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Abstract

Mutation is the primary determinant of genetic diversity in influenza viruses. The rate of mutation, measured in an absolute time-
scale, is likely to be dependent on the rate of errors in copying RNA sequences per replication and the number of replications per unit
time. Conditions for viral replication are probably different among host taxa, potentially generating the host specificity of the viral
mutation rate, and possibly between highly and low pathogenic (HP and LP) viruses. This study investigated whether mutation rates
per year in avian influenza A viruses depend on host taxa and pathogenicity. We inferred mutation rates from the rates of synonymous
substitutions, which are assumed to be neutral and thus equal to mutation rates, at four segments that code internal viral proteins
(PB2, PB1, PA, NP). On the phylogeny of all avian viral sequences for each segment, multiple distinct subtrees (clades) were identified
that represent viral subpopulations, which are likely to have evolved within particular host taxa. Using simple regression analysis,
we found that mutation rates were significantly higher in viruses infecting chickens than domestic ducks and in those infecting wild
shorebirds than wild ducks. Host dependency of the substitution rate was also confirmed by Bayesian phylogenetic analysis. However,
we did not find evidence that the mutation rate is higher in HP than in LP viruses. We discuss these results considering viral replication
rate as the major determinant of mutation rate per unit time.
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1. Introduction
Mutation is a random error in copying the nucleotide sequence
during DNAor RNA replication and generates the genetic and anti-
genic diversity of viruses for their evolutionary success (Elena and

Sanjuan 2005; Duffy, Shackelton, and Holmes 2008). Influenza

viruses, like other RNA viruses exhibiting error-prone replication

(Steinhauer, Domingo, and Holland 1992), are characterized by

frequent mutations that are essential for evading host immune

responses by antigenic drift and expanding their host range
(Webster et al. 1992; Woolhouse, Haydon, and Antia 2005; Nelson
and Holmes 2007; Selman et al. 2012). Mutation rate is therefore

a critical parameter for understanding the persistence and emer-
gence of influenza viruses in a wide range of vertebrate hosts. For

example, new antigenic variants might be more likely to emerge
in a viral population with a higher mutation rate.

In most organisms, mutation rate is defined as the fre-
quency of errors per generation or per replication. However, since
how often viral genomes replicate is difficult to observe under

non-laboratory environments, viral mutation rate is usually mea-
sured as the change of nucleotide sequence per unit time (year
or day) rather than per replication. Note that mutation rate is
different from substitution rate (or evolutionary rate, as fre-
quently used in virus literature), as the latter depends on whether
nucleotide changes produced by mutations are lost in the popula-
tion of viruses fromwhich sequences to be compared are sampled
(Duffy, Shackelton, and Holmes 2008). Namely, substitution rate
is critically affected by negative or positive natural selection on
new variants, which is not the subject of this study. However, if
neutrally evolving sites such as synonymous sites in the protein-
coding sequence are examined, substitution rate should be equal
tomutation rate (Charlesworth and Charlesworth 2010). This prin-
ciple holds even when natural selection occurs at linked sites (i.e.
at nonsynonymous sites on the same segment) (Birky and Walsh
1988). For example, based on synonymous site substitutions only,
the mutation rate of subtype H3N2 in humans was estimated
to be about 0.005 per year per nucleotide site (Croze and Kim
2021).
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Viral mutation rate per unit time (e.g. one year) is determined
by (1) the rate of errors per replication and (2) the number of repli-
cations per unit time. In the case of influenza virus, the former
is given by the fidelity of the RNA polymerase complex composed
of PA, PB1, and PB2 proteins. It is not clear whether the host cel-
lular environment can affect the fidelity of replication performed
by this virus-coded complex, although it has been suggested that
the host cellular effect on replication fidelity exists in other RNA
viruses (Pita et al. 2007; Combe and Sanjuan 2014). The second
factor for yearly mutation rate, the replication rate, is expected to
be influenced by numerous factors. Theories suggest that viruses
evolve to attain the optimal rate of replication, thus viral load,
which is high enough to ensure transmission success but low
enough to avoid heavy damage to hosts (May and Anderson 1990;
Frank 1996). Hosts should also evolve to prevent viral replication
from reaching a harmful level. Therefore, the adaptive evolution-
ary history of both the virus and host is likely to determine the rate
of viral replication. Different avian and mammalian hosts pos-
sess different cellular factors that either negatively or positively
affect the infection and replication of influenza A viruses (Long
et al. 2019), as they have distinct co-evolutionary histories with
the virus. Therefore, we may consider the host cellular environ-
ment as a major factor leading to a difference in replication rates
and thus in the estimates of mutation rate per unit time. Other
characteristics of hosts that affect the transmissionmode and fre-
quency of infection cycles are also known to increase the range of
substitution rates in various RNA viruses (Hanada, Suzuki, and
Gojobori 2004; Streicker et al. 2012; Scholle et al. 2013; Hicks and
Duffy 2014).

