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Evolutionary Dynamics and Global Diversity of Influenza A Virus

Daniel Rejmanek,? Parviez R. Hosseini,® Jonna A. K. Mazet,? Peter Daszak, Tracey Goldstein?

One Health Institute, School of Veterinary Medicine, University of California, Davis, Davis, California, USA?; EcoHealth Alliance, New York, New York, USA®

ABSTRACT

The increasing number of zoonotic infections caused by influenza A virus (IAV) subtypes of avian origin (e.g., HSN1 and H7N9)
in recent years underscores the need to better understand the factors driving IAV evolution and diversity. To evaluate the cur-
rent feasibility of global analyses to contribute to this aim, we evaluated information in the public domain to explore IAV evolu-
tionary dynamics, including nucleotide substitution rates and selection pressures, using 14 IAV subtypes in 32 different coun-
tries over a 12-year period (2000 to 2011). Using geospatial information from 39,785 IAV strains, we examined associations
between subtype diversity and socioeconomic, biodiversity, and agricultural indices. Our analyses showed that nucleotide sub-
stitution rates for 11 of the 14 evaluated subtypes tended to be higher in Asian countries, particularly in East Asia, than in Can-
ada and the United States. Similarly, at a regional level, subtypes H5N1, H5N2, and H6N2 exhibited significantly higher substitu-
tion rates in East Asia than in North America. In contrast, the selection pressures (measured as ratios of nonsynonymous to
synonymous evolutionary changes [dN/dS ratios]) acting on individual subtypes showed little geographic variation. We found
that the strongest predictors for the detected subtype diversity at the country level were reporting effort (i.e., total number of
strains reported) and health care spending (an indicator of economic development). Our analyses also identified major global
gaps in IAV reporting (including a lack of sequences submitted from large portions of Africa and South America and a lack of
geolocation information) and in broad subtype testing which, until addressed, will continue to hinder efforts to track the evolu-

tion and diversity of IAV around the world.

IMPORTANCE

In recent years, an increasing number of influenza A virus (IAV) subtypes, including H5N1, H7N9, and H10N8, have been de-
tected in humans. High fatality rates have led to an increased urgency to better understand where and how novel pathogenic in-
fluenza virus strains emerge. Our findings showed that mutational rates of 11 commonly encountered subtypes were higher in
East Asian countries than in North America, suggesting that there may be a greater risk for the emergence of novel pathogenic
strains in East Asia. In assessing the potential drivers of IAV subtype diversity, our analyses confirmed that reporting effort and
health care spending were the best predictors of the observed subtype diversity at the country level. These findings underscore
the need to increase sampling and reporting efforts for all subtypes in many undersampled countries throughout the world.

Inﬂuenza A viruses (IAVs) are found throughout the world and
cause frequent epidemics in humans and domestic animal spe-
cies, including poultry, pigs, and horses (1). The IAV genome
consists of eight segments of negative-stranded RNA which code
for at least 10 proteins. IAVs are classified on the basis of two
highly variable glycoproteins, hemagglutinin (HA) and neur-
aminidase (NA), expressed inside the host cell and assembled on
the surface of the virus particles. Avian IAVs are further classified
based on their pathogenicity in poultry, with high-pathogenicity
avian influenza (HPAI) virus strains causing severe and often fatal
disease and low-pathogenicity avian influenza (LPAI) virus strains
causing mild disease in domestic fowl. To date, 18 HA and 11 NA
antigenic subtypes of IAV have been identified (2, 3). Over 120
unique HA and NA combinations (e.g., H3N2, H5NI, and
H10N8) have been documented. Variation among [AVs is further
enhanced by their high mutation rates (due to the presence of an
RNA polymerase that lacks proofreading ability) and the ability of
coinfecting viruses to exchange segments (reassortment), produc-
ing novel strains.

Extensive surveillance has shown aquatic birds, particularly,
migrating waterfowl, to be the natural reservoirs for nearly all of
the currently recognized IAVs (4, 5). However, the recent identi-
fication of several unique HA subtypes (H17 and H18) in multiple
bat species suggests that they too may be a potentially important
reservoir for diverse IAVs (3, 6). Among humans, only 4 IAV
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subtypes have been documented to have the ability to maintain
sustained human-to-human transmission resulting in multiple
worldwide pandemics (1). These include currently circulating
subtypes HIN1 and H3N2 and sporadically detected subtype
HIN?2, as well as subtype H2N2, which was in circulation between
1957 and 1968 but has not been detected in humans since.

