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FIG. 1. (A) Maximum-likelihood (ML) phylogenetic tree for the HA segment of EIV H3NS. Colored boxes represent distinct clades of EIV
that are numbered I to X in chronological fashion, apart from Florida clades 1 and 2 (FC1 and FC2). Bootstrap (>70%) values are shown in black.
Numbers in black boxes along the main trunk branch indicate the number of amino acid changes. Individual isolates involved in reassortment
events are indicated with colored asterisks (see the text). Internal branches with dy, > dg are shown in red. Horizontal branches are drawn to a
scale of nucleotide substitutions per site, and the tree is rooted on the EIV Uruguay isolate from 1963. The same scale, color scheme, and rooting
are used for each panel. (B) ML phylogeny of the NA gene of EIV H3NS. (C) ML phylogeny of the PA gene of EIV H3NS.

in a predivergence location for HA and PB2. Similarly, New-
market/5/03 is in a postdivergence position for PB1, PA, HA,
NP, NA, and NS but not for PB2. In turn, Wisconsin/1/03 is
placed in a postdivergence position for PB2, PB1, HA, NP, and
NA but not for PA and NS.

In general, viruses isolated from the same geographic region
in the same year were closely related, although some excep-
tions were observed. For example, Kentucky/2/1980 and Ken-
tucky/4/1980 were closely related for all gene segments with the
exception of HA (Fig. 1A to C; also see Fig. S1A to E in the
supplemental material), indicating that phylogenetically (and
likely antigenically) distinct viruses were cocirculating within
that state. Similarly, within Florida clade 2, all Chinese isolates
group together in all phylogenies with the exception of PB2
and NA: for PB2, Xinjiang/3/2007 is separate from the rest of
the Chinese isolates by a long branch, whereas for NA,
Xinjiang/4/2007 is more closely related to viruses from Amer-
ica and the United Kingdom than to the other Chinese isolates,

again suggesting that distinct lineages with potentially different
antigenicity were cocirculating within the same geographic lo-
cation.

Besides the Florida clades 1 and 2, we identified 10 other
distinct clades in six of the eight genomic segments (PB2, PBI,
PA, HA, NP, and NA) (Fig. 1; also see Fig. S1 in the supple-
mental material). Each clade was comprised of a group of
viruses that shared a common ancestor supported by high
bootstrap and/or posterior probability values. Clades were
numbered in a chronological fashion, with clade I being the
oldest. Most clades contained contemporary viruses from a
particular geographical region: clade III and X contained vi-
ruses from Europe, clade I and VIII were comprised of viruses
from South America, clades IV, V, and IX contained viruses
from Kentucky, and clades VI and VII displayed North Amer-
ican isolates from Georgia and California, respectively. The
only exception to this geographical pattern was clade II, com-
posed by viruses from Japan and Algiers (Sachiyama/1971 and
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Algiers/1972), that were separated by long terminal branches
but that shared a common ancestor.

Clades III and X contained European viruses isolated be-
tween 1978 and 1980 and between 1989 and 1994, respectively,
and were consistent in all gene segments. In contrast, intrasu-
btype reassortment involving clades IV, V, and VI was re-
flected in minor topological differences between the phylo-
genies of each segment. For example, for PB2, clade V
grouped with clade IV, while for PA it grouped with clade VI.
With respect to specific viruses, Johannesburg/1/1986 also is
likely to be a reassortant, as it grouped with Kentucky/1/1987
and Kentucky/2/1987 in the PB2 and PB1 phylogenies but not
in the PA tree. Similarly, Italy/1062/1991 and Roma/5/1991
exhibited a clear phylogenetic divergence for the HA segment
that contrasted with their close phylogenetic relationship in
PB2, PB1, PA, NP, and NA (orange asterisks in Fig. 1; also see
Fig. S1 in the supplemental material), again indicative of re-
assortment.