The pathogenicity or virulence of a virus is also expected to
be correlated with replication rate. While it is not clear whether
the positive relationship between these parameters is universal,
at least for influenza virus subtype A/H5N1, the level of viral
load is a major determinant of pathogenicity in mice and ducks
(Hatta et al. 2010; Boon et al. 2011; Hu et al. 2013). Thus, we pre-
dict that the mutation rate estimated from highly pathogenic (HP)
influenza viruses should be higher than that from low pathogenic
(LP) influenza viruses.

Whether influenza A viruses infecting poultry evolve more
rapidly than in the ‘natural hosts’—wild ducks, gulls, and
shorebirds—has been a question of particular interest, given the
general hypothesis that the rate of virus-host co-evolutionary
changes diminishes in time as they reach an evolutionary equi-
librium (Suarez 2000; Simmonds, Aiewsakun, and Katzourakis
2019). Domesticated birds such as chicken are considered new
hosts because their population density only recently (in the evo-
lutionary time-scale) became high enough to sustain the infection
cycle of influenza virus. However, Chen and Holmes (2006) found
that the evolutionary (substitution) rate in wild birds is not much
slower than that in domesticated birds and mammals, suggest-
ing that the adaptive (e.g. antigenic) evolution of the virus has not
ceased in natural reservoir hosts. Again, the authors measured
the rates of substitutions at all sites that include nonsynony-
mous changes. Therefore, their results may not provide accu-
rate information about host-dependent mutation or replication
rate.

In this study, to investigate whether influenza viruses mutate
at different rates, depending on hosts, we estimated yearly muta-
tion rates for many subsets of serially sampled influenza virus,
each of which is inferred to have evolved mainly within one of
four different groups of avian hosts. We also tested whether the
pathogenicity of a virus is associated with an elevated rate of
mutation. We observed synonymous substitutions at four large

segments coding ‘internal proteins’—RNA polymerases (PB2, PB1,
PA) and nucleoprotein (NP). As these genes affect the host range
of influenza A viruses (Shu, Bean, and Webster 1993; Neumann
and Kawaoka 2006; Cauldwell et al. 2014), we expect that the rate
of host switching is minimal for these segments, making it easier
to find a serial sample of sequences from a viral population that
evolved while maintaining its association with one particular host
taxon. We stress again that, although what we measure primarily
from sequences is their evolutionary changes accumulated over
time, we do so to estimate the viral mutation rate per unit time
from them. Therefore, in the following, we will simply call our
estimates mutation rates rather than synonymous substitution
rates.

2. Data and methods
2.1 Sequence data
We searched public databases (NCBI and GISAID) for genomic
nucleotide sequences of avian influenza A viruses ranging from
1956 to 2019, using the keyword ‘influenza’. These publicly avail-
able sequences were subject to our own curation that used Vigor
annotator (Wang, Sundaram, and Spiro 2010) for segment annota-
tion and the identification of coding sequences. Only isolates with
the sequences of all eight viral segments were retained. In addi-
tion, any isolate with an ambiguous nucleotide between the start
and stop codons in any segment or unclear information about
host species or the location (country) of isolation was not included
for further analysis. The final sets of sequences are from 12,234
isolates and available from http://avian-flu.org (Avian Influenza
Database at Seoul National University College of Medicine).

