage adaptation can have an important impact on influ-
enza research. First of all, earlier studies have found that many
of the sites responsible for passage adaptation often overlap
with sites that are adaptively evolving in humans and passage
adaptation can potentially confound the inference of adaptive
evolution in humans (Bush et al. 2000). Secondly, additional
substitutions in the culturing medium can lead to differences
between the original and passaged isolate, which can affect the
efficacy of vaccines. Ineffective vaccines for the dominant
strains of the year can cause serious medical and public health
problems (Kodihalli et al. 1995; Robertson et al. 1995; Saito et al.
2004; Nakowitsch et al. 2014). Understanding the magnitude
and features of passage adaptation is an important first step for
proper vaccine production and evolutionary inference.

Even though many studies have been conducted on pas-
sage substitutions based on sequencing clinical strains before
and after virus propagation (Katz et al. 1990), they each drew
a snapshot of the landscape at a given time in history. Due to
constant selection in human populations, the influenza virus
will evolve to be more adapted to the human environment
(Su et al. 2015). We hypothesize that passage adaptation in
the early and late phase of viral evolution can be quite differ-
ent. By jointly analyzing viral strains from multiple time
points, we want to draw a systematic picture of passage ad-
aptation across 48 years of influenza evolution (1968-2015).

Results

Sequence Collection, Phylogenetic Inference and the
Passage History

We collected sequences and passage information for the in-
fluenza H3N2 HA1 sequence from two major databases
(Materials and Methods). The first data set was gathered
from the Genbank database at the National Center for
Biotechnology Information (NCBI) and the second data set
was retrieved from the EpiFlu database from the Global
Initiative on Sharing All Influenza Data (GISAID) (supplemen
tary tables S1 and S2, Supplementary Material online). After
quality control (Materials and Methods), 25,482 sequences
(Materials and Methods) were retained for the subsequent
analysis. Maximum likelihood procedure implemented in the
Randomized Axelerated Maximum Likelihood (RAxML)
package (Stamatakis 2006) was employed to estimate the
phylogenetic relationship for all the sequences (fig. 1a). The
shape of the phylogenetic tree shows a typical stair or cactus
like pattern where sequences from each year are consecu-
tively connected by a truncal lineage (fig. 1a and supplemen
tary fig. S1, Supplementary Material online). This unique evo-
lutionary tree shape driven by sequential selective sweeps has
been suggested to indicate strong positive selection in the
history of influenza evolution (Fitch et al. 1991). Plotting the
passage histories of all strains showed that influenza virus
propagation using embryonated eggs was performed across
the years with two major peaks before and after year 2000 (fig.
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1a inset and supplementary fig. S2, Supplementary Material
online). Virus propagation using MDCK cell lines increased
rapidly around year 2000 (fig. 1a inset and supplementary fig.
S2, Supplementary Material online).

Mutational Mapping, A Versatile Approach to Study
Adaptive Evolution across Site and Branches
Since passage related adaptation tends to add extra evolution
to the tips of the phylogeny, we want to focus on the sub-
stitutions along the terminal branches for strains with differ-
ent culturing conditions. A rigorous probabilistic approach to
infer the history of evolutionary changes along a phylogeny is
the mutational mapping method (Nielsen 2002; Bollback
2006; Zhai et al. 2007). Using properties of the continuous
time Markov Chain, we can sample possible evolutionary
histories according to their posterior probabilities (Materials
and Methods). The evolutionary history includes both the
state of all the internal nodes as well as the changes along
each branch. With the full evolutionary history, we can study
mutations specific to terminal branches where passage adap-
tation is likely to occur (Bush et al. 2000; Zhai et al. 2007).
By sequencing clinical strains before and after medium
propagation, researchers have empirically observed 22 codon
sites as major targets of passage adaptation (often denoted as
host-mediated sites or HM sites) (Nakajima et al. 1983;
Robertson 1993; Rocha et al. 1993; Gubareva et al. 1994;
Hardy et al. 1995; Bush et al. 1999). In order to study differ-
ences in passage adaptation across history, we partition the
evolutionary histories into two time periods. Strains collected
before year 2000 reflect the early phase of flu evolution and
strains gathered after year 2000 correspond to recent adap-
tation. The number of egg passaged strains is relatively bal-
anced between these two sets (supplementary table S3,
Supplementary Material online). We hypothesize that, as
the influenza virus adapts to the human environment, the
passage adaptation to the culturing medium will also change
accordingly.