In the past 2 decades, an increasing number of other IAV sub-
types of avian origin have been detected in humans, particularly in
individuals with a recent history of bird or poultry contact. Sub-
types H6N1, H7N3, H7N7, HIN2, and H10N7 have been primar-
ily associated with nonfatal disease symptoms, including conjunc-
tivitis and mild acute upper respiratory tract infections in humans
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(6-9), the only exception being a single fatal human case of H7N7
infection in the Netherlands in 2003 (10). In contrast, H5N1 and
H7N09 strains have been associated with alarmingly high levels of
mortality among infected people but do not sustain human-to-
human transmission (11). Another subtype, HIONS, was recently
linked to a case of fatal pneumonia (12).

The substantial increase in the number of publicly available
TAV sequences in recent years has given researchers and the public
health community new opportunities to study the biology and
evolutionary dynamics of this globally significant virus. Most of
these studies focused specifically on one of several subtypes of
primary concern for humans (HIN1, H3N2, H5N1, and H7N9)
or for companion animals, including dogs and horses (H3N8)
(12—15). While there have been some efforts to look at a broader
range of subtypes, those studies combined sequence data from
multiple countries in their analyses, which can be useful for exam-
ining global or regional trends in IAV evolution and diversity but
gave little insight into what may be occurring at the level of the
individual country (16, 17). In contrast, our study utilized over
13,000 full-length hemagglutinin (HA) sequences from 12 high-
priority subtypes in 32 different countries in order to identify
trends in evolutionary dynamics, including nucleotide substitu-
tion rates and selection pressures at the local scale as well as the
regional scale. We also constructed predictive regression models
that incorporated socioeconomic, biodiversity, and agricultural
data to examine the drivers of AV subtype diversity on the coun-
try level. The purpose of the study was to identify countries or
regions with increased influenza A virus mutation rates in order to
better understand where novel strains may next emerge and to
identify data gaps in countries and regions that are due to report-
ing effort (i.e., the total number of strains reported).

MATERIALS AND METHODS

Data analysis and modeling. The subtype, location of collection, and
animal host data for all HA sequences (both partial and full) of influenza
A virus strains (through April 2013) were compiled from submissions to
GenBank and the Influenza Research Database (IRD). A preliminary as-
sessment of submissions to the other major influenza virus sequence da-
tabase, GISAID, did not identify any additional sequences that were not
available in either GenBank or the IRD.

These data were used to map the global distribution of subtype and
host diversity using ArcGIS version 10.2 (Redlands, CA). We also looked
at subtype diversity while controlling for reporting effort (the total num-
ber of reported strains) by mapping subtype diversity divided by the num-
ber of reported strains for each individual country. To minimize bias in
our analysis, we restricted the data set to 88 countries from which 10 or
more sequences and at least 2 subtypes had been reported. To adjust for
countries with high or low reporting effort, both the subtype diversity and
reporting effort data were log transformed prior to mapping. Shapiro-
Wilk and skewness/kurtosis tests for normality were used to determine the
appropriate transformation (i.e., log) to apply to the data set using Stata
version 13.1 (StataCorp, College Station, TX).

In addition to these combined-subtype analyses, we also examined the
global diversities of HA subtypes and NA subtypes independently. Using
all 56,991 influenza A virus strains associated with (partial and full-
length) HA and NA sequences available in the IRD database (up to Feb-
ruary 2013), we parsed the name of each strain to determine the year of
collection, the geographic location of collection, and host. We matched
available the location information associated with each strain name to a
database of city, state, province, and country names of cities with airports
from the International Air Transport Association, as provided by Diio,
Inc., LCC, Reston, VA, USA (Diio Mi Express). We first matched the
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two-letter state (or province) codes, two-letter country codes, country
names, state (or province) names, and city names. If there was one unique
match, we considered the strain to be georeferenced. By this method, we
were able to geolocate sequences from 39,785 strains.

We summarized geolocated strain data by country and calculated the
diversities of the HA subtypes and NA subtypes found within a country.
We combined the subtype data with country-level socioeconomic data
(health care spending, gross domestic product, corruption indices, hu-
man population) from the World Bank, agricultural data (cattle, poultry,
swine density) from FAO, and biodiversity data (calculated as species
richness of wild birds) from BirdLife. We explored all factorial combina-
tions of these predictors in Poisson and negative-binomial generalized
linear models using the R program (version 2.15.1; The R Foundation for
Statistical Computing).

IAV subtypes were prioritized for analysis according to the geograph-
ical distribution and diversity of their animal hosts. Animal hosts were
grouped into 26 “animal host groups” based on taxonomical relatedness
or similar ecological niches (i.e., shorebirds) of individual species (see
Table S1 in the supplemental material). Due to a lack of available data for
certain GenBank or IRD submissions, several fairly broad groups, such as
the “passerine” and “wild-bird” groups, were included. Among the 122
currently recognized influenza A virus subtypes, we designated 46 “prior-
ity” subtypes based on their presence in 3 or more animal host groups
within a single country. Of those 46 priority subtypes, we further desig-
nated 21 “high priority” if they were also reported from at least 2 different
countries, indicating a wider geographic distribution.