Amino acid differences along the main trunk branch of EIV
H3N8 phylogenies. As an additional measure of evolutionary
distance between the early and contemporary EIV H3NS iso-

lates, we determined the number of amino acid changes along
the main trunk of the phylogenies for each genomic segment.
As expected, NA (n = 50) and HA (n = 48) exhibited the
greatest number of amino acid changes, which is consistent
with immune-driven antigenic drift (22, 24, 31, 45) (Table 1).
Interestingly, we also observed a high number of amino acid
changes in the main trunk of the PA phylogeny (n = 45), which
is striking given that far fewer changes are seen in the other
two segments that comprise the viral polymerase (PB1 and
PB2). In some phylogenies we observed an unusually high
number of amino acid substitutions along the main trunk
branch connecting side branches. This was particularly evident
between New York/1/1975 and Algiers/1/1972: the main
trunk branch that separated them exhibited nine substitu-
tions in PA and HA, seven in PB2, six in NA, and four in
PB1, NP, and NS. Similarly, the main trunk branch that
connected the Florida clade 2 (comprised of viruses isolated
in China) with its more recent common ancestor exhibited
seven substitutions in PA, six in PB1, and three in HA, NP,
and MP. In addition, we detected eight amino acid changes
within the main trunk branch of Florida clade 2 in the NA
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phylogeny and two in PB2, which is consistent with in situ
evolution in China.

As the mutations that occur on the main trunk branch are
more likely to be selectively advantageous because they are at

TABLE 1. Number of amino acid substitutions along the main
trunk branch for each gene segment of EIV H3N8

No. of amino Site(s) associated with

Segment acid changes specific phenotypes”

PB2 20 GO5SET, AS88TT

PB1 18 M3171%

PA 45 D55N+T, V100AT, R269KT, A337T+, S409N+

HA 48 D172N*, A198E*, S137G*, V2421*, V196I*,
T187S*, R140K*, P55S*, N172K*,
T2761*, N189E*, E189K*, K189Q*

NP 20 V3121, G16D¥

NA 50 V213I%, N355T%, L397P%, N396Di

M 9 N/A

NS 21 S228P%, V1941i, E227K+

“ Symbols: *, antigenic site; ¥, host marker site; %, virulence marker site.
Amino acid positions located adjacent to sites of interest are underlined. N/A,
not applicable.

a high frequency (even fixed) in the population, we next de-
termined whether any of the trunk mutations were likely to be
associated with immune evasion, host adaptation, and/or
changes in virulence. Of the 48 amino acid changes that oc-
curred across the HA phylogeny, 13 were located at putative
(based on the human H3 HA structure) antigenic sites (of
which two were positively selected; see below), which is con-
sistent with antigenic drift (Table 1). With respect to the other
genomic segments, we observed changes at or adjacent to sites
associated with host specificity and virulence in all genomic
segments but MP (Table 1) (2, 23, 41). Whereas PB2 and NP
exhibited nonsynonymous mutations only at host marker sites,
PB1 and NA displayed mutations only at sites associated with
changes in virulence. In turn, PA and NS showed both types of
mutations along the main trunk branch of their phylogenies
(Table 1). Indeed, mutations D55N, V100A, and S409N in PA
and G16D in NP not only occurred at host-differentiating sites
but also resulted in the same amino acid changes suggested to
confer avian-to-human adaptation (23). Similarly, mutation
S228P in NS is associated with increased mammalian virulence
(41).
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FIG. 2. Maximum clade credibility (MCC) trees showing the contrast in phylogenetic relationships between EIV H3N8 and H7N7 among gene
segments. H3N8 and H7N7 are shown as orange and blue circles, respectively. Posterior probability values are shown for the key nodes relating
to the position of EIV H7N7 reassortant sequences. Branches exhibiting reassortant viruses are highlighted. The trees are automatically rooted
through the assumption of a relaxed molecular clock, and tip times represent times (years) of sampling.

Reassortment between EIV H3N8 and H7N7. H7N7 viruses
cocirculated with H3NS viruses for at least 15 years (68) and
have been isolated from horses sharing the same yard (65).
Previous studies based on the analysis of partial nucleotide
sequences have provided evidence of reassortment between
these two subtypes (1, 5, 25, 33). To determine the time and
extent of reassortment between EIV H3N8 and H7N7, we
added all available H7N7 full-length sequences to our original
data set (see Table S2 in the supplemental material) and in-
ferred phylogenetic trees for each genomic segment. This anal-
ysis reveals that reassortment between H7N7 and H3NS oc-

curred between 1964 and 1973 (95% HPD of the molecular
clock MCC trees; see below) and resulted in viruses harboring
an H7N7 HA, NA, and MP and the PB1, PB2, PA, and NP
segments from EIV H3NS8 (Fig. 2). Indeed, reassortment is
likely to have occurred more than once, as shown by the lack of
monophyletic origin for the reassortant viruses. Intriguingly,
we did not detect any reassortment event that included the
HA, NA (i.e., HIN8 or H3N7), or H7N7 viruses carrying an
H3N8-derived M segment (not shown).