Strong Adaptation in the Early History

When inspecting the evolutionary changes along the terminal
branches for the HM sites (the 22 codons) as well as other
sites (denoted as non-HM sites) during the early period (be-
fore year 2000), we noticed a much elevated ratio of non-
synonymous to synonymous changes (denoted as A/S ratio)
at the HM sites as compared with the non-HM sites (348/124
vs. 811/887, P <0.001, fig. 1b). Under neutral evolution, the
expected A/S ratio is often between 2 and 3 depending on the
codon structure of the sequences (Li et al. 1985). The A/S
ratio in the HM sites suggests that, positive selection or re-
laxation of purifying selection is potentially acting on the HM
sites along the terminal lineages.

Since passage adaptation tends to reside on the tip
branches, internal branches represent the evolution of the
influenza virus within human populations. When inspecting
the nonsynonymous to synonymous changes along the in-
ternal branches for these 22 codons, we also noticed a much
reduced A/S ratio for the HM sites along the internal
branches (232/145 vs. 348/124, P=0.0002). This suggests
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that, passage adaptation can be different from the evolution
of the influenza virus in human populations.

Given that terminal branches include all the different pas-
sage histories and that there might be differences in substi-
tution patterns across different culturing mediums, we
further classify terminal branches into those that were pas-
saged in chicken embryos (denoted as the egg terminal) and
those in MDCK cell lineages (denoted as the MDCK terminal,
not including MDCK-SIAT, Materials and Methods). Within
these two groups, we observed a much elevated A/S ratio
(112/28, fig. 1b) along egg lineages as compared with those
found in MDCK cell lines (66/19, fig. 1b). Using the binomial
distribution to test for excess of nonsynonymous changes
(Materials and Methods), the magnitude of nonsynonymous
changes along the egg terminals are indeed more than ex-
pected by chance (P = 0.001). Applying the same test to the
MDCK terminals, the calculated P value is also marginally
significant at 0.043. In other words, there is statistical evidence
that positive selection is acting along both the MDCK and egg
terminals and the effect is stronger along the egg terminals.

Inspecting the A/S ratio at each of the 22 codons along the
egg and MDCK terminals as well as the internal branches (fig.
1c), we observe that, whereas a large proportion (86%) of the
sites have substitutions on the same set of sites, the substi-
tution profiles at these sites are different between two cul-
turing media as well as between terminal and internal
branches (statistically significant for all pairwise test, fig. 1c).
This suggests that, the adaptation to the two culturing media
is fine-tuning different amino acid residues and passage ad-
aptation is quite different from the evolution in the human
population during the early phase of influenza evolution.

Dynamic Shift in Adaptation between the Early and
Late Phase of H3N2 Evolution

When summarizing the mutation profile for the late time
period (fig. 1d, post-year 2000), we observe that, the A/S ratio
along the terminal branches is much reduced compared with
the early period (699/487 vs. 348/124, P =0). This suggests
that the overall strength of positive selection at the HM sites
was much attenuated in the later time period. Grouping the
branches into the egg and MDCK terminal lineages, we found
that the A/S ratio along the MDCK terminal is significantly
reduced compared with the early phase (86/91 vs. 66/19,
P < 0.001, fig. 1b and d), whereas the corresponding value
along the egg terminals are much elevated (82/3 vs. 112/28,
P=10.001, fig. 1b and d).

It is very interesting to observe that the mutations at egg
terminals at later time points (after 2000) are much more
constrained at a few amino acid positions, rather than very
scattered across many sites at earlier time points (P <0.001,
fig. 1e vs. ¢). Substitutions at codon position 186, 194 as well as
219 are the major contributing sites adapting to the avian
environment in the later time period. It should be noted that
these codon sites are prominently located in antigenic surface
epitopes, which means that egg adaptation on these sites may
alter antigenicity. Indeed, egg adaptation of these sites is sus-
pected to be behind lower vaccine efficacy in recent seasonal
H3N2 influenza seasons (Skowronski et al. 2014). Data from

post-year 2000 indicate that the substitution profile for vi-
ruses propagated in MDCK cells is similar to the changes
along the internal branches but is different from viruses pas-
saged in embryonated eggs (fig. 1e). This is in contrast to the
pattern observed from the data prior to year 2000, whereby
substitutions along egg terminal, MDCK terminal and internal
branches are all statistically different (fig. 1c).