Available full-length hemagglutinin (HA) sequences (n = 13,840)
from high-priority subtypes submitted to GenBank between 2000 and
2011 were downloaded. The time period used for our analyses was chosen
to maximize the number of IAV sequences available from the greatest
number of countries across similar and recent time frames. From an ex-
tensive evaluation of sequence databases (GenBank, IRD) across all avail-
able years, we found an exponential increase in the number of sequences
starting at approximately the year 2000. Due to the limited number of
avian origin H3N2 sequences available, only human origin H3N2 se-
quences were used in the analysis. For H3N8, sequences were separated
into equine (H3N8-eq) and avian (H3N8-av) strains, reflecting their his-
torical separation into distinct lineages (18). Some human H5N1 se-
quences were included in the H5N1 analysis, but, due to their sequence
similarity (98% to 100%) to avian H5N1 strains sampled in the same
countries, the human strains were all presumed to be of avian origin. In
addition, due to the global sweep of the swine origin HIN1 strain through
the human population in 2009, we excluded this subtype from our anal-
ysis because an accurate assessment of nucleotide substitution rates was
not possible for the entire time frame (2000 to 2011) that we wished to
analyze, since the pre-2009 human strains were completely replaced by the
swine origin strain at that time. Full-length HA coding sequences for 12 of
the 14 subtypes were trimmed slightly (to approximately 1,650 bp from
1,702 bp). Due to a limited number of available full-length HA sequences
from H3N2 and H3N8 strains, we used the largest available partial se-
quences, consisting of 729 bp (H3N2) and 855 bp (H3N8), for these two
subtypes. Sequences were aligned in the program Geneious version 7.0
(Biomatters, Auckland, New Zealand) using the Muscle alignment algo-
rithm. HA sequences were chosen for analysis because they were the most
abundant IAV gene sequences available in public databases. Additionally,
a recent evolutionary analysis of multiple IAV subtypes showed that the
nucleotide substitution rate of the HA gene was similar to the mean sub-
stitution rate of all 8 influenza gene segments, indicating that it can be
used as a good approximation for the mean evolutionary rate of the entire
genome (16).

Estimating substitution rates. Overall rates of evolutionary change
(numbers of nucleotide substitutions per site per year) were estimated
using the program BEAST (version 1.7.5), which employs a Bayesian
Markov chain Monte Carlo (MCMC) approach, utilizing the number and
temporal distribution of genetic differences among viruses sampled at
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TABLE 1 Priority and high-priority (shaded) influenza A virus subtypes grouped by HA type”

Subtype
HIN1 H2N2 H3N1 H4N2 H5N1 H6N1 H7N1 H8N4 HON1 HI10N2 HIINI HI12N3 H13N9
HIN2 H2N3 H3N2 H4N6 H5N2 H6N2 H7N2 HON2 H10N4 HI11IN2 H12N4
H2N7 H3N3 HA4NS H5N3 H6N3 H7N3 HI10N7 HIIN6 HI12N5
H2N8 H3N6 H5N8 H6N4 H7N7 HIIN9
H2N9 H3N8 H5N9 H6N6 H7N8
H6NS H7N9

“ Priority subtypes were designated based on their presence in 3 or more animal host groups within a single country. High-priority subtypes were designated based on their presence
in 3 or more animal host groups within a single country and reported in least 2 different countries.

different times (19). For all data sets, an uncorrelated log-normal relaxed
molecular clock model was used as it has been shown to best reflect the
complex population dynamics of influenza A virus (12). Statistical uncer-
tainty in the data was reflected in the lower and upper bounds of the
highest-probability density (HPD) values, where 95% of the sampled val-
ues were located, and in each case, chain lengths were run for sufficient
time (up to 30 million generations) to achieve coverage, as assessed using
the Tracer program (version 1.5). We limited our analysis to countries
from which at least 10 HA sequences were available over a time period of
3 or more years, allowing us to evaluate a total of 14 high-priority sub-
types. For computational tractability, data sets for individual countries
were limited to the 200 randomly chosen HA sequences which captured
most of the available country level data. In fact, for the majority of sub-
types, 200 tended to be the upper limit of the number of available se-
quences for the time period analyzed. Data sets for individual world re-
gions, including East Asia, Southeast Asia, South Asia, West Asia, Africa,
Europe, and North America, were limited to 500 randomly chosen HA
sequences, which captured most of the available region-level data. World
regions were designated according to United Nations regional groupings
(https://unstats.un.org/unsd/methods/m49/m49regin.htm). To ensure
that the partial data sets accurately reflected the complete data sets, we
compared nucleotide substitution rates from both partial and complete
data sets from 3 different subtypes (HIN2, H5N1, and HON2) and found
that they differed by less than 5% (data not shown), indicating that the
substitution rates calculated from partial data sets closely reflected those
calculated from complete data sets. In total, we examined substitution
rates for HA genes from 14 high-priority subtypes in 32 different coun-
tries.