Evolutionary dynamics of EIV. We used a Bayesian MCMC
approach (16) to estimate the rates of nucleotide substitution
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TABLE 2. Estimates of nucleotide substitution rates and time of the most recent common ancestor for each gene segment of EIV H3N8

TMRCA for reassortment”

Segment® Mean substitution rate® (95% HPD) Mean TMRCA® (95%) (95% HPD)
PB2* 1.31 X 1073 (1.03 X 1073-1.58 X 1073) 1955 (1946-1961) 1965-1972
PB1* 1.28 X 1073 (1.05 X 1073-1.53 X 1073) 1954 (1944-1961) 1964-1972
PA® 1.39 X 1073 (1.13 X 1073-1.65 X 1073) 1955 (1946-1962) 1964-1972
HA® 1.74 X 1073 (1.39 X 1073-2.08 X 1073) 1952 (1943-1960) N/A
NP® 1.29 X 1073 (1.08 X 1073-1.54 X 1073) 1958 (1953-1962) 1970-1973
NA® 1.70 X 1073 (1.37 X 1073-2.03 X 1073) 1955 (1948-1961) N/A
MP? 1.01 X 1073 (7.73 X 107%-1.26 X 1073) 1955 (1947-1961) N/A
NS* 1.07 X 1073 (8.03 X 107*-1.36 X 1073) 1954 (1944-1962) 1968-1973

¢ Data represent 82 EIV H3N8 genomes (see Table S1 in the supplemental material).
> Data represent 82 EIV H3N8 genomes and all available EIV H7N7 complete segments (see Table S2 in the supplemental material). N/A, not applicable.

in each gene segment (Table 2). Although the substitution
rates estimated were within the expected range for RNA vi-
ruses (18), they were consistently lower than those observed
for other mammalian influenza viruses (19, 60). The only ex-
ception was observed in the NA segment, whose evolutionary
rate was similar to that reported for European HINI1 swine
viruses (19). The evolutionary rates for HA and NA not only
were the highest in our data set (which is consistent with
immune-mediated selection) but also were significantly differ-
ent from those of MP and NS, which were the lowest (Table 2).

To date the origins of EIV H3NS, we estimated the TMRCA
for each genomic segment. The sampled genetic diversity
among the eight genes that make up the EIV H3N8 genome
most likely arose in the 1950s (95% between 1943 and 1962;
Table 2), which is consistent with previous hypotheses of H3N8
viruses circulating in South America (59) some years before
the 1963 outbreak. We also estimated that the time of reas-
sortment between H7N7 and H3N8 and the common ancestor
of the H3NS-H7NT7 reassortant viruses occurred between 1964
and 1973 (Table 2).

To estimate the changes in EIV relative genetic diversity
(N.t) through time, we used the Bayesian skyline plot (17). If
evolution is neutral, N is also a measure of the effective
population size of the virus. All segments analyzed revealed a
similar demographic pattern that is characterized by a constant
level of genetic diversity during the 1960s and 1970s, followed
by an abrupt drop in the early 1980s, in turn followed by an
increase and stabilization from about 1990 onwards (Fig. 3).
That this phylodynamic pattern is present in all segments and
all isolates indicates that it affected the EIV population on a
global scale.

Selection pressures on EIV genes. The mean d,/dg values
for each genomic segment were low in all cases (Table 3),
which is consistent with an evolutionary process shaped mainly
by purifying selection. The highest d/d¢ ratios were observed
in HA, NA, and NS, which is indicative of localized adaptive
evolution. Notably, of the 16 positively selected sites detected
here, six were located in PA (again suggesting that this seg-
ment is evolving in a qualitatively different manner from that of
the other internal gene segments), five in HA and one in each
of the other genomic segments with the exception of MP (Ta-
ble 3). In addition, we used the genetic branch (GA) algorithm
(53) to determine whether there was branch-to-branch varia-
tion in selection pressure along the EIV phylogenies. Only
three genomic segments (PB2, PA, and HA) exhibited