Comparing strains before and after year 2000, we revealed
a dynamic history of passage adaptation in the two culturing
conditions (fig. 1f). After crossing species boundary in 1968,
the influenza H3N2 virus evolves to be fitter to the human
environment and growing them in an avian medium will lead
to stronger adaptation in these strains. On the other hand,
the cellular environment in the MDCK cell (a mammalian cell
line) resembles the conditions in the human population more
than eggs and passage adaptation changes from positive se-
lection to largely purifying selection (fig. 1f). When performing
a sliding window analysis along the history by breaking the
data set into discrete time windows, the pattern stays very
similar (fig. 1g). Positive selection in the embryonated egg is
found to be gradually increasing, whereas the opposite is true
for the MDCK medium.

De Novo ldentification of Codon Positions Driven

by Embryonated Egg Adaptation

The 22 HM sites were curated from a few empirical studies
comparing the clinical strains before and after medium prop-
agation (Nakajima et al. 1983; Robertson 1993; Rocha et al.
1993; Gubareva et al. 1994; Hardy et al. 1995; Bush et al. 1999).
There are a few potential limitations of this earlier curation.
First of all, the sites responsible for the medium adaptation
might not be a set of fixed positions and can be changing
along the history of influenza evolution (fig. 1c and e). There
could be new sites that can contribute to the medium adap-
tation, but are not in the set collected using strains from the
earlier time. Secondly, there are sites for which their substi-
tutions are not responsible for medium adaptation, but hap-
pened simply due to genetic drift or hitchhiking in earlier
experiments. Thus, we expect that not all of the sites from
the earlier list are strongly contributing to the medium adap-
tation. For example, in figure 1c and e, several of the amino
acid positions (e.g, site 199, 290) have no substitutions along
the egg terminals.

Since substitution in mammalian cell lines is becoming
similar to the natural evolution in human represented by
the evolution along the internal branches (fig. 1e), we focus
on the evolution taking place in embryonated eggs. We de-
veloped two statistical tests capturing different aspects of the
mutational pattern in medium adaptation. The first test
(denoted as the enrichment test) sets out to examine
whether mutations at a given codon position are enriched
in the egg terminals. Applying this test to all the egg terminal
branches, we identified 16 codon positions for which associ-
ated nonsynonymous changes are enriched in the egg termi-
nals (P <0.01) (fig. 2a).

In addition to quantifying the amount of substitutions
specific to the egg terminals in the first test, the second sta-
tistical test (denoted as the convergent test) focuses on the
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specific changes along terminal branches. Since subjecting the
influenza virus to the same egg environment can lead to
convergent amino acid changes, the second test investigates
whether there are multiple identical codon transitions across
egg lineages. Using a binomial based test (Materials and
Methods), we identified 10 codon sites which show significant
evidence of convergent changes (P <0.01). Combining results
from these two tests, we identified 19 codons in total that are
strongly driving the passage adaptation in embryonated eggs.
Among these codons, 229 nonsynonymous changes and 25
synonymous changes occurred in 508 egg terminals, indicat-
ing extremely strong passage adaptation. Interestingly, 11 of
the 19 identified HM codons overlap with 22 previously pub-
lished sites. It is important to emphasize that the rest of the 11
HM sites not identified in this list have only 31 nonsynon-
ymous and 7 synonymous changes in total, and are not
strongly contributing to the host-mediated adaptation (fig.
1c and e).

The Functional and Structural Properties of Sites
Responsible for Egg-Mediated Adaptation

When inspecting the functional annotation of these 19 sites,
antigenic sites B and D overlap most with this set.
Interestingly, the overlap between these 19 codons and the
receptor binding sites (defined as those in contact with the
sialic acid structurally, Wilson et al. 1981) is relatively mild. If
most of the passage adaptation is due to a shift in receptor
conformation, this mild overlap suggests that fine tuning of
receptor binding might be achieved through sites that are not
directly binding to sialic acid. When we map the 19 sites on
the structure of the hemagglutinin (fig. 2b), we observe that
all the 19 codon sites are indeed surrounding the receptor
binding pocket, suggesting that functional fine tuning of re-
ceptor binding is a strong determining factor driving passage
adaptation.

