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A B S T R A C T

Avian influenza A virus (AIV) has threatened global economy and public health. Wild birds have long been
thought to serve as the natural reservoir of influenza virus, and thus it is expected that wild birds harbor higher
viral diversity than poultry. Yet, this hypothesis has not been formally tested. Here, we assemble a data set of AIV
from 75 regions worldwide over 11 years and compare the genetic diversity of wild bird AIV with that of poultry
AIV. We find the genetic diversity of the internal genes of AIV in wild birds is not significantly higher than that in
poultry. We propose that the unexpected diversity pattern of AIV internal genes could be explained by the
synchronized global sweep of AIV internal genes occurring in the late 1800s and frequent AIV transmission
between wild birds and poultry. Our findings might have important implications in understanding the evolution
of influenza virus.

1. Introduction

Avian influenza A virus (AIV) poses a great threat to public health
and poultry production over the world. Highly pathogenic AIV out-
breaks occurred frequently in poultry, and occasionally in wild birds
(Chen et al., 2005; Liu et al., 2005; Olsen et al., 2006; Verhagen et al.,
2015; Global Consortium for H5N8 and Related Influenza Viruses,
2016). AIV can also cause human infections through direct or indirect
contact; of particular note are H5N1 (since 1997) and H7N9 (since
2013) viruses, each of which has been associated with hundreds of
fatalities (Zhu et al., 2016; Wang et al., 2017; Lai et al., 2016; Su et al.,
2015; Zhou et al., 2017). Moreover, reassortment involving avian and
mammalian influenza A viruses led to the three influenza pandemics in
the 20th century, that is, 1918 H1N1 Spanish influenza, 1957 H2N2
Asian influenza, 1968 H3N2 Hong Kong influenza (Belshe, 2005;
Worobey et al., 2014a, 2014b).

AIV has been isolated from more than 100 wild bird species (Olsen
et al., 2006), and infected avian hosts are usually asymptomatic (Olsen
et al., 2006; Webster et al., 1992). Wild birds, especially wildfowl and
shorebirds, have long been thought to serve as the current reservoir of
influenza A virus in nature, because they are the main source of in-
fluenza viruses in other species (Olsen et al., 2006; Webster et al., 1992;
Horimoto and Kawaoka, 2001). Wild birds harbor influenza viruses of
HA (H1-H16) and NA (N1-N9) subtypes, only some of which have been
detected in poultry (Joseph et al., 2017). It is expected that wild birds

should harbor higher influenza virus diversity than poultry. However,
this hypothesis has not been formally tested yet.

In this study, we assembled a data set containing AIV sequences
from 75 regions worldwide over 11 years and compared the genetic
diversity of wild bird AIV with that of poultry AIV. We found there is no
significant difference in genetic diversity between wild bird and poultry
AIV internal genes.

2. Results

We performed a systemic analysis of the genetic diversity of influ-
enza virus in wild birds and poultry. First, we estimated the nucleotide
diversity (π) for each of the six segments (PA, PB1, PB2, NP, MP, and
NS) encoding internal genes. To avoid sampling bias, we randomly
sampled 10 and 15 sequences for each region (75 regions across the
world; Fig. 1 and S1) and each year (from 2005 to 2015). We assembled
a data set consisting of 1334 points with 10 viral sequences and 983
points with 15 viral sequences (521 and 813 points for poultry and wild
birds in the 10-sequence data set, respectively; 355 and 628 points for
poultry and wild birds in the 15-sequence data set, respectively). These
data points are mainly from East and Southeast Asia, North America,
and Europe (Fig. 1).

