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ARTICLE INFO ABSTRACT

Keywords: Role of avian hosts in shaping persistence, evolution, and dispersal of global low pathogenic avian influenza
Avian influenza virus virus (LPAIV) HON2 remains uncertain. Under Bayesian Markov Chain Monte Carlo framework, we used the
HON2 discrete trait analysis (DTA) to reconstruct host and location switches in the evolutionary history of global HON2
Phylogeographic given hemagglutinin gene sequences from 18 countries/regions between 1976 and 2018. We employed gen-
g:}}:lz?z:amm eralized linear models (GLMs) to inform virus migration rates by empirical predictors. Global HON2 isolates were

Avian host transitions
Generalized linear model
Poultry trade

mostly sampled from domestic Phasianidae in low- and middle-income countries with poor bio-security.
Anatidae was inferred as the ancestral source from which the virus spread to domestic waterfowl, and later to
domestic Phasianidae who have become the dominant host to sustain the virus, especially in Asia. Poultry trade

was a well-supported driver to HON2 spread across countries/regions. Strict bio-security and separation between
wild and domestic poultry can be used to mitigate virus spread.

1. Introduction

Outbreaks of avian influenza virus (AIV) HON2 can cause great
economic losses for the poultry sector by reducing egg production and
rates of weight gain (Zhang et al., 1994; Chen et al., 1994; Kim et al.,
2006). The virus has been isolated in multiple species of both domestic
and free-living birds worldwide. The first HON2 isolate was collected
from a turkey in Wisconsin state, the United States in 1966 (Homme
and Easterday, 1970) and then the virus was mostly detected from
shorebirds and wild ducks in North America (Kawaoka et al., 1988;
Sharp et al., 1993). In Asia, the first recorded virus isolate was from the
domestic duck in Hong Kong in 1978. In the late 1990s, the virus had
spread to multiple Asian countries and become endemic in domestic
poultry in some of them (Banks et al., 2000; Guan et al., 1999; Cameron
et al., 2000; Nili and Asasi, 2003). Active surveillance on AIVs in
Europe initially identified very low circulation of HON2 subtype, but its
prevalence in wild waterfowl increased in recent years (Baumer et al.,
2010; Lindh et al., 2014; Munster et al., 2007). In Africa, firstly re-
corded HON2 virus occurred in ostriches in South Africa in 1995
(Alexander, 2000); at the end of 2010, the virus was detected in Egypt
where it became endemic in poultry and co-circulated with high pa-

thogenic avian influenza virus (HPAIV) H5N1 (Kandeil et al., 2014;
Kim, 1003). In South America, the first HON2 was isolated from a wild
aquatic bird in Argentina in 2007 and it is genetically related to the
virus in North America (Xu et al., 2012); more HIN2 isolates were
sampled in aquatic birds later. Increasing geographic extent of HIN2
AlVs in birds poses a threat to global poultry production, marketing
industry, and wildlife health.

Based on the phylogenetic relationship and antigenic divergence,
the phylogeny of global HON2 HA genes can be broadly grouped into
the Eurasian lineage and the North American lineage. The Eurasian
lineage can be further clustered into three sublineages: the G1-like
sublineage (represented by A/quail/Hong Kong/G1/97), the G9-like
sublineage (or Y280-like sublineage; represented by A/chicken/Hong
Kong/G9/97 or A/duck/Hong Kong/Y280/97 or A/chicken/Beijing/1/
94) and the Korea lineage (or Y439-like lineage; represented by A/
chicken/Korea/38349-p96323/96 or A/duck/Hong Kong/Y439/97)
(Guo et al., 2000). The G1-like viruses mainly circulate in the Middle
East and southern Asia, whereas other two sublineages predominantly
include isolates from eastern and southeastern Asia (Shahsavandi et al.,
2012; Shanmuganatham et al., 2016; Davidson et al., 2013). In addi-
tion, the internal genes of HIN2 also showed great genetic diversity and
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multiple genotypes defined by the phylogenetic divergence of all eight
genes continued to emerge (Cui et al., 2014; Sun et al., 2010; Li et al.,
2017). In an attempt to control and eradicate HON2 in poultry, in-
activated vaccines were employed in mainland China, Pakistan, Iran,
Israel, and South Korea (Li et al., 2017; Davidson et al., 2013; Lee and
Song, 2013; Naeem and Siddique, 2006). However, these extensive
vaccination programs did not eliminate poultry infections and the
vaccinated chicken can still carry and transmit the virus (Pu et al.,
2015).