From five previously published studies looking for posi-
tively selected codons, we compiled a list of 39 positively
selected codons for influenza during their evolution in human
populations (Fitch et al. 1997; Bush et al. 1999; Suzuki and
Gojobori 1999; Plotkin and Dushoff 2003; Pond et al. 2008)
(supplementary table S4, Supplementary Material online).

When checking these 39 sites against the 19 sites identified
in this study, many codon sites overlap between these two
sets (fig. 2a). This suggests that, many of the previously iden-
tified positively selected sites can be potentially confounded
by the egg adaptation (Bush et al. 2000; Zhai et al. 2007).

In order to quantify the extent of substitutions due to egg
passage, we calibrated the percentage of nonsynonymous
changes contributed by the egg passage to the total number
of nonsynonymous changes at each codon (Materials and
Methods). Interestingly, 13 out of 19 sites have >10% of
the total nonsynonymous changes contributed by egg termi-
nals (fig. 2c and supplementary fig. S3, Supplementary
Material online). If we calibrate convergent changes (defined
as those codon transitions that appeared at least 3 times,
Materials and Methods) at these 19 codons, convergent
changes contribute a large proportion of the total nonsynon-
ymous changes happened along egg terminals (fig. 2d). In
summary, the same passage environment was driving very
strong convergent adaptive evolution at these codons.
Inference of signals of adaptation in influenza virus can be
significantly confounded by passage adaptation.

The Proportion of Egg Passaged Isolates in the Public
Databases

Since its creation in 2006 (Bogner et al. 2006), GISAID con-
tinually synchronizes the sequences from NCBI. In other
words, most of the sequences before 2006 are shared between
the two databases and GISAID has more unique sequences
post-2006 (Materials and Methods). In GISAID, we observe a
significant change in proportion of strains passaged in em-
bryonated eggs. For example, of 1,826 sequences before year
2000 in GISAID, 234 (12.8%) sequences were passaged in the
embryonated eggs. However, after year 2000, the number of
available sequences increased dramatically and the propor-
tion of sequences from egg passaged viruses dropped to be
1.1% (fig. 3a). The large proportion of “unknown” strains
(sequences without any passage information) and the drop
in the observed egg passaged influenza virus suggest a possi-
bility that many of the egg passaged strains are not explicitly
labeled in the database, and are in the unknown category.

Fic. 1. Nonsynonymous and synonymous changes across different branches and sites. (a) The maximum likelihood tree of all the sequences. The
evolutionary relationship shows a typical stair/cactus like shape with sequences from same years clustered together (Fitch et al. 1991), and there is a
truncal lineage connecting strains from different years (highlighted in bold, also see supplementary fig. S1, Supplementary Material online). The two
inset figures show the year distribution of the isolates passaged in the embryonated egg as well as MDCK cell lines in the NCBI and GISAID combined
data set. (b) Number of nonsynonymous and synonymous changes along different branches and sites for the early time period (before year 2000). The
sites are classified as HM sites (previously identified 22 codon sites) and other sites (non-HM sites). The branches are categorized into terminal and
internal branches. Within terminal branches, they were further categorized into those that were passaged in embryonated eggs (egg terminals) and in
MDCK cells (MDCK terminals). () Number of nonsynonymous and synonymous changes along different branches for all the 22 sites during the early
time period. Top panel is for egg terminals, middle panel is for MDCK terminals and bottom panel is for internal branches. Statistical test of mutational
patterns between different panels are marked on the right hand-side of the figure. (d) Number of nonsynonymous and synonymous changes along
different branches and sites for the later time period (after year 2000). The site and branch classes are the same as panel (b). (¢) Number of
nonsynonymous and synonymous changes along different branches for all the 22 sites during the later time period. The panels are the sameasin (c). (f)
Cartoon illustration of level of natural selection for the two culturing mediums along different time points. There is a seesaw like pattern between the
egg and MDCK medium. (g) A sliding window of dy/dj ratios for the two types of culturing mediums along the history of the influenza evolution. For
each time window, the dy/ds ratio is calculated for isolates within that time span.
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previously identified 22 codons, receptor binding sites (RBS) as well as antigenic sites A—E are also labeled. (b) Structural view of the codons. The
red residues are those that overlap between the newly identified 19 codons and previously identified 22 codons. Yellow residues are those unique
to the previously identified 22 codons. Green residues are those unique to the newly identified 19 codons. (c) The percentage of nonsynonymous
substitutions at each codon contributed by egg passage. (d) The percentage of nonsynonymous substitutions contributed by convergent changes

during egg passage at each codon position.