Next, we compared the genetic diversity of six AIV internal gene
segments between poultry and wild birds. Phylogenetic analyses sug-
gest two major distinct lineages exist in each AIV internal gene
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fragment according to viral geographic source, that is, western and
eastern hemispheric lineages (Worobey et al., 2014a, 2014b). In eastern
hemisphere, we found that the AIV internal gene segments of wild birds
do not exhibit significantly higher genetic diversity than these of
poultry in both the 10-sequence (p=0.90 for MP, p=0.09 for NP,
p=0.50 for NS, p=0.55 for PA, p=0.72 for PB1, p=0.31 for PB2)
and 15-sequence data sets (p=0.22 for MP, p=0.63 for NS, p=0.57
for PA, p=0.23 for PB1, p=0.18 for PB2), except the NP segment
where wild bird AIV has weakly higher genetic diversity in the 15-se-
quence data set (p=0.04) (Fig. 2). In western hemisphere, the sam-
pling of AIV is generally not extensive in poultry (Fig. 1). Based on the
data available, our analyses show that the AIV internal gene segments
of wild birds share similar level of genetic diversity with those of
poultry the 10-sequence (p=0.87 for MP, p=0.20 for PA, p=0.88 for
PB1, p=0.05 for PB2) and 15-sequence data sets (p=0.57 for NP,
p=0.10 for PA, p=0.65 for PB1, p=0.14 for PB2), except the NP
segment whereby wild bird AIV has weakly higher genetic diversity in
the 10-sequence data set (p=0.03) (Fig. 2). Moreover, for each in-
ternal gene segment, we compared diversity of combined poultry and
wild bird AIV with that of poultry AIV and wild bird AIV, respectively,
and found no significant difference (Fig. S2). Taken together, our results
provide no evidence for higher genetic diversity of internal gene seg-
ments in wild bird AIV than in poultry AIV.

We also compared the number of HA and NA subtypes in both
poultry and wild bird AIV data sets. We found wild bird AIV generally
has larger number of HA and NA subtypes than poultry AIV in both
eastern hemisphere (p < 0.01) and western hemisphere (p < 0.05),
consistent with previous finding that more HA and NA subtypes of AIV
were isolated in wild birds (Olsen et al., 2006) (Fig. 3). However, for
nucleotide diversity of HA and NA segments, we found no general
pattern: the diversity of poultry AIV H5 and N1 is higher than that of
wild birds in eastern hemisphere (p < 0.01), wild bird AIV N2 exhibits
higher genetic diversity than poultry AIV N2 in western hemisphere
(p < 0.01), and there is no significant difference in genetic diversity
between wild bird and poultry N2 in eastern hemisphere (p=0.90) as
well as between wild bird and poultry H5 in western hemisphere
(p=0.94) (Fig. 4). We estimated the synonymous and nonsynonymous
diversity of HA and NA and found the results are identical to the overall
genetic diversity (Fig. S3).

3. Discussion

Intuitively, the larger number of HA and NA subtypes of AIV in wild
birds seems to be inconsistent with the similar genetic diversity of in-
ternal gene segments between wild bird AIV and poultry AIV. We think
the evolutionary history of influenza virus could explain this para-
doxical pattern of AIV diversity. Phylogenetic analyses suggest the AIV
internal gene segments (except the NS segment that was incompletely
swept) underwent a synchronized global sweep beginning in the late
1800s, explaining the restricted genetic diversity of internal gene seg-
ments (Worobey et al., 2014a, 2014b). All the diversity of internal gene
segments (except the NS gene segment) originated from an avian virus,
possibly from domestic birds, after cross-transmission from horse
(Worobey et al., 2014a, 2014b). If the modern diversity of internal gene
segments did originate from poultry and frequent AIV transmission
occurred between poultry and wild birds (Fig. 5b), it is unsurprising to
observe that wild bird AIV internal genes do not have higher diversity
than poultry AIV internal genes. On the other hand, the global sweep of
internal gene segments does not affect the pre-existing diversity of HA
and NA (Worobey et al., 2014a, 2014b). It follows that wild bird AIV
might have larger number of HA and NA subtypes.

Given that wild birds have been widely thought to be the natural
reservoir influenza virus (Olsen et al., 2006; Webster et al., 1992;
Horimoto and Kawaoka, 2001), the transmission from poultry to wild
birds are thought to sporadic or limited (Joseph et al., 2017) (Fig. 5a).
To further test the possibility of AIV transmission from poultry to wild
birds (Fig. 5), we estimated the transmission rate of AIV between the
wild birds and poultry for internal genes. We found that AIV could be
transmitted from wild birds to poultry as well as from poultry to wild
birds. Although the transmission rate from wild birds to poultry is
generally higher than that from poultry to wild birds, the transmission
from poultry to wild birds is not negligible (Table 1).