HON2 virus can directly infect human from poultry (Peiris et al.,
1999) as a zoonotic pathogen. Since the first human case caused by
HO9N2 was reported in 1999 in Hong Kong (Peiris et al., 1999), human
infections sporadically occurred in mainland China, Hong Kong, Ban-
gladesh, and Egypt (https://www.who.int/influenza/human_animal_
interface/avian_influenza/archive/en/). Confirmed human cases in-
creased in mainland China from 2013 to 2017 and often had exposure
to poultry or their contaminated fomites before disease onset (Li et al.,
2017). Further, some H9N2 AlIVs possess a Q226L amino-acid re-
placement that gives rise to a human-like receptor specificity of the
hemagglutinin (HA) gene (Sun and Liu, 2015; Kim, 1003). Recently
increasing isolations of this variant in poultry from Asia further facil-
itate the virus adaption to humans in the future (Wan and Perez, 2007).
As influenza is a multi-segmented virus, reassortment can occur when a
host is infected with multiple influenza strains. Gene segment ex-
changes can give rise to novel genotypes with altered phenotypic
characteristics affecting viral replication, transmission, or pathogeni-
city (Sun et al., 2010; Xu et al., 2007). Several such reassortment events
involving HON2 viruses have been uncovered by genetic analyses (Pu
et al., 2015; Guan et al., 1999). The Gl-like HON2 virus donated its
internal genes to HPAIV H5N1, which caused both human and poultry
infections in Hong Kong in 1997 (Guan et al., 1999). In addition, the
genotype G57 of HIN2 shared its internal gene segments with the novel
H7N9 and H10N8 AIVs that caused human infections in 2013 in China
(Pu et al., 2015; Qi et al., Liu). Cocirculation of HON2 and other in-
fluenza subtypes (e.g. H5N1 and H7N3 in the Middle East) in poultry
increases the risk of human exposure and human infection with HON2
or with novel zoonotic influenza subtypes generated by acquiring ge-
netic materials from HON2 (Kim, 1003).

Avian acts as a major host to sustain the prevalence and dispersal of
avian influenza A virus (Baele et al., 2015; Bahl et al., 2016). Poultry
trade network connects poultry farms and markets, and it may help to
explain the spatial dissemination of global HON2. The G1-like HON2
viruses are dominantly prevalent in middle eastern and southern Asian
countries and these isolates share a common ancestor with the virus
from Hong Kong (Shanmuganatham et al., 2014, 2016; Fusaro et al.,
2011). Genetically related HON2 in separated locations suggests a po-
tential role of poultry trade in virus spread (Shanmuganatham et al.,
2014). High-density setting coinciding with complex avian species and
spatial sources during the process of poultry trade can provide an ideal
environment for interspecies virus transmission and gene reassortment
(Choi et al., 2005). In addition, the rapid spread of HPAIV H5N1 from
Asia to Europe and Africa in 2005-2006 suggested that migratory bird
can be a major candidate for long-distance diffusion of influenza virus
(Olsen et al., 2006). The potential of migratory wildfowl contributing to
H5N1 dissemination has been confirmed by both large-scale satellite
telemetry and phylodynamic analysis given genetic data (Gaidet et al.,
1147; Baele et al., 2015). Further, ecosystem interactions of domestic
and wild birds can also contribute to global influenza transmission;
domestic poultry is considered as a major driver of regional virus spread
while wild birds typically drive a long-distance dispersal of influenza
(Bahl et al., 2016).

The discrete trait analysis (DTA) model is a commonly used
Bayesian phylogeographic method to infer the migration history of
sampled lineages given genetic data. The DTA models the migration of
lineages between different traits as the DNA substitution process using a
continuous-time Markov model (Lemey et al., 2009). This approach
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improves computational efficiency by integrating over all possible mi-
gration histories when computing phylogenetic likelihoods efficiently
by a pruning algorithm (Felsenstein, 1981). Further, DTA model helped
to reconstruct the migration patterns of HON2 within China and be-
tween regions (Jin et al., 2014; Wei and Li, 2018), to elucidate the role
of long-distance migratory birds in the global spread of H5N8 (for
H5N8 and Viruses, 2016), and to disentangle the contribution of dif-
ferent avian hosts to shape the complex disease ecology of HSN1 (Baele
et al., 2015). In addition, DTA model can be augmented with a gen-
eralized linear model (GLM) parameterization of migration rates in
order to use time-stamped viral genetic sequence data to uncover po-
tential explanatory factors (Lemey et al., 2014). This integration of DTA
and GLM can simultaneously reconstruct transmission history between
different hosts and estimate the contribution of underlying predictors to
cross-species transmission of rabies virus (Faria et al., 2013).