Measurement of selection pressures. Using the same HA sequence
data sets that were used for calculating nucleotide substitution rates, we
measured selection pressures on the HA gene by calculating the numbers
of nonsynonymous (dN) and synonymous (dS) nucleotide substitu-
tions per site (dN/dS ratio) using the single-likelihood ancestor count-
ing (SLAC) method found within the HYPHY package (35) and ac-
cessed through the Datamonkey interface (http://www.datamonkey
.org). A dN/dS ratio of greater than 1 is indicative of positive selection,
whereas a ratio of less than 1 indicates purifying or negative selection (20).
In order to compare dN/dS ratios among individual subtypes, HA se-
quences for all 14 subtypes were trimmed to cover the same 729-bp region
of the HA gene as was available for the H3N2 strains. This region in-
cluded nucleotides 191 to 920 within the HA1 subunit of the HA gene.
Mean dN/dS ratios between individual subtypes were assessed by a ¢
test using independent samples and the program R (version 2.15.1;
The R Foundation for Statistical Computing).

RESULTS

The 46 priority and 21 high-priority influenza A virus subtypes
identified on the basis of the criteria defined above are presented
in Table 1. The human-adapted influenza virus subtypes HIN1,
HIN2, H2N2, and H3N2, as well as the more recent zoonotic
avian influenza virus (AIV) subtypes H5N1 and H7N9, were all
included within the group of high-priority subtypes. In fact, the
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identification of H7N9 as “high priority” using our methods
helped to substantiate the validity of priority selection, since the
classification as “high priority” was based on data collected prior
to the first recorded human outbreaks in 2013.

Evaluation of the global distribution by subtype and host di-
versity indicated that the reported subtype diversity was highest in
the United States (n = 100) followed by Canada (n = 65), Japan
(n = 49), China (n = 42), and Sweden (n = 40) (Fig. 1A). In
contrast, the reported subtype diversity was lowest in Africa
(range, 1 to 19) and South America (range, 1 to 10) (Fig. 1A). The
diversity of host groups from which influenza A virus subtypes
had been reported was greatest in the United States (n = 21)
followed by China (n = 19), Thailand (n = 18), South Korea (n =
16), Russia (n = 15), and Hong Kong (n = 15). The hosts in those
countries included members of nearly all the host groups (see
Table S1 in the supplemental material). Similarly to subtype di-
versity, reported host diversity was lowest in many parts of Africa
and South America, with just one or two hosts (typically humans
or farmed poultry) most frequently reported (Fig. 1B). Exceptions
included South Africa (n = 11) and Egypt (n = 10) in Africa and
Chile (n = 6) and Argentina (n = 5) in South America. Not sur-
prisingly, the countries that had the highest reported diversity of
subtypes also had the highest reporting effort (total number of
strains reported), while countries that had the lowest reported
diversity of subtypes had the lowest reporting effort (r* = 0.34,
P < 0.001). In an attempt to account for reporting bias, we exam-
ined the proportion of reported subtype diversity by analyzing the
total number of strains reported (Fig. 1C). Controlling for report-
ing effort showed that, with the exception of Guatemala and Zam-
bia, the greatest reported IAV subtype diversity was observed pri-
marily in northern temperate zone countries, including Russia,
Sweden, Norway, Ireland, Hungary, Canada, Netherlands, Swit-
zerland, Czech Republic, Mongolia, and Kazakhstan, as well as in
two southern temperate zone countries, Australia and South Af-
rica. Even when only those countries that have conducted broader
testing beyond the 2 common human subtypes (HIN1 and
H3N2) and the H5N1 subtype (i.e., the countries with 4 or more
subtypes reported) were included in the analyses, the same geo-
graphical zones were identified (see Fig. S1 in the supplemental
material).

The best-fit model for predicting HA subtype diversity at the
country level included the number of strains reported and health
care spending per capita in 2010, both of which were consistently
present in all 57 models that were within 2 Akaike’s information
criterion (AIC) units of the best-fit model for predicting HA sub-
type diversity, as AIC models within 2 units of the best fit model
are generally accepted as having substantial empirical support
(21). The best-fit models also included health care spending per
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FIG 1 Global distribution of influenza A virus subtypes. (A) Number of unique IAV subtypes (subtype diversity) per country. (B) Number of unique IAV animal
host groups with reported IAV sequences per country (see Table S1 in the supplemental material for host group designations). (C) IAV subtype diversity,
controlling for reporting effort. Data are presented as the log-normalized proportion of subtype diversity over the number of reported IAV strains per country.
Data are based on GenBank and Influenza Resource Database (IRD) submissions as of April 2013. (Maps were created by Kate Thomas with ArcGIS version 10.2

software.)

capita in 2010 (present in 56 of 57 models), gross domestic prod-
uct in 2010 (present in 52 of 57 models), pig population density
per square kilometer in 2010 (present in 38 of 57 models), and
growth rate of pig population density from 1961 to 2010 (present
in 37 of 57 models) (Table 2). For NA subtype diversity, the best-
fit model included the number of strains reported (consistently
present in all 306 models that were within 2 AIC units of the
best-fit model), human population growth rate from 1961 to 2010
(present in 186 of the 306 models), and gross domestic product
per capita in 2010 (present in 52 of 306 models) (Table 3).