2.2 Sequence alignments, tree construction, and
clade isolation
Multiple sequence alignment was conducted for the open read-
ing frame of each segment using Multiple Alignment using Fast
Fourier Transform (Kuraku et al. 2013; Katoh, Rozewicki, and
Yamada 2019). Then, a maximum-likelihood phylogenetic tree
was constructed using IQTree (Trifinopoulos et al. 2016) with
default parameters. Then, to isolate discrete clades nested within
the phylogeny that are associated with particular host taxa, we
visually identified all subtrees (monophyletic clades) that sat-
isfy the following criteria: (1) have ultra-bootstrapping support
value of at least 0.95; (2) contain more than 30 sequences and (3)
the range of sampling times (difference between the oldest and
the latest sequences in the clade) is at least 10 years. Then viral
sequences within a clade were classified, according to their avian
hosts, into four groups: wild birds in order Anseriformes, wild birds
in order Charadriiformes, domestic ducks and chickens (order Galli-
formes). Sequences found in domestic bird hosts other than ducks
and chickens were excluded.

A slightly different approach was taken to identify clades that
are made of sequences from either HP or LP viruses infecting
chickens. For a given segment, we first constructed a tree using
all available sequences from HP chicken viruses. Then we visually
identified all subtrees (thus HP clades) that satisfy the follow-
ing: (1) have ultra-bootstrapping support value of at least 0.95, (2)
contain more than 10 sequences and (3) the range of sampling
times (difference between the oldest and the latest sequences
in the clade) is at least 5 years. The same procedure, using only
sequences from LP chicken viruses, was applied to isolate LP
clades. Then, constructing a tree using sequences that were
included in both HP and LP clades above, whether these HP and LP
clades are cleanly separated was examined. Then clades formed
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as the mixtures of HP and LP sequences were excluded for further
analyses.

2.3 Estimation of yearly mutation rate by the
regression method
Mutation rate (synonymous substitution rate) was estimated for
all clades in which at least 80per cent of sequences belong to
one particular host group or all sequences are sampled from
either HP or LP virus. Sequences belonging to minor host groups
within a clade were excluded in the following procedures. We
also excluded nucleotide positions from 575 to 760 within the
PA coding sequence that corresponds to a region of alternative
reading frame for PA-X protein. Synonymous sequence divergence
(dS) between the ith sequence (sampled at time τi) and the old-
est sequence (sampled at time τ0) of a clade was calculated by
the Nei–Gojobori method (Nei and Gojobori 1986) implemented
in codeml in the Phylogenetic Analysis by Maximum Likelihood
package (Yang 2007). Sampling times were calculated in units of
days. Then the linear regression of dS on sampling time difference
(τi − τ0 for all i) was performed and the slope of the regression
line was taken as the estimate of mutation rate (µ̂), assuming
that synonymous mutations are neutral, under which the rate of
synonymous base substitutions should be equal to the mutation
rate.

2.4 Estimation of substitution rates by Bayesian
phylogenetics
Model testing was performed in IQTree, to select an appropriate
substitution model with the maximum Bayesian information cri-
terion. (1) When entire protein coding sequences were used, the
general time reversal (GTR) model with gamma distribution ratio
heterogeneity in four ratio categories (G4) (Tavaré 1986; Yang 1994)
was chosen for the PA and NP segments, and the model with the
proportion of invariant site in addition to the GTR+G4 model
(GTR+ I+G4) (Gu, Fu, and Li 1995) for the PB2 and PB1 segments.
(2) When composite sequences using only the third position of
codons were used, GTR+ I+G4 was chosen for all four inter-
nal segments. For a given clade, Bayesian Evolutionary Analysis
Sampling Trees (BEAST) v1.10.4 (Suchard et al. 2018) was used to
calculate the substitution rate based on the model of a constant
population size and a relaxed uncorrelated log-normal molecular
clock. Markov chainMonte Carlo was run for 100million steps and
sampled every 10,000 steps.

2.5 Estimation of host switching rates
Phylogenetic analysis was performed by BEAST in which the host
taxon, one of four groups defined above, of a sequence was given
as a ‘trait’. The rate of transition (the mean of posterior dis-
tribution) between traits (thus hosts) was estimated using the
symmetric substitution model and Bayesian Stochastic Search
Variable Selection procedure as options (Suchard et al. 2018).