Taken together, our analyses suggest that internal gene segments of
wild bird AIV do not have higher genetic diversity than those of poultry
AIV. It appears to be not a good metaphor to assume wild birds serve as
the reservoir of AIV internal gene segments (Fig. 5a). The transmission
of AIV between wild birds and domestic birds are more complex than a
single dominant route from wild birds to poultry as thought (Fig. 5a).
Our studies came with several caveats: i) Although AIV seems to be
extensively surveilled, especially in North America, Europe, and Asia,
the data of AIV isolated in a specific region over years are still limited.
ii) The sampling location of AIV was often labeled by the level of

Fig. 1. Global avian influenza virus sampling. Filled circles indicate the sampling regions of avian influenza virus in poultry (a and c) and wild birds (b and d) for
10 sequence data sets (a and b) and 15 sequence data sets (c and d).

T. Zhang, et al. Virology 530 (2019) 59–64

60



administrative region, such as states for USA and provinces for China.
However, the area of regions is not positively correlated to the genetic
diversity for most of the data sets (Table S1). Nevertheless, further
extensive surveillance of AIV in wild birds and poultry will help fully
understand the diversity and transmission of AIV and potentially design
control measures of avian influenza.

4. Materials and methods

4.1. Data collection

All the complete nucleotide sequences of AIV internal gene (PA,
PB1, PB2, NP, MP, and NS) and external gene (H5, N1, and N2) seg-
ments collected from 2005 to 2015 were retrieved from Influenza Virus
Resource (https://www.ncbi.nlm.nih.gov/genomes/FLU/) (Hatcher
et al., 2017). Regions with more than 10 sequences each year were
selected for further analyses. The regions represent states for USA,
provinces for China, federal subjects for Russia, provinces for Canada,
and small countries as a whole. Most of the regions are smaller than
300,000 km2 (Fig. S1). The sampling sites were mapped by using R

packages ggplot2, ggmap, sp, maptools, and maps. These sequences
were classified into wild birds and poultry based on the information
from original literature and/or strain name. Because the NS segment
was incompletely swept (Worobey et al., 2014b) and the NS lineage “B”
strains might confound our analysis, we excluded the NS segment se-
quences of lineage “B” identified through phylogenetic analyses. The
sequences were aligned using MAFFT (Katoh and Standley, 2013). The
phylogenetic analyses were performed using an approximately max-
imum likelihood method implemented in FastTree 2.0 (Price et al.,
2010).

4.2. Genetic diversity estimation

For each internal gene segment, we randomly sampled 10 and 15
sequences for each region (75 regions) and each year (from 2005 to
2015). We also randomly sampled 5 sequences of poultry AIV and 5
sequences of wild bird AIV sampled in the same region and in the same
year. The sequences were aligned using MAFFT (Katoh et al., 2013).
The nucleotide diversity (π) of each sequence data set was estimated
using DnaSP v5 (Librado and Rozas, 2009). The number of HA and NA

Fig. 2. Comparison of genetic diversity of internal gene segments between wild bird and poultry AIV. a. Comparison between wild bird and poultry AIV in
eastern hemisphere using 10 sequences randomly sampled for each region and each year. b. Comparison between wild bird and poultry AIV in western hemisphere
using 10 sequences randomly sampled for each region and each year. c. Comparison between wild bird and poultry AIV in eastern hemisphere using 15 sequences
randomly sampled for each region and each year. d. Comparison between wild bird and poultry AIV in western hemisphere using 15 sequences randomly sampled for
each region and each year. The poultry and wild bird AIV data are highlighted in orange and blue colors, respectively. The statistical significance was tested using
student's t-test or Wilcoxon-Mann-Whitney test.