Due to limited numbers of available sequences, the nucleotide
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substitution rate analyses for the majority of high-priority sub-
types, including HIN2, H3N6, H3N8, H4N6, H5N2, H5N3,
H6N1, H6N2, H6NS, H7N3, and H7N7, were restricted to coun-
tries in East Asia (China, Hong Kong, Japan, South Korea, and
Vietnam), Europe (France, Italy, Russia, Sweden, and the United
Kingdom), and North America (the United States and Canada).
Analyses of the remaining subtypes, H3N2, H5N1, and HIN2,
were much broader, including 32 countries from 7 different world
regions. For countries with fewer available sequences and/or fewer
sampling years, the variability in the resulting substitution rates
was captured in the 95% highest-probability density (HPD) values
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TABLE 2 Summary of the best model with the lowest AIC value for predicting HA subtype diversity

Model AIC value estimate SE z value Pr (>[z])* P’
Intercept 0.935 0.0696 13.433 <2e-16 R
Health care spending per capita in 2010 0.205 0.0405 5.074 3.89¢-07 e
Gross domestic product in 2010 —0.0863 0.0320 —2.693 0.00709 e
Pig population density per square kilometer in 2010 0.0533 0.0290 1.84 0.06573 *
Growth rate of health care spending from 1995 to 2010 —0.237 0.103 —2.305 0.02115 b
Growth rate of pig population density from 1961 to 2010 —0.114 0.0734 —1.558 0.1192 *
Log. of no. of strains reported 0.643 0.0715 9.004 <2e-16 R

@ Pr (>[z]), probability that the z value is greater than the estimate.
b P <0.10;**, P < 0.05; ¥, P < 0.01; ****, P < 0.001.

(akin to 95% confidence intervals) presented in Table S3 in the
supplemental material. The 95% HPD values were generally
greater for countries with limited sequence data. Because of the
limited data for many individual countries, we also analyzed re-
gional data sets, which gave us a greater sample size and similar
time spans for comparison. The resulting 95% HPD values for
regional data sets are also much closer.

Overall, nucleotide substitution rates (per site per year) ranged
from a minimum of 1.43 X 10~ ? (H3N8) to a maximum of 11.62 X
1072 (H7N7). The observed rates for individual subtypes were
similar to those reported in previous studies using comparable
data sets and analytical techniques (13, 14, 17, 22). Substitution
rates in this study differed considerably between individual coun-
tries, and although no single country displayed consistently high
substitution rates across all subtypes analyzed, predominantly low
substitution rates were detected among most of the subtypes from
Canada and the United States (Table 4; full details, including 95%
HPD values and numbers of sequences analyzed, are presented in
Table S3 in the supplemental material). Based on the country-
level analyses, it appeared that nucleotide substitution rates for all
subtypes, other than H5N3, H7N3, and H7N7, were higher in East
Asian countries, including China (8.88 for H5N2), Hong Kong
(6.24 for H3N2), Japan (9.98 for HON2), Mongolia (8.22 for
H5N1), South Korea (10.34 for H5N1), and Taiwan (7.81 for
H5N2), than in the United States (5.58 for H6N1) and Canada
(3.66 for H3N6). A further analysis at the regional level showed
that the substitution rates for 3 subtypes (H5N1, H5N2, and
H6N?2) were significantly higher (no overlap in 95% HPD values)
in East Asia (4.24, 5.22, and 5.27, respectively) than in North
America (2.26, 2.98, and 2.04, respectively). In contrast, none of
the high-priority subtypes analyzed had significantly higher sub-
stitution rates in North America than in East Asia (Fig. 2). For
H5N1, all of the world regions analyzed, except for West Asia, had
significantly higher H5N1 nucleotide substitution rates than
North America.

Analysis of selection pressures across a 729-bp segment (nucle-
otides 191 to 920) of the HA gene showed that this segment of the

HA gene was under the influence of purifying selection (dN/dS =
<1) among all subtypes (Table 5). However, several subtypes,
including H3N2, H3N8 (equine strains only), and H5N1, exhib-
ited significantly higher dN/dS ratios (P > 0.05) than all other
high-priority subtypes except H6N1. This trend was consistent
across all of the countries examined.