2.6 Inference of viral pathogenicity
The pathogenicity of a virus isolate was indirectly determined by
the number of polybasic amino acids in the cleavage site on theHA
protein (Steinhauer 1999). The position of cleavage site residues
was identified by an amino acid motif that starts with P, followed
by either Q, L, or E and then by RGLF. The number of basic amino
acids (H, R, K) in the subsequent positions was counted. If this
number was equal to or more than 4, this virus was deemed HP.

2.7 Statistical analyses
Analysis of variance (ANOVA) with the Holm–Šídák test for multi-
ple comparisons was used to compare mutation rates among host
taxa. Two-way ANOVA was performed using the mutation rate
estimated from clades as a dependent variable and the segment
and the major host or pathogenicity of clades as independent
variables. All statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA). All graphs were
generated using Prism 8.

3. Results
3.1 The rate of host switching
We constructed phylogenetic trees for internal gene segments
(PB2, PB1, PA, NP) using all available avian influenza genome sets.
Unlike the HA segment, the phylogeny of which is characterized
by discrete clades forming HA serotypes that are connected by
long internal branches, sequences of an internal gene segment
were aligned well regardless of serotypes or hosts and therefore
formed phylogenies with relatively short internal branches (Sup-
plementary Fig. S1). There was no clear, large-scale clustering
of sequences according to host species, indicating that internal
gene segments have switched hosts at non-negligible rates. To
quantify the rate of host switching for each segment, we applied
the method of estimating trait transition rate on the phylogenetic
tree, implemented in BEAST, where the trait of interest is host
(the same method was used for estimating the rate of reassort-
ment; Lu, Lycett, and Brown 2014). Here, we classified hosts into
four groups: wild birds in order Anseriformes, wild birds in order
Charadriiformes, domestic ducks (livestock-Anseriformes) and chick-
ens (livestock-Galliformes). We found that host switching occurred
at similar rates (about 0.03 switching per year per lineage) for
these four segments (Table 1). For comparison, the host switching
rates were also estimated from HA segments, for eight subtypes
(H1, 2, 4, 5, 6, 7, 9, 10) separately. Except for the subtype H5
(∼0.1; confirming its particularly wide host range; Kaplan and
Webby 2013), the switching rates in HA subtypes were similar or
lower than those of internal gene segments. Therefore, we found
that genes coding polymerases and nucleoproteinwere exchanged
among different avian hosts as frequently as the antigenic gene
although they confer host specificity (Cauldwell et al. 2014).

3.2 Effect of host on the mutation (synonymous
substitution) rate
Despite frequent host switching in all internal gene segments, we
attempted to identify subsets of sequences, which are likely to
represent a viral subpopulation that evolved while remaining in
one particular host. First, for each segment, we identified sub-
trees forming discrete monophyletic clades that contain more
than 30 sequences spanning over at least 10 years. In total, 42,
36, 44, and 42 clades were selected for PB2, PB1, PA, and NP seg-
ments, respectively. Of these, we found that 20, 20, 24, and 24
clades were closely associated with particular hosts: each of them
contained more than 80per cent of sequences from one partic-
ular host group, when the avian hosts were classified into four
groups as mentioned above (Fig. 1). By parsimony, we assumed
that the within-clade diversity of these sequences was mainly
the result of evolutionary processes that occurred in the cor-
responding host environment. For PB2 segment, 10, 4, 2, and
4 clades in which most sequences were from viruses infecting
wild Anseriformes, Charadriiformes, domestic ducks, and chickens,
respectively, were identified. The corresponding numbers for PB1,
PA, and NP segments were (13, 3, 1, 3), (14, 3, 3, 4), and (15, 2, 4, 3),
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Table 1. Host switching rate estimated by BEAST analysis.