T. Zhang, et al. Virology 530 (2019) 59–64

61

https://www.ncbi.nlm.nih.gov/genomes/FLU/


subtypes were counted for each internal gene data set with 10 or 15
sequences.

4.3. Statistical tests

To test whether there is significant difference between the AIV di-
versity of wild birds and that of poultry, we used student's t-test for data
set following a normal distribution and Wilcoxon-Mann-Whitney test
for other data sets. Whether a data set follows a normal distribution was
determined by using Shapiro-Wilk test. All the statistical tests were
performed by using R.

4.4. Transition rate estimation

Because limited number of AIV sequences were sampled in poultry
of western hemisphere, we only estimated AIV transition rates between
wild birds and poultry in eastern hemisphere. To avoid the effect

sampling bias on transition rate estimation, we randomly sampled
equal number (~ 300–400 based on the number of wild bird AIV se-
quences available) of AIV internal gene sequences from wild birds and
poultry. For each internal gene segment, phylogenetic analyses were
conducted using a maximum likelihood method implemented in IQ-
TREE (Nguyen et al., 2015). We used BayesTraits V3 (http://www.
evolution.rdg.ac.uk/BayesTraitsV3.0.1/BayesTraitsV3.0.1.html) to es-
timate AIV transition rates between wild birds and poultry. We used
MultiState algorithm to reconstruct how different traits that fit a finite
number of discrete states evolve on phylogenetic trees. Markov chain
Monte Carlo (MCMC) methods were applied to sample from the pos-
terior distributions of transition rates, depicting the comparative ana-
lysis of a binary discrete character. We considered the character with
two states, wild bird and poultry. Based on a phylogenetic tree and on
different states at the tips of the phylogeny, we estimated the trans-
mission rates between wild birds and poultry. The MCMC chain consists
of 101,000 iterations, of which we sampled every 1000 iterations. We

Fig. 3. Comparison of number of HA and NA subtypes among six internal gene segments between wild bird and poultry AIV. a. Comparison of number of HA
subtypes between wild bird and poultry AIV in eastern hemisphere using 10 sequences randomly sampled for each region and each year. b. Comparison of number of
HA subtypes between wild bird and poultry AIV in western hemisphere using 10 sequences randomly sampled for each region and each year. c. Comparison of
number of NA subtypes between wild bird and poultry AIV in eastern hemisphere using 10 sequences randomly sampled for each region and each year. d.
Comparison of number of NA subtypes between wild bird and poultry AIV in western hemisphere using 10 sequences randomly sampled for each region and each
year. The poultry and wild bird AIV data are highlighted in orange and blue colors, respectively. The statistical significance was tested using student's t-test or
Wilcoxon-Mann-Whitney test.
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calculated the median of output to illustrate the rate of transmission
varied in each sample.
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Fig. 4. Comparison of genetic diversity of HA and NA segments between wild bird and poultry AIV. a. Comparison between wild bird and poultry AIV in
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using 10 sequences randomly sampled for each region and each year. The poultry and wild bird AIV data are highlighted in orange and blue colors, respectively. The
statistical significance was tested using student's t-test or Wilcoxon-Mann-Whitney test.

Fig. 5. Transmission of AIV between wild birds and poultry. AIV is circulating among wild birds and poultry. a. AIV is mainly transmitted from wild birds to
poultry. b. AIV is transmitted frequently between wild birds and poultry.

Table 1
Avian influenza virus transition rate between poultry and wild birds.

Gene
segment

Median transition rate from
poultry to wild birds (95%
HPD)

Median transition rate from wild
birds to poultry (95% HPD)

MP 11.92 (6.56–17.37) 22.59 (16.10–30.64)
NP 6.31 (2.44–11.12) 17.82 (12.99–23.59)
NS1 7.09 (2.72–12.56) 29.63 (20.60–39.61)
PA 5.37 (2.37–8.76) 14.67 (9.84–20.13)
PB1 5.69 (2.93–9.50) 15.63 (10.58–20.37)
PB2 6.86 (3.12–11.26) 16.52 (11.04–22.31)
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.virol.2019.02.003.
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