DISCUSSION

Traditional approaches to studying IAV evolutionary dynamics
have typically focused on single subtypes (e.g., H3N2, H3N8, or
H5N1) or on analyses that were restricted to coarse geographical
scales comparing data from one continent to data from another
(13-17). However, in order to identify geographical variations in
TAV evolution across a spectrum of subtypes, a more comprehen-
sive approach comparing data from individual countries was
needed.

A detailed examination of all publicly available IAV strain data
allowed us to prioritize our analyses to a limited set of priority
subtypes based on their wider geographic and host distribution.
This novel approach identified 21 high-priority subtypes that may
be more likely to spread geographically and among different host
species. Evolutionary analysis of 14 high-priority subtypes showed
that nucleotide substitution rates for all subtypes except H5N3,
H7N3, and H7N7 were higher in East Asian countries, including
China, Hong Kong, Japan, Mongolia, South Korea, and Taiwan,
than in Canada and the United States. However, we did not ob-
serve consistently high nucleotide substitution rates across all the
subtypes in any single East Asian country, indicating that there
was not a specific focal point or evolutionary “hot spot” for all the
IAVs analyzed. A regional analysis of nucleotide substitution rates
further demonstrated that evolutionary rates for several subtypes,
including H5N1, H5N2, and H6N2, were significantly greater in
East Asia than in North America. These findings suggested that,
among the majority of high-priority subtypes analyzed, novel, po-
tentially pathogenic IAV strains may be more likely to evolve in
East Asia. In fact, the majority of emerging IAV strains that have
caused disease and mortality in humans in recent years, including

TABLE 3 Summary of the best model with the lowest AIC value for predicting NA subtype diversity

Predictor AIC value estimate SE z value Pr (>[2])° Pt
Intercept 0.779 0.0666 11.686 <0.0001 bl
Gross domestic product per capita in 2010 0.108 0.0513 2.10 0.0357 bl
Human population growth rate from 1961 to 2010 —0.160 0.0645 —2.47 0.0134 b
Log, of no. of strains reported 0.500 0.0611 8.18 <0.0001 ek
@ Pr (>[z]), probability that the z value is greater than the estimate.

bx P <0.10; %, P < 0.05; ***, P < 0.01; ****, P < 0.001.
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TABLE 4 Within-country evolutionary rates of influenza A virus HA genes among 14 high-priority subtypes over 12 years (2000 to 2011)

Within-country evolutionary rate (no. of nucleotide substitutions/site/yr X 10*) of influenza A virus HA gene®

World region  Country HIN2 H3N2 H3N6 H3N8-eq H3N8-av  H4N6 HS5NI1 H5N2 H5N3 H6N1 H6N2 H6NS8 H7N3 H7N7 HIN2
East Asia China 3.54  3.53 1.43 391 8.88 422 457 437 3.13
Hong Kong 3.69  6.24 4.42 10.3 5.16
Japan 479 3,55 5.32 3.69 384 7.51 6.21 351  9.98
Mongolia 8.22
South Korea 3.75 3.41 5.03 1.68 3.12 10.34 7.05 6.32  6.89
Taiwan 4.81 4.72 7.81 4.64
Southeast Asia Cambodia 7.71 6.71
Laos 4.85
Myanmar 8.89
Indonesia 4.06
Thailand 3.31 2.32
Vietnam 4.71 4.39
South Asia Bangladesh 7.71 6.49
India 4.18 8.82 5.86
Pakistan 1.53 7.85 5.89
Iran 7.31 2.95
West Asia Israel 5.47 4.34
Saudi Arabia 9.01
Turkey 3.03
UAE 8.78
Africa Egypt 6.51 4.22
Nigeria 5.48
South Africa 7.95
Europe France 6.32 3.38
Germany 5.81
Italy 6.21 3.44 498
Romania 8.86
Russia 6.22 4.59 5.99
Sweden 6.74 10.49
United Kingdom 4.15  4.59 2.46
North America Canada 2.84 2.49 3.66 3.01 5.84
United States 3.35 345 242 292 2.43 299 226 238 6.12 5,58 2.04 3.23 5.16 11.62 6.51

@ Boldface indicates significantly higher substitution rates.

those belonging to subtypes H5N1, H7N9, HON2, and H10NS,
were first detected in China and Hong Kong (9, 11, 23). The fac-
tors leading to geographical associations with higher substitution
rates are not clear, although it is possible that certain practices
such as mixed-bird farming and the presence of live-bird markets
may serve as drivers for increased substitution rates. It has been
shown that the introduction of a novel IAV strain into a bird
population can cause the nucleotide substitution rate of that sub-
type to increase. The introduction of a novel Eurasian lineage of
the H6 subtype in North American wild-bird populations in the
early 1980s resulted in H6 substitution rates that increased from
2.0 X 107 substitutions per site per year to 4.4 X 10~ substitu-
tions per site per year (4). Similarly, the introduction of a novel
HS5N2 strain into Mexican poultry farms increased nucleotide
substitution rates from 7.0 X 10~ substitutions per site per year
to 28.1 X 107 substitutions per site per year (4, 24). Conditions
that allow mixing of bird species, such as in live-bird markets, are
common throughout East Asia and would likely support the
transmission of AIV strains to naive groups of birds. This scenario
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could in turn lead to increased nucleotide substitution rates such
as those observed in the current study.