Data set PB2 PB1 PA NP Internal genes combined

Mean 0.029 0.031 0.031 0.026 0.029
95% HPD [0.026, 0.033] [0.028, 0.035] [0.027, 0.034] [0.023, 0.029] [0.024, 0.034]
Data set H1 H2 H4 H5
Mean 0.018 0.011 0.011 0.104
95% HPD [0.006, 0.104] [0.006, 0.020] [0.0053, 0.026] [0.080, 0.13]
Data set H6 H7 H9 H10
Mean 0.031 0.043 0.023 0.032
95% HPD [0.025, 0.069] [0.025, 0.069] [0.014, 0.049] [0.018, 0.097]

Note: HPD = highest posterior density.

Figure 1. Phylogeny of PB2, PB1, PA, and NP segment sequences of avian
influenza virus. Maximum likelihood trees were constructed from all
available sequences and then only sequences forming host-specific
monophyletic clades (shown in triangles) were retained. In each clade,
more than 80per cent sequences were sampled from one of four host
groups: domestic duck, chicken, wild duck (Anseriformes), and shorebird
(Charadriiformes). Mutation rates estimated by linear regression are
shown next to the clades. The root of the trees is A/duck/Czech
Republic/1/1956 (H4N6), which is the oldest isolate containing a full
genome sequence in our avian influenza virus data.

respectively. Detailed information for all clades chosen for the
following analysis is presented in Supplementary Table S1.

Using a simple regression of synonymous sequence differences
on sampling time differences, mutation rate (µ̂) was estimated for
each of these 88 host specific clades. In the majority of clades,
there was a clear linear increase of synonymous divergence with
time; thus the pattern of the molecular clock expected for neu-
tral evolution was observed (Supplementary Fig. S2). We found
that, consistently over the segments, mutation rates were higher
for viruses infecting wild-Charadriiformes and chickens than those
infecting wild and domestic ducks (Fig. 2). When the results of all
segments were combined, the difference in viral mutation rates
by host group was highly significant (ANOVA, P<0.0001; Table 2).
The difference between segments was only marginally signifi-
cant (highest for PB2 and lowest for NP). The difference in yearly
mutation rate was particularly large between domestic duck ver-
sus chicken clades (Fig. 2), when these were two avian hosts
betweenwhich viruses switch relatively frequently (Fig. 1). In addi-
tion, mutation rate was significantly higher in the Charadriiformes

Figure 2. Comparison of the estimated mutation rates (synonymous
substitution rates) of viruses infecting domestic duck, chicken, wild duck
(Anseriformes), and shorebird (Charadriiformes). Mutation rate estimates
from human H3N2 viruses (Croze and Kim 2021) are shown for
comparison.

clades than in wild Anseriformes clades, while the former was gen-
erally nested within the clusters of the latter in phylogeny. It was
also noted that similar mutation rates were estimated from wild
and domestic duck clades.

On the phylogeny, clades with higher mutation rates do
not appear to be located close to each other. To test whether
divergence in clades’ mutation rates increases with evolutionary
genetic distance between them (corresponding to the length of the
internal branches of phylogenies in Fig. 1), we used only wild duck
clades and calculated the mean synonymous sequence differ-
ence between them minus within-clade diversity (Supplementary
Fig. S3). A positive correlation was observed only in the PB1 seg-
ment. The overall pattern suggests that viral mutation rate is not
a parameter that is determined by virus’ evolutionary changes
accumulating proportional to phylogenetic distance but one that
changes readily, probably not due to viral evolution, upon switch-
ing host taxa.

3.3 Correlation with mutation rate estimates by a
phylogenetic method
We attempted to validate the abovementioned results of host-
specific mutation rates, estimated by simple regression, by a
Bayesian phylogeneticmethod that jointly estimates tree topology
and substitution rates on tree branches, which is implemented in
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Table 2. Analysis of variance for mutation rates per year estimated from synonymous substitution rates in host-specific clades.