In order to test this hypothesis, we first tabulate the num-
ber of nonsynonymous to synonymous changes along strains
passaged in different media from 2000 to 2015. In order to
target the substitution pattern pertaining only to passage
adaptation, we restrict the analysis to the 19 codon sites
we identified earlier. As we see in figure 3b, the A/S ratio is
very high in egg terminal branches at these 19 sites for the
GISAID data set. Interestingly, the cell line lineages (CELL,
MDCK) show similar A/S ratio and is in line with the earlier
observation that mammalian cell lines impose weaker selec-
tion during viral passage.

Following our earlier intuition about strains with unknown
passage history, the A/S ratio along the unknown lineages is
much higher than in cell lines, suggesting that there is a sig-
nificant proportion of strains that is passaged in embryonated
eggs. Tracing back to the original publications and plotting
the A/S ratio for the top 10 studies with the largest number of
unknown strains, the A/S in the unknown terminals is largely
driven by a few studies (supplementary fig. S4, Supplementary
Material online). Using a well calibrated mixture model
(Materials and Methods, supplementary tables S5 and S6
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and fig. S5, Supplementary Material online), we estimated
the proportion of egg passage in the unknown strains from
the GISAID data set to be about 9% around year 2000 and
drastically drop to be almost zero in year 2009 (fig. 3¢). This
suggests that, virus propagation using embryonated eggs is
rapidly being phased out.

When we combine all the available information, we observe
that the sequences from egg passaged viruses in GISAID peak
around 2004 (fig. 3d). Overall, the percentage of egg passaged
strains (actual and inferred from the unknown strains across
all 48 years) in GISAID is found to be ~3%. Given sequences
with unknown passage information in the database, future
analyses need to take into account that, many of the strains
with unknown passage histories might still be grown in various
culturing medium including embryonated eggs.

Discussion

Mutational mapping provides a very versatile method explor-
ing mutations along different branches and sites. Compared
with previous approaches such as parsimony based methods
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Fic. 3. Passage types of the GISAID data set. (a) The proportions of different passage types in the GISAID data set. (b) The nonsynonymous and
synonymous substitutions along different terminal branches for the GISAID data set. (c) The estimated proportion of egg passage within the
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(Swofford and Maddison 1987), mutational mapping allows a
better accommodation of uncertainties with the mutational
history (Nielsen 2002; Zhai et al. 2007). The pattern we pre-
sent here is based on one sampled history from the posterior
distribution. Multiple other replicates are also checked and
the results stay quantitatively very similar (supplementary fig.
S6, Supplementary Material online). Computational simula-
tions indicate that the inference procedure is very accurate
and is robust to many confounding factors (Yang et al. 1995;
Zhang and Nei 1997; Pond and Frost 2005) (supplementary
note S1, Supplementary Material online).

Passage adaptation studied here represents one of the
strongest forms of adaptation studied so far (Hughes 1999;
Eyre-Walker 2006). Interestingly, the same passage environ-
ment also leads to strong convergent evolution (fig. 2d). This
is in contrast with many scenarios happened in the natural
world where divergent genetic mechanisms can evolve under

convergent environmental pressure (e.g, the origin of flight
across the tree of life) (Christin et al. 2010; Stern 2013). Since
the probability of convergent changes depend on the muta-
tion rate, the probability and magnitude of beneficial muta-
tions (Chevin et al. 2010), convergent evolution in the same
gene has often been observed, but much less often for iden-
tical substitutions in the same gene (i.e, so called hotspot
gene theory, Martin and Orgogozo 2013). Understanding the-
oretical aspects of this observation in the influenza virus war-
rants another study going beyond the current work.
Nevertheless, viral propagation conducted continually for
the past 48 years at research centers across the world makes
passage adaptation in influenza another textbook example
for convergent adaptive evolution (Boucher et al. 1992
Kellam et al. 1994; Bull et al. 1997; Zhang 2006).