In our study, we elucidate the contributions of different avian hosts
and their interactions to the persistence, evolutionary dynamics, and
dispersal of global HON2. First, we described spatial distribution and
temporal dynamic of global HIN2 isolates sampled from avians.
Further, we inferred migration dynamics of host and location states in
the evolutionary process of global HON2 AIVs using DTA model under a
Bayesian Markov chain Monte Carlo (MCMC) inference framework,
given HA gene sequences isolated in 18 countries/region in the year
1976-2018. We also estimated the Markov jumps and rewards of host
traits to clarify the contribution of each avian host to global HON2
persistence and circulation. Subsequently, we used GLM models to
parameterize estimated migration rates of HON2 viruses by a series of
underlying predictors, e.g. poultry trade, poultry production, geo-
graphic distance, and climatic data.

2. Materials and methods
2.1. Genetic data

Avian influenza HON2 is not a notifiable animal disease that re-
quired to report to the World Organisation for Animal Health (OIE). In
our study, we examined the spatiotemporal pattern of global HON2
isolates sampled from birds based on their HA nucleotide sequences
recorded in the GenBank Influenza Virus Database (http://www.ncbi.
nlm.nih.gov/genomes/FLU/FLU.html) hosted by the National Center
for Biotechnology Information (NCBI). We obtained the description
information of avian-origin HON2 HA nucleotide sequences in the year
1966-2018 (downloaded on March 1st, 2019). We excluded sequences
lacking date, country/region, or host information. We kept one of the
identical sequences caused by duplicated submissions. Further, we di-
vided virus hosts into two avian families, Anatidae (including ducks,
geese, and swans), Phasianidae (including chickens, quails and phea-
sants), one avian superorder, Neoaves (such as pigeons, sparrows and
falcons), and unknown avian host (including ratites and birds without
species details) (Baele et al., 2015). We geocoded and pooled above
description about HON2 HA sequences into groups according to their
countries/regions, host types, and collection years.

We also downloaded nucleotide sequences of these HON2 HA genes
with a minimum of 90% full-length between 1966 and 2018. To avoid
potentially phylodynamic inference bias caused by extremely few iso-
lates in some locations, we removed sequences in locations with less
than 10 isolates between 1966 and 2018. We aligned sequences by
default parameters in MAFFT v7 (Katoh and Standley, 2013). We re-
moved outliers identified in the molecular clock test in TempEst
(Rambaut et al., 2016). To reduce spatial heterogeneity and improve
computational efficiency, we downsampled our virus sequences. We
employed two downsampling strategies to investigate the impact of
heterogeneous sampling intensity across locations on our analyses. We
obtained two data sets including 686 and 1037 sequences by randomly
sampling at most 5 and 10 isolates per country/region per year re-
spectively. In both data sets, sequences were isolated between 1976 to
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June 14th, 2018 from 18 countries/regions, including Algeria, Ban-
gladesh, Hong Kong (China), mainland China (described as China
hereafter), Egypt, India, Indonesia, Iran, Israel, Japan, Jordan, the
Netherlands, Pakistan, South Korea, Uganda, United Arab Emirates, the
USA, and Vietnam. We demonstrate phylodynamic inferences given 686
sequences here, and results inferred by 1037 sequences are shown in
the supplement. Details on virus sequences are also provided in sup-
plementary materials (Figs. S1-S2 and Table S2).

2.2. Empirical predictors

According to previous researches and practical considerations, we
chose multiple underlying predictors to inform HON2 spread across 18
locations (Lemey et al., 2014; Dudas et al., 2017; Miiller et al., 2018).
Predictor selection and data sources are described in our previous re-
search (Yang et al., 2019). The predictors we investigated include
poultry trade, poultry production, gross domestic product values (GDP),
geographic distance, a predictor describing if two countries/regions
share a border on the continent, temperature, temperature seasonality,
rainfall, rainfall seasonality, relative humidity, and virus isolate quan-
tity. All predictors are available on country/region level between 1976
and 2018, except the poultry trade data are obtained between 1986 and
2013, and the poultry production data are accessible between 1976 and
2017. We filled missing values with the data in the nearest year. We
tested collinearity of predictors and excluded the GDP, rainfall and
rainfall seasonality for the Pearson correlation coefficients between
them and predictor temperature exceed 0.65. Further, we calculated the
logarithm of the predictors and standardized them with a mean of 0 and
a standard deviation of 1, excepting the binary predictor. This is stan-
dard practice to eliminate the effect of the magnitude of different
predictors when using GLMs to inform viral migration rates (Lemey
et al., 2014; Faria et al., 2013).