Two-way ANOVA table

SS (type III) DF MS F (DFn, DFd) P-value

Interaction 1.677 9 0.1863 F (9, 72)=2.116 0.0389
Segment 0.813 3 0.2708 F (3, 72)=3.077 0.0329
Host 10.06 3 3.3520 F (3, 72)=38.08 < 0.0001
Residual 6.338 72 0.0880

Ad hoc—by host types (Adjusted P-values using Holm–Šidák method)
Group mean comparison Mean difference Adjusted P-value
Livestock/duck vs. livestock/chicken −0.7981 <0.0001
Livestock/duck vs. Charadriiformes −0.5075 0.0014
Livestock/duck vs. Anseriformes 0.0797 0.4899
Livestock/chicken vs. Charadriiformes 0.2906 0.0342
Livestock/chicken vs. Anseriformes 0.8778 <0.0001
Charadriiformes vs. Anseriformes 0.5872 <0.0001

the BEAST package. Substitution rates (the mean of posterior dis-
tribution) were estimated for all 88 clades above using the same
sequences from which regression-based estimates were obtained.
Since this method does not distinguish between synonymous ver-
sus nonsynonymous substitutions, the phylogeny was separately
constructed using either the entire protein-coding sequence or the
composite sequence made of third positions of codons. These two
sets of sequences yielded near identical results (Supplementary
Fig. S4), probably because substitutions on these internal genes
are mostly synonymous (Bhatt, Holmes, and Pybus 2011). Thus,
we may interpret the substitution rates estimated here to be
approximately equal to the mutation rate.

Overall, the BEAST results confirmed the significance of dif-
ferences in viral mutation rates by the host group (P<0.0001;
Supplementary Table S2), although the rate of domestic duck-
infecting viruseswas not significantly lower than those of chicken-
and shorebirds-infecting viruses. The correlation between BEAST
and regression estimates was highly significant (R2 =0.4716,
P<0.0001; Fig. 3). Note that substitution rates by BEAST are about
one third of the rates by regression method in Fig. 3 because
the number of nucleotide differences between two sequences is
divided by the length of entire sequence in the former method
while a similar number (synonymous differences) is divided by
the (effective) number of synonymous sites within the sequence
in the latter (Nei and Gojobori 1986). How much two estima-
tion methods disagree for a given clade may be quantified by the
corresponding residual in regression (distance from the observed
BEAST estimate to the expected value on the regression line in
Fig. 3). As expected, this residual was observed to increase with
uncertainties regarding BEAST estimates (i.e. the width of pos-
terior distribution), quantified by the length of the 95per cent
highest posterior density divided by the mean (P=0.011; Sup-
plementary Fig. S5). However, the correlation of residuals with
other features of clades—the total number of sequences, the total
time span of sampling, the dispersion (standard deviation) of sam-
pling times, or the rate of nonsynonymous substitutions—was not
significant (Supplementary Fig. S5).

3.4 Effect of pathogenicity on the yearly mutation
rate
Next, we examined the effect of virus pathogenicity on the muta-
tion rate. For most avian virus isolates from which we obtained
genome sequences, clear information about whether they belong
to HP strains was not given. For this reason, we indirectly inferred
the pathogenicity of each isolate by the number of basic residues

Figure 3. Correlation of mutation rate estimates (synonymous
substitution rates) by the regression method (x-axis) and the BEAST
estimates of substitution rate (y-axis), calculated for viruses infecting
domestic ducks, chickens, wild ducks (Anseriformes), and shorebirds
(Charadriiformes). R2 and P-value were calculated using Pearson’s
correlation method.

at the cleavage sites of the HA protein (see Section 2.6; Steinhauer
1999; Lopez-Martinez et al. 2013; Luczo et al. 2015). If this number
was greater than 3, it was considered an HP virus. All others were
defined as LP viruses. This method identifies the majority of HP
viruses belonging to subtypes H5N1 or H5N2 infecting chickens.
When the proportion of internal gene sequences from HP iso-
lates (referred to as ‘HP sequences’ in the following) was counted
for each of 88 minimum 10year-span clades above, however, it
was greater than 80per cent in only one chicken clade (Supple-
mentary Table S1). This is probably because the lineages of HP
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Figure 4. Comparison of mutation (synonymous substitution) rates on
the PB2, PB1, PA, and PB segments estimated by linear regression
between the highly pathogenic (HP) and low pathogenic (LP) clades of
viral sequences infecting chickens.