Another factor that may affect nucleotide substitution rates
among influenza viruses is vaccination. While comprehensive ap-
plication of vaccinations, coupled with careful surveillance and
strict biosecurity precautions, has proven to be an effective tool for
the control and eradication of IAVs in poultry (25, 26), vaccina-
tion programs that are not completely sustained or properly ad-
ministered have been linked to increased nucleotide substitution
rates (22, 27). In Pakistan, for example, a failed attempt in the
mid-1990s to eradicate an initial outbreak of HPAI H7N3 in poul-
try through vaccination efforts resulted in a resurgence of this
subtype throughout the following decade (28). Coincidentally,
among all of the countries in our study, Pakistan had the highest
nucleotide substitution rate for the H7N3 subtype (7.85 X 10~?
substitutions per site per year).

In addition to nucleotide substitution rates, we found that the
selection pressures acting on individual subtypes were another
important indicator of AIV evolution. The highest dN/dS ratios
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FIG 2 Evolutionary rates of influenza A virus subtypes by region. Evolutionary rates (substitutions per site per year X 10°) and 95% highest-probability density
(HPD) values of the HA gene for 14 high-priority IAV subtypes from multiple world regions (East [E.] Asia, Southeast[SE.] Asia, South [S.] Asia, West [W.] Asia,
Europe, Africa, and North [N.] America) from 2000 to 2011. Up to 500 sequences per region were used in the analysis. H3N8 eq and H3N8 av refer to equine and

avian strains of H3N8, respectively.

were detected among H3N2 (consisting of human strains only),
H3N8 (equine strains only), and H5N1 (all strains), indicating
that nucleotide mutations more frequently resulted in amino acid
substitutions among these subtypes. With few exceptions, these
trends were consistent among all of the countries analyzed, sug-
gesting that the forces driving selection among [IAV subtypes are
similar across the globe. One of the major determinants of selection
pressure acting on influenza viruses is the host immune response. In
our analyses, strains specific to mammals (H3N2 and H3N8-eq) ex-
hibited higher selection pressures than bird-specific strains. A striking
example was the difference in mean dN/dS ratios between avian and
equine H3NS8 strains (0.089 and 0.324, respectively). Within their
natural aquatic bird hosts, IAVs are proposed to have reached an
“evolutionary stasis” characterized by low rates of evolutionary
change, particularly at sites leading to amino acid changes (1). Ac-
cording to this hypothesis, the evolutionary race between virus and
host is less intense in avian than in mammalian species, so there is less
selective pressure on the virus to maintain amino acid changes that
evade host immune responses (29). Selection pressures may also in-
crease following the introduction of a novel IAV subtype into a host
population with no prior exposure to that subtype. This was observed
following the introduction of the H2N2 subtype into the human pop-
ulation in 1957 (30), as well as with the more recent introduction of
HPAI H5N1 virus into naive poultry populations (31). The elevated
dN/dS ratios observed among H5N1 subtypes (mean, 0.314; range,
0.15 to 0.61) in our analysis might be a reflection of the rapid spread
of this subtype to susceptible host populations throughout much of
the globe. Whatever the underlying cause, increased selective pres-
sure acting on a viral population results in a greater accumulation of
phenotypic variants, some of which may harbor more-pathogenic
properties. Monitoring of selection pressure changes among IAVs
worldwide would be a relatively feasible method to help identify
emerging, potentially higher-risk strains in the future.

The growing number of unique subtypes detected in humans
and poultry in recent years suggests that subtype diversity might
be an important factor associated with the emergence of patho-
genic AV strains. After we controlled for reporting effort, our
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findings showed that subtype diversity was greatest throughout
many northern temperate zone countries, including Russia, Swe-
den, Norway, Ireland, Hungary, Canada, Netherlands, Switzer-
land, Czech Republic, Mongolia, and Kazakhstan, as well as in two
southern temperate zone countries, Australia and South Africa.
Much of the observed subtype diversity can be linked to wild mi-
gratory birds, in particular, mallards, from which the greatest
number of unique subtypes (n = 94) of any bird species have been
reported. Extensive breeding and wintering grounds found in
temperate zones bring large numbers of migratory birds, often of
mixed species, in close contact for large parts of the year, resulting
in the maintenance of existing subtypes as well as the establish-
ment of new subtypes through reassortment (32-34). A concerted
effort to monitor the IAV subtypes circulating among wild birds in
these temperate zones may help to identify emerging subtypes
before they make their way into domestic birds.