2.3. Spatiotemporal visualizations

Given the information about the location and host sources of global
HON2 HA genes between 1966 and 2018, we projected the spatial
distribution and host constitution of global HON2 isolates to a world
map on country/region level in QGIS v2.18 (http://qgis.osgeo.org).
Further, we visualized temporal dynamics of global HON2 isolates as
well as location and host changes using the incidence package in R
v3.4.3 (Kamvar et al., 1000; Jombart et al., 2019).

2.4. Parameter inferences

Under Bayesian MCMC framework, we performed discrete phylo-
geographic inferences to construct geographic dispersal and host tran-
sitions in the evolutionary history of HON2 AIVs by DTA in BEAST
v1.10.4 (Suchard et al., 2018). We employed an HKY nucleotide sub-
stitution model with gamma site model which has 4 rate categories, a
strict clock, and the Bayesian skyline tree prior to model sequence
evolution and trait changes. We used an asymmetric discrete trait
substitution model and its integrated Bayesian stochastic search vari-
able selection procedure (BSSVS) to estimate transition rates between
traits (Lemey et al., 2009). Exploratory analyses with an alternative
uncorrelated lognormal relaxed clock model show consistent phylo-
geographic inferences (data not shown). We also inferred all transitions
between host states and the time spent in hosts between two transitions
by calculating Markov jumps and Markov rewards respectively. Fur-
ther, we used multiple empirical predictors to inform the HON2 mi-
gration rates between locations in DTA GLMs. We performed at least 3
parallel runs for each phylodynamic analysis with 50 or 100 million
MCMC lengths to get converged and mixed parameter estimates. We
removed an appropriate burn-in (10%-25% of samples in most cases) to
achieve an adequate effective sample size (ESS, >200) of parameter
estimates in Tracer v1.7 (Rambaut et al., 2018). We got the maximum
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clade credibility (MCC) tree from the posterior phylogenetic trees in
TreeAnnotator. We visualized and annotated the time-scaled phyloge-
netic trees with the maximum probable location and host on the branch
respectively by FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/
figtree/) and the ggtree package in R v3.4.3 (Yu et al., 2017). The
xml files of Bayesian phylodynamic inferences and R codes of visuali-
zation are available at https://github.com/judyssister/
globalHO9N2Host. git.

2.5. Generalized linear models

The GLM as an extension of DTA can inform HIN2 dispersal across
countries/regions by a series of underlying factors. It describes virus
migration rates as a linear combination of coefficients, indicators, and
predictors in a log-space as equations (1) and (2). In both equations, m;
represents the virus migration rate from location i and j, and i # j; pyg;
represents the kth predictor between region i and j; I, and 3, represent
the indicator and coefficient of the kth predictor respectively. The in-
dicator describes if the predictor is included in the model and the
coefficient describes the effect size of each predictor contributing to
migration rates. In equation (2), we include an additional error term a
to explain the variance of migration rates that cannot be completely
elucidated by the predictors. We set the prior inclusion probability of no
predictor included in a GLM as 50% and the prior probability of each
predictor inclusion equals. In addition, we also tested the impact of
virus sampling heterogeneity across locations by considering the
number of viral isolates as a distinctive predictor in both equations. We
investigated four migration rate GLMs in this study.

n
logmy = Y (B logpy(yy)
k=1

(€)]
n
logm;; = Z (I By log pygyy) + «
k=1 2
3. Results

3.1. Spatial distribution of H9N2 isolates

Between 1966 and 2018, HON2 AlVs have been widely isolated from
birds in countries/regions in Asia, Europe, Africa, and the Americas
(Fig. 1). Most HON2 isolates were collected from domestic poultry and
from countries in Asia, Europe, and northern Africa. The largest HON2
isolates were found in Asia, especially in mainland China with ap-
proximately 63% of global HON2 isolates between 1994 and 2018.
Further, host constitution of HON2 isolates was divergent across con-
tinents. In Asia and northern Africa, the HON2 isolates were largely
collected from Phasianidae, especially the domestic chicken. But Ana-
tidae was the primary host of HON2 isolates in Europe and the Amer-
icas. Interestingly, HON2 sampling isolates can be negatively associated
with the economic level of corresponding country/region, which is
supported by a Wilcoxon rank-sum test especially in Asia and Europe.
More isolates were collected in the low- and middle-income countries
and mainly from Phasianidae. However, in the high-income countries,
relatively few HON2 isolates were found and they mostly came from
Anatidae.