viruses do not persist long enough. Since multiple clades made of
HP sequences are needed for mutation rate comparison between
HP and LP viruses, we searched the total phylogenies of four
internal gene segments again to find new sets of distinct mono-
phyletic clades containing at least 10 sequences that span at least
5 years (not 10 years). In addition, since we found that the host
has a profound effect on mutation rate and that HP sequences are
mostly observed in chicken host, we limited our search to compare
mutation rates within the chicken host only. This led to the identi-
fication of 12 (2 PB2, 4 PB1, 3 PA, 3 NP) and 63 (19 PB2, 9 PB1, 18 PA,
17 NP) chicken clades that contain only HP and only LP sequences,
respectively. Contrary to the expectation of a positive correlation
between mutation rate and pathogenicity, estimated mutation
rates by regression method from HP clades were slightly smaller
than LP clades on average (1.808×10−2 vs. 1.855×10−2 per site per
year) (Fig. 4). Therefore, we did not find the effect of pathogenicity
on mutation rate (Supplementary Table S3).

Additional results confirmed that a higher mutation rate of
viruses infecting chickens relative to that infecting domestic
ducks was not due to a higher proportion of HP viruses in chickens
than in ducks. First, the proportion of HP sequences within each of
14 minimum 10year-span clades from chicken (data in Fig. 2) was
not correlated with the estimated mutation rate (Supplementary
Fig. S3). Second, the mutation rate difference was still highly sig-
nificant between chicken and domestic duck hosts after removing
clades that had more than 20per cent sequences from HP isolates
(P<0.0006; Supplementary Fig. S4).

4. Discussion
Previous studies have measured the rate of evolution in influenza
A virus over diverse vertebrate hosts (Webster et al. 1992; Chen
and Holmes 2006; Nelson et al. 2006). However, most of them
focused on the rapid molecular evolution at antigenic genes,
quantified by substitution rates at both nonsynonymous and syn-
onymous sites, where evolution at the former is mostly driven
by selective pressure from host immunity. Here, we focused on
the rate of synonymous substitutions, which are assumed to be
neutral and thus provide the measure of mutation rate—how
many errors in viral replication accumulate over a unit time. Our
results indicate that this rate depends on host taxa; it is signifi-
cantly higher when viruses infect chickens than domestic ducks
and infect wild shorebirds than wild ducks. The rate estimates
were similar between domestic and wild ducks, which belong to
the same genus. It is possible that synonymous sites are under
weak negative selection, for example, due to constraint for RNA
secondary structure, in violation of our neutrality assumption.

The rate of substitution at such sites can be different between
two populations if their effective sizes are very different (stronger
selection with larger effective size leading to lower rate) (McVean
and Charlesworth 1999). Whether chickens and shorebirds have
much smaller effective population sizes than ducks, compatible
with their larger mutation rate estimates, needs to be investigated
in the future. However, short external branches of phylogeny (coa-
lescent tree, to be exact) observed in all avian hosts suggests that
they all have small effective population sizes, as in the case of
human H3N2 viral population (Croze and Kim 2021), leaving very
small room for difference in the effective population size leading
to substitution rate difference.

Since mutation (synonymous substitution) rate per unit time
is determined by both the rate of mutation (copying errors) in
one cycle of genome replication and the average number of repli-
cations per unit time, host dependence in mutation rate must
be explained by inter-host heterogeneity in one or both of these
parameters. For each parameter, heterogeneity can arise due to
viral factors (evolutionary divergence of viral strains infecting
different hosts) or host factors (host-specific cellular environ-
ment, immunity, and epidemiological dynamics). It is not clear
if either viral or host factors create the host dependency of the
first parameter, the fidelity of RNA replication in influenza virus,
which depends on the performance of the polymerase complex
of PA, PB1, and PB2 proteins. It is well known that several muta-
tions of these genes are critically important in potentiating viral
replication in mammalian host upon switching from avian hosts
(Cauldwell et al. 2014; Long et al. 2019). It is also inferred that this
polymerase complex interacts with host cellular factors, such as
acidic leucine-rich nuclear phosphoprotein 32 family member A
(ANP32A), that modulate the host-specific activity of replication
(Moncorgé, Mura, and Barclay 2010; Long et al. 2016). However, it
is unknown whether the activities of polymerase complex influ-
enced by these viral and host factors include the fidelity of RNA
replication.