The differences in the number of positively selected co-
dons in early stages versus in late stages are very interesting
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(fig. 1c and e). We can imagine when the H3N2 virus had just
crossed the species boundary in 1968, it was still a very “avian”
like virus. Embryonated chicken medium will impose rela-
tively weaker selective pressure on the influenza virus. In
this case, possible adaptive trajectories can be quite abundant
and positive selection is distributed across many codon po-
sitions. Similarly, mammalian cell lines will impose positive
selection to the viral population for an avian like virus. As the
virus evolves to adapt to the human environment, passage in
the avian medium becomes much more challenging and pos-
itive selection on the influenza virus gets a lot stronger. Under
strong selective pressure, only a few amino acid changes in a
few codon positions will allow efficient passage in an avian
medium (fig. 1e). As a corollary, passaging the viral population
in mammalian cell lines will not apply strong selective pres-
sure on the pathogen due to similar conditions between hu-
man and other mammalian cellular environment. This
dynamic trajectory provides an important insight into the
shape of the fitness landscape and variations in selective pres-
sures can lead to drastically different behavior in adaptive
trajectories.

Traditionally, embryonated eggs are often used for vaccine
production (Lambert and Fauci 2010). In addition to being
highly efficient in propagation, the egg environment can help
screening out human pathogens and provide an important
safety control for influenza vaccines (Feng et al. 2011).
However, adaptation during the culturing process can often
generate substitutions deviating from the original clinical
specimen (Saito et al. 2004). Due to this constraint and
many other factors, the generation of vaccines through em-
bryonated eggs are gradually decreasing (Lambert and Fauci
2010). The patterns revealed from this work indicates that
passage associated adaptive changes are more concentrated
in a few codon positions in recent years (after year 2000).
While one might think that this could make it a lot easier for
the field to control passage adaptation compared with the
earlier phase, the opposite may be true. The few sites dom-
inating egg adaptation in recent strains are also prominently
located in antigenic surface epitopes and their egg adaptation
may be responsible for antigenic change associated with re-
cent reduced vaccine efficacy (Skowronski et al. 2014). Since
the genomic background of recent strains seems to strongly
favor adaptation on these few sites, it is currently a great
challenge to find strains that remain antigenically unaltered
when passaged in eggs for vaccine production. On the con-
trary, growing influenza strains in MDCK cells is also not al-
ways straightforward and can induce changes that can affect
HI titer measurements (Skowronski et al. 2016), drug devel-
opment and usage (Okomo-Adhiambo et al. 2010).

Even though passage histories are very important for
studying influenza evolution, they are not very well docu-
mented in the field. For example, most of the public databases
do not require the passage annotation to be deposited when
submitting sequences. In addition, there is no standard no-
menclature when documenting passage histories, and some
of the earlier recorded histories could be inaccurate (e.g,
some of the strains that are passaged in MDCK cells could
potentially have been grown in eggs, supplementary note S2,
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Supplementary Material online). Given the importance of
passage history, the field needs to develop a systematic ap-
proach to document this information and this requirement
might be generalizable to all viral fields.

In the GISAID and NCBI data set, the proportion of egg
passage is low, but it can contribute >10% of the total non-
synonymous changes at a large set of codons (fig. 2¢). Even
though the percentage of egg passage is dropping for the two
databases, the confounding effect from egg passage is likely to
persist if we combine data across years. Future studies infer-
ring positive selection and vaccine production using culturing
conditions need to be careful in taking passage adaptation
into consideration.

Materials and Methods

Data Curation

We combined two sources of information for influenza A
(H3N2) HAT1 sequences. The first data set was retrieved
from the Genbank database at the NCBI in December 2015
(denoted as NCBI set). This NCBI data set included a special
subset of strains from 1983 to 1997 generated by the Center
for Disease Control and Prevention (denoted as CDC data set,
NCBI accessions AF008656 to AF008909 and AF180564 to
AF180666) for which passage adaptation was explored earlier
(Bush et al. 1999, 2000). The second data set was retrieved
from the EpiFlu database from the GISAID (denoted as
GISAID set). After removal of low quality sequences (e.g,
missing/ambiguous nucleotide bases or year information)
and merging the two sets, the total combined data set
used for subsequent analysis comprised of 25,482 strains. In
detail, 16,638 sequences were found in both databases, 736
were unique from Genbank and 8,108 unique from GISAID.
We acknowledge the originating and submitting laboratories
of the GISAID sequences as summarized in supplementary
table S1, Supplementary Material online.