3.2. Temporal pattern of HINZ2 isolates and effective population sizes

Analyses on location and host sources of global HON2 isolates re-
vealed that the isolates were mainly hosted by Anatidae in regions with
higher latitudes while mostly hosted by Phasianidae in lower latitude
regions (Figs. 1 and 2). Before the mid-1990s, HON2 was isolated in
fewer countries and often from a singular host (e.g. Anatidae or Pha-
sianidae) in each location (Fig. 2). Since the 1990s, HON2 began to be
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Fig. 1. Spatial distribution of global avian influenza HIN2 isolates between 1966 and 2018. Diameter of circle is positively related to virus isolate quantity in
each country/region. Colors in the circle indicate the fraction of viral host origins (see legend). Fill color of each country/region represents its economic condition.
The source of world borders dataset with economic development information is the Natural Earth Data (https://www.naturalearthdata.com/).

isolated in multiple countries, especially in Asian countries, and viral
host sources became more diverse in each location. Of note, HON2 virus
was consistently isolated in the Phasianidae in mainland China and Iran
since its first emergence. In addition, both the number of HON2 isolates
and viral effective population size showed an increasing trend with a
slight decrease in the most recent years (Fig. 3). HON2 isolates from
mainland China accounted for a large portion of global isolates. Since
1995, more isolates were collected from Phasianidae in comparison
with these from Anatidae and Neoaves annually.

3.3. Hosts contributing to virus transition and persistence

Anatidae is the inferred ancestral host of global HIN2 viruses
(posterior probability (pp) is 81%, Fig. 4a). Initially HON2 virus per-
sisted in Anatidae from which the virus spread to Phasianidae later. In
the USA, the virus jumped back to Anatidae from the Phasianidae since
the late 1990s. In many infected countries of Asia, HON2 largely per-
sisted in Phasianidae and sporadic spillovers spread from Phasianidae
to Anatidae or Neoaves. Anatidae was a dominant host to sustain virus
evolution in Europe. Further, HON2 viruses circulating in Phasianidae
from South Korea, in the wild Anatidae from the Netherlands and
Japan, and in the wild Neoaves from the USA have close genetic re-
lationships.

Both the Bayesian inferred transition rates and Markov jumps across
hosts of HIN2 show that viral host transition from Phasianidae to
Anatidae is the most frequent, and following from Anatidae to
Phasianidae, from Phasianidae to Neoaves, from Anatidae to Neoaves,
with strong supports (Fig. 4 and Table 1). The transition frequency from
Neoaves to other hosts is the lowest. In addition, the estimates of
Markov reward time in hosts showed that HON2 spent more time per-
sisting in Phasianidae; the following is in Anatidae, and the time of
HON2 virus staying in Neoaves is the shortest. Further, the inferences
on virus diffusion rates can be affected by the heterogeneous samples
across hosts. Especially sparsity of sampling from Neoaves can result in
weak conclusions on its contribution to HON2 spread.
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3.4. Geographic dispersal of HON2 viruses

We estimated location state changes in the evolutionary history of
global HIN2 viruses in the year 1976-2018 by the Bayesian phylody-
namic inference. The global HIN2 phylogeny supports previously es-
tablished lineages — the American lineage and the Eurasian lineage; the
Eurasian lineage can be further divided into three sublineages: G9-like,
G1-like, and the Korea sublineage (Fig. 4b). Isolates belonging to the
American lineage were mostly collected from the USA. Majority of
isolates within the G9-like sublineage were sampled from mainland
China, Hong Kong, Vietnam, and Indonesia. In the G1-like sublineage,
geographic sources of virus isolates are more complex, mainly including
southern Asia (e.g. Indian, Bangladesh, and Pakistan), western Asia
(including Iran, Isreal, Jordan, and the United Arab Emirates) and the
African countries (Egypt, Algeria, and Uganda). Few isolates in the G1-
like sublineage from Hong Kong and mainland China prior to the early
2000s. Further, isolates in the Korea sublineage were mainly sampled
from South Korea, Japan, the Netherlands, and the northern USA.
Within the Eurasian lineage, there is a small clade with HON2 isolates
from wild Anatidae of the USA.