Assessing the potential drivers of IAV subtype diversity, our
analyses confirmed that reporting effort was the best predictor of
the observed HA and NA subtype diversity at the country level.
This finding underscores the need to increase sampling and re-
porting efforts for all subtypes in many undersampled countries
throughout the world. Notably, for the 143 countries with avail-
able sequence data (including partial sequences), 47 countries had
submitted fewer than 10 sequences to public databases and 95
countries had submitted fewer than 100 sequences. Only 22 coun-
tries had submitted more than 500 sequences (see Table S2 in the
supplemental material). In addition to reporting effort, we found
that health care spending per capita in 2010 was strongly predic-
tive of observed HA subtype diversity, indicating that nations
spending more on health care may be able to allocate more re-
sources to influenza detection, including the application of broad
testing followed by subtyping, thus enabling the detection of a
greater variety of IAV subtypes and the availability of a larger
number of samples to test. While the number of strains reported
and the level of health care spending were correlated (r = 0.40),
this correlation is weak enough for the data to have distinct pre-
dictive power. Interestingly, among biological predictors, pig
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TABLE 5 Mean dN/dS ratios of the HA gene (nucleotides 191 to 920) among high-priority IAV subtypes from individual countries during a 12-year

time span (2000 to 2011)
World region and Mean dN/dS ratio
subregion Country HIN2 H3N2 H3N6 H3N8-eq H3N8-av H4N6 H5N1 H5N2 H5N3 H6N1 H6N2 H6N8 H7N3 H7N7 HON2
Asia
Eastern China 0.20 0.51 0.50 0.34 0.20 0.31 0.26 0.21 0.18
Hong Kong 022 039 0.36 0.40 0.16
Japan 0.17 0.44 0.22 0.12 0.29 0.18 0.12 0.11  0.15
Mongolia 0.33
South Korea 0.21 0.53 0.11 0.08 0.03 0.25 0.22 0.12  0.26
Taiwan 0.46 0.07 0.20 0.20
Southeast Cambodia 0.41 0.19
Laos 0.33
Myanmar 0.28
Indonesia 0.28
Thailand 0.35 0.35
Vietnam 0.41 0.35
Southern Bangladesh 0.58 0.23
India 0.49 0.25 0.13
Pakistan 0.45 0.25 0.12
Iran 0.34 0.25
Western Israel 0.61 0.19
Saudi Arabia 0.15
Turkey 0.15
UAE 0.23
Africa Egypt 0.62 0.43
Nigeria 0.25
South Africa 0.56
Europe France 0.50 0.27
Germany 0.29
Italy 0.24 0.38 0.37
Romania 0.33
Russia 0.57 0.05 0.28
Sweden 0.64 0.12
United Kingdom 0.28  0.44 0.28
North America  Canada 0.38 0.08 0.07 0.16 0.11
United States 0.30 0.44 0.07 0.35 0.09 0.11 0.28 0.27 0.18 0.18 0.18 0.13 0.13 0.10 0.09
Global avg 0.23 046 0.09 0.32 0.09 0.07 031 0.20 0.15 0.27 0.22 0.17 021 0.11 0.17

@ Boldface indicates significantly higher dN/dS ratios (P > 0.5).

population density was mildly predictive of observed HA subtype
diversity whereas neither poultry population density nor avian
population density was associated with such diversity. There may
be other relevant biological predictors of subtype diversity, but the
inconsistent quality of the data at the country level meant that we
did not have the power to detect these relationships. Thus, our
models could be largely improved if there were greater uniformity
in IAV sampling, testing, and reporting methods worldwide. Sim-
ple efforts to improve publically available data, such as georefer-
encing of submitted strains and reporting the total number of
samples tested in a given study, would greatly improve future sur-
veillance and modeling efforts.

It is clear from our search of sequence databases that there is a
paucity of influenza virus sequence data from many regions of the
world. In particular, there is very little sequence data available
from the majority of African countries. Data from many parts of
Latin America and Eastern Europe were also limited. In Asia, most
of the sequence data for strains other than HON2, H5N1, H3N2,
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and HIN1 were limited to just a few East Asian countries, includ-
ing China, Japan, South Korea, and Taiwan. While not all sub-
types likely exist in all countries or regions, current strategies of
targeted testing for specific influenza virus subtypes such as H5N1
severely limit our understanding of the total diversity of subtypes
present and circulating in many countries. These strategies, in
turn, limit our ability to monitor the evolution and diversity of
influenza virus subtypes circulating globally. As such, there is a
great need to encourage all countries currently conducting only
targeted IAV testing to perform broader testing that includes pro-
tocols to detect all subtypes, followed by sequencing and subtyp-
ing procedures, in at least a subset of surveillance samples.
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