The passage histories of all the strains were retrieved from
the NCBI and GISAID databases. For the strains from the CDC
data set included in the NCBI data set, we extracted the
passage information from the original publication (Bush
et al. 1999, 2000). Due to complex free-form text annotation
for passage information (often from original publications), we
classified the existing passage histories into nine groups. (1)
egg (508 strains), (2) Madin-Darby Canine Kidney (MDCK)
(4,148 strains), (3) cell (2,310 strains, being one of the cell lines,
but are not documented with a specific type), (4) MDCK cells
transfected with the cDNA of human 26-sialyltransferase
(SIAT) (2,336 strains), (5) Primary Rhesus Monkey Kidney
(RMK) cell culture (2,069 strains), (6) mixed (3,037 strains,
propagated under at least two types of media, e.g, “C5/
SIAT1”, “C3/MDCK1”, and “M1/S1”), (7) Clinical (1,939
strains, labeled as “CLINICAL” in the database), (8) unknown
(8795 strains, no passage information is available), and (9)
other (340 strains, passage information is rather unclear, e.g,
“1012_Daty_3" and “X2”) (supplementary table S2,
Supplementary Material online).
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Sequence Alignment and Phylogenetic Inference
Using the computational algorithm implemented in the
MUSCLE package (Edgar 2004), we performed multiple se-
quence alignment of all sequences with default parameter
settings for each data set. Phylogenetic relationship among
all the isolates was inferred using the RAXML program assum-
ing a gamma distributed rate variation among sites and a
general time reversible (GTR) model of sequence evolution
(Stamatakis 2006). The inferred evolutionary relationship and
associated mutational parameter estimates (e.g, base fre-
quency and transition matrix) were used for the mutational
mapping analysis.

Mutational History Inference Using the Mutational
Mapping

With the evolutionary relationship and associated mutational
parameters (e.g, GTR model and base frequencies), the mu-
tational mapping algorithm provides an efficient way for sam-
pling from all possible evolutionary histories according to
their posterior probabilities (Nielsen 2002). The evolutionary
histories include both the ancestral states of all the internal
nodes and the mutational changes along each branch.

The inference procedure can be conducted in three major
steps. First of all, the conditional probabilities of each ances-
tral node was calculated recursively from the tip of the tree
down to the root using the pruning algorithm (Felsenstein
1981). The conditional probability is defined as the probability
of observing the subclade information (all the descendants of
the focal internal node) conditional on the node being A or T
or C or G. Secondly, the state of the internal node is sampled
recursively from the root of the tree down to the tips (Nielsen
2002). At each internal node, the probability of the four pos-
sible states (A/T/C/G) is a weighted product between the
probability that flowed from the ancestor of the node and
the conditional probability which flowed from the descen-
dant of this node (Formula 10, Nielsen 2002). Lastly, given the
ancestral state of all the internal nodes, a Markov chain can be
set up to sample the evolutionary trajectories of that branch
conditioning on the states at both ends of each branch.

On top of the mutational mapping algorithm (Nielsen
2002), we simultaneously couple the information across all
three nucleotide positions for each codon, and restrict the
sampling schemes (both ancestral state and the mutational
history) to 61 possible codons (not allowing stop codons)
(Zhai et al. 2007). This was done using rejection sampling
and constraining the possible states to only 61 sensible
codons.

The Binomial Test of Positive Selection

For a specific codon, we can calculate the expected number of
nonsynonymous and synonymous sites using the continuous
time Markov Chain. For example, the second codon position
is always a nonsynonymous site. For the first and third codon
position, the expected nonsynonymous site is calculated as
the probability of a nonsynonymous substitution if a random
mutation happens in that position. This can be easily calcu-
lated using the rate matrix from the continuous time Markov

Chain. The expected synonymous site and the expected non-
synonymous site add up to 1 for any codon position.

The expected nonsynonymous/synonymous site for a co-
don along a given branch is calculated as the average of the
corresponding values for the starting codon and end codon.
The expected nonsynonymous/synonymous site for a codon
along many branches can be calculated as the weighted mean
of the values from each branch. The weights are simply the
branch lengths of the individual branches. Using the expected
number of nonsynonymous and synonymous sites, we can
calculate the significance of the observed nonsynonymous
and synonymous changes. The P value is the sum of the
tail probabilities whose nonsynonymous changes are larger
or equal to the observed value from the binomial distribution.