Hong Kong was inferred as the geographic source (pp = 88%) of
HON2 viruses (Fig. 4b). This ancestral root state was estimated given
available genetic data and can be biased by the lack of samples from
other locations in the 1970s and 1980s. Before 1970, HON2 evolved
into two groups and one part persistently circulated in the USA. The
other part circulated in Hong Kong from where it spread to mainland
China (pp = 62%), to countries in southern and western Asia
(pp = 42%), and to South Korea and the Netherlands (pp = 36%) re-
spectively; the latter two migration events from Hong Kong are un-
certain with low posterior probabilities. Frequent migration events
occurred between countries in southern Asia and the Middle East, and
the following occurred in eastern and southeastern Asia.

In addition, virus migration rates we inferred were highest between
mainland China and Hong Kong, and followings were from mainland
China to Japan, from Pakistan to Iran, from Isreal to Jordan, from Japan
to the Netherlands, from Pakistan to the United Arab Emirates, from
Hong Kong to Vietnam, from Vietnam to Japan, from India to
Bangladesh, from the United Arab Emirates to Isreal, and from Jordan
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to Isreal in a descending order, with strong supports (Fig. 5). Further,
these estimated migration rates between each pair of locations are
larger than 1, which means more than one migration event occurs be-
tween locations in a year. Many of the well-supported diffusion path-
ways together with high migration rates occur between locations that
are in relative proximity-.

3.5. Underlying predictors to virus spread

We used several underlying predictors to inform the migration rates
of HIN2 viruses among 18 countries/regions by four DTA GLMs under
Bayesian phylogeographic framework. According to the posterior and
prior probability (gp) of predictor inclusion in a GLM, we evaluated the
support of each predictor by a Bayes Factor (BF;
BF = (pp/(1 — pp))/(gp/(1 — gp))) (Suchard et al., 2001). A BF over 3
and 20 indicates suggestive and strong support of a predictor being
included in the model respectively (Suchard et al., 2001). In four mi-
gration rate GLMs, predictors including poultry trade, sharing a border,
and temperature at the destination location were identified as strongly
supported (Fig. 6). We inferred poultry trade positively contributed to
virus migration rates. A higher migration rate can exist between loca-
tions sharing a border on the continent. Further, the temperature at the
destination location was negatively related to virus migration. In ad-
dition, including virus isolate quantity in each location as separated
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predictors and adding an error term have a negligible impact on the
interpretation of the results from the GLMs.

4. Discussion

In this study, we investigated the role of different avian hosts in
persistence, evolution and spatial dispersal of global HON2 influenza A
viruses by Bayesian phylodynamic inferences. In addition, we in-
tegrated empirical predictors and genetic data to explore the underlying
mechanism contributing to virus spread between countries/regions by
DTA GLMs.

4.1. Host constitution of global HIN2 isolates

The sampling size and host constitution of global HON2 isolates
seem to be related to latitudes and economic conditions of the infected
countries/regions. In the low- and middle-income countries with lower
latitudes, large HON2 isolates were collected from Phasianidae. In the
high-income countries with higher latitudes, few HON2 isolates were
found and mostly from Anatidae. Further, the Phasianidae isolates we
used are mostly from domestic poultry, and the Anatidae isolates in-
clude samples from both domestic and wild birds. We investigated the
difference of poultry density among the infected countries/regions, and
this difference cannot explain the latitude-dependent divergence of
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Fig. 3. Temporal dynamics of isolates and effective population size of global HON2 from 1966 to 2018. Temporal patterns of HON2 isolates (a) with location
and (b) with host information. Figure (c) shows the Bayesian skyline of effective population size of global HON2.

viral host sources (http://www.fao.org/ag/againfo/programmes/
documents/livatl2/poultry_density.htm). A Wilcoxon rank-sum test
supports that the divergent virus-host constitutions are associated with
the economic level of the corresponding countries/regions especially in
Asia and Europe. Poor bio-security condition and confused manage-
ment practices in live poultry markets and farms can facilitate virus
prevalence and divergence in the low- and middle-income countries,
especially in Asia (Gao, 2014). High investments into bio-sanitation of
poultry practice and trade system in the high-income countries can
mitigate the persistence and transmission of HON2 viruses in domestic
poultry, though infections in wild birds are usually hard to eliminate.
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4.2. Host roles in virus persistence and spread