To address the potential role of virus’ functional variation in
host-specific mutation rate, we examined if yearly mutation rate
differences that we detected were associated with genetic diver-
gence in PB2, PB1, and PA proteins. Amino acid variants, defined
as the minor alleles when amino acid sequences of all clades
were combined for a given gene, that are more than 50per cent
in frequency in at least two clades were found (Supplementary
Table S4). Overall, we did not find a correlation between the num-
ber of amino acid variants observed in a clade and the mutation
rate observed in the same clade. In PB2, sequences from chick-
ens and shorebirds, hosts associated with higher mutation rates,
have more variants than those from wild and domestic ducks.
However, chicken clades yielding higher mutation rates are not
distinguished from others by carrying a particular amino acid
variant. Therefore, our own data do not provide evidence that dif-
ferences in yearly mutation rate among avian hosts, either due to
changes in fidelity or replication rate, result from genetic changes
in virus-coded polymerases.

On the other hand, there is at least one difference among avian
host cellular environments that is known to affect the reproduc-
tive cycle of influenza virus. Retinoic acid-inducible gene I protein
(RIG-1), which is a cytoplasmic sensor of viral RNA and leads to the
production of antiviral genes, is expressed in ducks and geese but
not in chicken (Barber et al. 2010; Long et al. 2019). The replica-
tion of influenza virus was shown to be repressed in chicken cells
after they were transfected to express duck RIG-I protein (Shao
et al. 2014). With this kind of host-phyletic heterogeneity in cellu-
lar environments for viral reproduction, it seems reasonable that
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the replication rate of virus genome varies depending on the host.
Therefore, we interpret differences in host-specific mutation rates
as largely reflecting differences in viral replication rates; influenza
virus probably replicates faster in chicken or shorebirds than in
ducks. It is tempting to propose a hypothesis that chickens, which
became a host to influenza virus only very recently, have not yet
evolved to limit viral reproduction and thus allow faster replica-
tion. However, higher mutation rates in Charadriiformes than in
wild Anseriformes, both of which are considered the natural reser-
voir of influenza A virus, may not be explained by hosts’ disparate
histories of adaptation to influenza virus.

The viral substitution rate also correlates with the host-
dependent nature of transmission dynamics and the tropism of
target cells (Hanada, Suzuki, and Gojobori 2004; Hicks and Duffy
2014). A large variation in substitution rate has been observed
within a viral species that is under variable transmission modes,
for example, in epidemic versus endemic cycles or with differ-
ent host activities in tropical versus temperate regions (Salemi
et al. 1999; Kurath et al. 2003; Streicker et al. 2012; Scholle et al.
2013). Heterogeneity in such transmission dynamics is translated
to variation in the frequency of infection, thus replication, cycles
per unit time. It will be therefore important to elucidate whether
chickens, raised in farms in high density conditions, and shore-
birds, with their population ecology potentially distinct from wild
ducks, experience certain epidemiological dynamics that increase
the replication rate of influenza virus.

We also investigated the correlation between pathogenicity
of virus and mutation rate, as the pathogenicity is expected
to increase with viral load, which in turn should increase with
viral replication rate. However, a positive relationship between
pathogenicity and mutation rate was not found. This negative
resultmay be due to the short life span of pathogenic lineages that
prevented us from obtaining substantially large HP clades from
which mutation rates can be reliably measured. Alternatively, our
assumption that replication rate should be positively correlated
with viral load might not be true. A host might be able to limit
the multiplication of virus up to a certain number while letting
virus replicate at a constant rate. For example, the host defense
might block virus from spreading beyond a small compartment
in the host body or clear newly replicated viral ribonucleopro-
teins that are released into cytoplasm, both of which will lead to
a lower viral load. In addition, significantly higher mutation rates
in viruses infecting shorebirds than in those infecting wild ducks
seem to suggest that the pathogenicity is not the primary determi-
nant of mutation (or replication) rate, because both wild bird taxa
are known to suffer little disease from influenza viruses, except
H5N1.
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