The Enrichment Test and Convergent Test

In order to systematically look for the amino acid sites that
are responsible for the passage adaptation, we devised two
statistical tests targeting two different aspects of the substi-
tution pattern. The enrichment test examines whether mu-
tations that happened in a codon are enriched among the egg
branches more often than expected. For example, at a given
codon, if there are N changes along the terminal branches, a
subset of them (denoted as x) will happen along egg terminals
and N-x occur on other terminal branches. The enrichment
test will employ a binomial distribution testing whether x is
much larger than expected from random chances. The ex-
pectation can be calculated from the Binomial distribution
(N, p) where p is ratio between the branch lengths of the egg
terminals over all terminal branches.

The convergent test is meant to extract the pattern of
excess changes from the same codon (e.g, U) to the other
codon (e.g, V) along the tip branches. Here, we focus on the
nonsynonymous changes only. Starting from a given codon
U, we want to test whether the number of changes to V is
more than expected. Using synonymous changes as the base-
line, we can conduct this test by comparing the number of
nonsynonymous changes from U to V to the number of
synonymous changes at this codon. In other words, we are
testing whether the number of specific nonsynonymous
change is more than expected for a specific codon.

To be more precise, for a given codon W, there will be nine
neighboring codons with one base difference. Let us denote
these neighbors as C;, G,, . . ., Gy and the corresponding observed
changes to these neighboring codons as Ny N, . . ., Ng. Using the
GTR model, we can calculate the probability of each of these
changes (denoted as p; to po). The expected probability of syn-
onymous changes will be the sum of the probabilities for the
synonymous one-step neighbors. The convergent test will test
whether the expected number of U to V changes is more than
expected by chance, similar to the traditional dy/ds test.

Structural Modeling and the Proportion of
Substitutions Due to Passage Adaptation and
Convergent Changes

The structural view of the 19 codon positions were displayed
using the YASARA package with protein databank (pdb) ID:
4FNK (Krieger and Vriend 2014). For a given codon, the

3141


Deleted Text: a
Deleted Text: p
Deleted Text: i
Deleted Text: h
Deleted Text: i
Deleted Text: u
Deleted Text: m
Deleted Text: m
Deleted Text: b
Deleted Text: t
Deleted Text: p
Deleted Text: s
Deleted Text: e
Deleted Text: t
Deleted Text: c
Deleted Text: t
Deleted Text: m
Deleted Text: p
Deleted Text: s
Deleted Text: d
Deleted Text: p
Deleted Text: a
Deleted Text: c
Deleted Text: c

Chen et al. - doi:10.1093/molbev/msw190

MBE

proportion of nonsynonymous changes contributed by egg
passage was calculated as the nonsynonymous changes along
the egg terminals divided by the total number of nonsynon-
ymous changes at that codon. The proportion of convergent
changes along egg terminals was defined as the contribution
of those repeatedly occurring substitutions (happened at
least 3 times) over all nonsynonymous changes at a given
codon along egg terminals.

The Mixture Model and the Proportion of Egg Passage
For a given set of strains with unknown passage history, we
estimate the proportion of egg passage by treating the un-
known strains as a mixture of strains grown in eggs and cell
medium. The expected nonsynonymous to synonymous
substitution for the embryonated egg and cell culture at
the 19 codons was first calculated. The proportion of substi-
tutions contributed by egg passage (psu») can be estimated
using a mixture model. Since the 19 codons tend to have
more substitutions along the egg terminal branches (i.e, the
enrichment test), the percentage of strains passaged in egg
culture is then calculated as (psup/L)/(Psub/L+ 1 — Psub)
where L is the relative ratio between the average number
of substitutions along egg terminal branches versus other
terminal branches at these 19 codons.

In order to test the accuracy of the estimation procedure (the
mixture model), we simulated a series of data sets by composing
different proportions of isolates passaged in egg and cell culture.
Applying the mixture model procedure to the simulated data
and comparing estimated value to the true proportion from the
simulated data, we can calibrate the accuracy of the method
(supplementary table S5, Supplementary Material online) as well
as the sensitivity and specificity of the estimation procedure
(supplementary fig. S5, Supplementary Material online). Five-
fold cross validation test is also performed (supplementary table
S6, Supplementary Material online).

Supplementary Material

Supplementary figures S1-S6, tables S1-S6 and notes S1 and
S2 are available at Molecular Biology and Evolution online
(http:/ /www.mbe.oxfordjournals.org/).
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