Our Bayesian-based phylogeny of global HON2 supports previously
documented virus lineages (Guo et al., 2000). Novel virus isolates
continuously emerged in these established lineages, with better fitness
to specific locations and avian hosts (Pu et al., 2015; Shanmuganatham
et al., 2014). Further, genetically divergent HIN2 viruses persisted in
wild Anatidae. Genetic similarity between HIN2 isolates from wild
Anatidae in the USA and from the Eurasian lineage indicated the in-
tercontinental gene exchanges contributed by migratory birds, espe-
cially in their Arctic breeding sites (Bjorn Olsen et al., 2006). Further,
Anatidae and Hong Kong were inferred as the ancestral sources of HON2
given the limited genetic data we used. In the mid-1980s, Anatidae can
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Fig. 4. Time-scaled phylogenetic trees of global
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play a role in the HON2 spread from Hong Kong to South Korea and
Europe. Before the early 1990s, the movement of Phasianidae con-
tributed to the virus spread from Hong Kong to mainland China and to
other countries in western Asia (Shanmuganatham et al., 2014). Of
note, the low posterior probability (<50%) supports transition routes
from Hong Kong to other locations. These uncertain migration events
can result from the lack of virus isolates before 1995 (Fig. 3). In addi-
tion, domestic Phasianidae played a key role in the persistence and
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dispersal of HON2 viruses in southeastern, eastern, southern, western
Asia and northern Africa. Wild Anatidae dominantly contributed to the
circulation and transition of HIN2 viruses in the USA and the Nether-
lands.

Since Anatidae isolates we investigated include samples from both
domestic and wild birds, we propose that HON2 can originally spread
from its natural host wild waterfowl to the free-ranging domestic wa-
terfowl by contacts. Hereafter, the HON2 in Hong Kong spread from
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Table 1 silently sustain and evolve in the infected chicken population without
Asymmetric mean estimates on Markov host jumps and reward time of HON2 showing clinical symptoms (Sun and Liu, 2015). In addition, the ge-
virus. netically related relationship between Phasianidae and Anatidae facil-
Jumps Rewards (years) itates the interspecies transmission of HON2 between them with com-

parison to other pairs of avian hosts (https://en.wikipedia.org/wiki/

Anatidae Neoaves Phasianidae Fowl). We speculate that sporadic virus isolates in Anatidae and

Anatidae ~ 391(3,5) 652(59) 338.93 (307.98, Neoaves recently are spillovers from domestic Phasianidae, and they
367.75) could not persist in Anatidae and Neoaves for the host-specific virus

Neoaves 0.02 (0, 0) - 1.37 (0,3)  46.55 (30.91, 63.03) adaption. Cutdown contacts between wild birds and free-ranging do-
Phasianidae ;:579 (24, 1;‘-)12 as, - 1222-23)(1557-47’ mestic poultry and separation of different avian species in poultry farms

can be effective measures to mitigate cross-species transmission and
spatial dispersal of HON2.

The phylodynamic analyses and ancestral state reconstructions were
restricted to available HON2 samples (Bahl et al., 2016). Especially
prior to 1990s, the lack of samples can bias the ancestral state esti-
mation of global HON2. Systematic and long-term surveillance pro-
grams on HON2 AIVs can provide more information to construct a
thorough phylodynamics of the virus. Additionally, data granularity in
time, space and host can have a decisive effect on our hypothesis testing
and model construction. High-resolution data can allow us to test more
refined hypotheses, to model influenza movements in a smaller geo-
graphic region, and to better understand the role of avian species in
influenza virus ecology and evolution (Lindh et al., 2014; Xu et al.,
2007).

Note: values in bracks represent 95% HPD intervals.

domestic waterfowl to domestic Phasianidae, and later the virus
evolved to be adaptable to Phasianidae with efficient replication and
transmission. We also find that global HON2 viruses spent a much
longer time in Phasianidae than that in Anatidae and Neoaves. We
suggest that Phasianidae has already become the dominant host to
sustain the persistence and circulation of global HIN2 viruses, espe-
cially the domestic chicken. To meet the increasing demand for animal
protein, global chicken production increased, with a huge population
and rapid growth in recent years (http://faostat.fao.org). Further,
chicken can provide a fitting environment for the existence and evo-
lution of HON2 AlIVs in Asia (Pu et al., 2015), and the virus could
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Fig. 5. Asymmetric migration rate matrix of HON2 between countries/regions. Unit is the number of migration events per lineage per year. The y-axis represents
the original locations and the x-axis represents the destinations. The background color of the cell indicates the magnitude of migration rates; the dark purple
corresponds to a higher rate, while the white color corresponds to a lower rate. Bayes factors of migration rates over 3 and 20 are labelled by a yellow and a red
asterisk in the cell respectively. The large and well-supported rates are occurred between locations in proximity, suggesting some underlying factors related to
geographic distance contribute to virus spread.
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Fig. 6. Predictors of migration rates of global HON2 between countries/regions. The estimated coefficients and inclusion probabilities for potential predictors of
migration rates in DTA models: (a), (b) without and (c), (d) with adding an error term in the GLMs; (a), (c) without and (b), (d) with including isolate quantity as
distinctive predictors. Prior probability of no predictors being included in a GLM is 50%. Coefficient shows the effect size of predictor contributing to HON2 migration
rates when the predictor was included in the GLM. Inclusion probability represents the proportion of a predictor included in the GLM in all posterior samples. Bayes
factor 3 and 20 are labelled by a thin and thick vertical line in the indicator plot respectively. Predictors poultry trade, sharing a border, and temperature in
destination are strongly supported factors to inform virus spread in all GLMs. Error terms have a negligible effect on the results from GLMs.
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4.3. International live poultry trade drives virus spread

International live poultry trade can facilitate global HON2 dispersal
with strong support in DTA GLMs we investigated. Asymptomatic
poultry can be ignored during poultry trade and transportation, and the
movement of sick poultry increases the risk of virus spreading to a
“naive” poultry flock and to a new location. Further, the illegal trade of
poultry or captive birds in the border regions of countries also con-
tribute to the virus spread across countries. Previous DTA GLM analysis
failed to identify the contribution of poultry trade to HON2 spread
among geographic regions for the potential estimation bias caused by
duplicated predictors included in the GLM (e.g. predictor poultry im-
port and poultry export) (Wei and Li, 2018). Also, we find that a higher
virus migration rate could occur between countries/regions who share a
border on the continent. In addition to the poultry trade with low
freight costs between nearby countries, the mobile wild birds can also
carry the virus to a new country from its proximity. We also find the
lower temperature in destination contributes to virus migrations, and
the longer survival of influenza viruses at lower temperature possibly
explains this contribution.

Heterogeneous virus sampling across locations can enlarge the un-
certainty of migration rate estimates between each pair of locations
under DTA model, since such a model assumes that the sample size is
proportional to virus population size in each location (De Maio et al.,
2015; Lemey et al., 2009). In the present study, we repeated our phy-
lodynamic inferences under two sampling scenarios, and our re-
constructions and inferences on global HIN2 are robust to potential
sampling intensity bias across locations in DTA (Figs. S3-S4 and Table
S1). Further, the well-supported predictors that driving HIN2 diffusion
are consistent in all migration rate GLMs we estimated (Fig. S5). In-
cluding a random effect as an extra predictor in GLMs does not change
our results and their statistical supports. Our results are consistent and
robust in spite of variations in sample sizes and with respect to the
empirical predictors considered in DTA.

5. Conclusion

In our study, we find that quantity and host constitution of global
HON2 isolates are related to the economic level of the infected coun-
tries/regions. The bio-security and management should be improved in
poultry farms and markets to reduce virus prevalence in domestic
Phasianidae and in the low- and middle-income countries. Our Bayesian
phylodynamic inferences provided further evidence to support that
Anatidae can be an ancestral source of global HON2 and the virus can
spread from its natural reservoir wild waterfowl to the free-ranging
domestic waterfowl, and later spreading to domestic Phasianidae.
Currently, domestic Phasianidae has become the dominant host to
sustain virus persistence, evolution, and dispersal, especially in Asia.
Migratory Anatidae can help the sporadically transcontinental gene
exchanges of HON2. In addition, international live poultry trade can
drive the global spread of HON2 avian influenza, especially between
nearby countries sharing a border on the continent. Strict quarantine on
poultry import can mitigate the virus spread by poultry trade.
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