branches with high support (>95%) for d,, > d (Fig. 1A and
C; also see Fig. S1A in the supplemental material). However,
the majority of the branches with high support for d, > dg
were located at the tips of the phylogenetic trees, which could
be explained by the presence of transient deleterious muta-
tions rather than clearly beneficial mutations. In contrast, the
HA phylogeny displayed 13 internal branches with high sup-
port for d,, > dg, of which five were located in the main trunk
branch (Fig. 1A). We also detected positive selection in one
segment of the main trunk branch of the PA phylogeny (Fig.
1C), supporting our previous results that this gene is charac-
terized by a surprisingly high number of mutations on the main
trunk lineage, which may reflect the occurrence of adaptive
evolution.

DISCUSSION

The traditional approach to study the evolution of EIV
H3NS8 has been based on the analysis of HA1 phylogenies as a
means to understand the mechanisms of antigenic drift and its
practical implications in the process of vaccine strain selection
(8, 14, 38, 39). However, understanding the molecular evolu-
tion and phylodynamics of EIV evidently requires a more com-
prehensive, genome-scale analysis.

We show here that phylogenetically (and likely antigeni-
cally) distinct clades have cocirculated globally, and that intra-
subtype reassortment is relatively frequent in EIV H3NS. This
is consistent with our prior finding of a horse simultaneously
infected with two phylogenetically distinct viral lineages (Flor-
ida clades 1 and 2) during an outbreak in 2003 (44). As such,
our study further emphasizes the importance of intrasubtype
reassortment in influenza evolution, as is well documented in
both HIN1 and H3N2 human influenza viruses (29, 45). More-
over, it has been hypothesized that intrasubtype reassortment
can play a role in the genesis of viruses with unusual epidemi-
ological characteristics, such as sudden changes in antigenicity
and/or virulence (45). Indeed, one of the viral isolates that we
identified as a reassortant, Johannesburg/1/1986, caused an
unusually severe outbreak of disease (36). Although it has not
been directly determined whether Johannesburg/1/1986 was
more virulent than contemporary circulating strains, it has
been suggested that the severity of this outbreak was due to the
lack of immunity to EIV in the South African horse population
(36).

In addition to intrasubtype reassortment, our phylogenetic
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in some countries are indicated with a vertical arrow (see the text).

analysis also provided strong evidence for heterosubtypic re-
assortment between EIV H3N8 and EIV H7N7, confirming
previous reports (1, 5, 33) and suggesting that these reassort-
ment events occurred between 1964 and 1973. Interestingly,
this reassortment resulted in EIV H7N7 viruses carrying H3NS
internal genes (with the exception of MP) but not in H3N8

viruses carrying H7N7 internal genes or in H3N7 or H7N8
reassortants. Notably, all available EIV H7N7 sequences from
1973 onwards are reassortants until 1977, the year in which this
virus was detected for the last time. Although it is not clear why
EIV H7N7 disappeared, it is feasible that it was outcompeted
by H3N8. EIV H3NS8 had internal genes clearly compatible
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TABLE 3. Summary of selection pressures in each EIV
H3N8 gene segment”

Mean dy/dg No. (position) of

Segment ratio (SI},VA(g) positively(Selected)codons“

PB2 0.13 1(377)

PB1 0.09 1 (584)

PA 0.16 6 (57, 277, 337, 348, 354, 400)

HA 0.26 5 (10, 23, 152, 206, 345)

NP 0.13 1 (452)

NA 0.25 1 (43)

MP 0.14 0

NS 0.3 1(67)

“ Positive selection was done by at least one of the methods SLAC, FEL, and
IFEL. P < 0.1. Underlined codons are located in putative antigenic sites.

with H7N7 HA, NA, and MP, whereas our analysis suggests
that heterosubtypic reassortants bearing H7N7 internal genes
were less fit than other viruses circulating at the time. It is also
interesting that H7N7 was not isolated after vaccination be-
came widespread around 1980; although it is not reported in
the literature, it was recognized from an early stage that it was
far easier to induce protective antibody levels against H7N7
viruses than for H3NS8, and there are no reports of vaccine
breakdown for this former virus. Hence, the persistence of
H7N7 likely required the international transmission of the
virus into susceptible equine populations, and it may have been
that even the low levels of vaccination coverage initially at-
tained, concentrated as they were in international competition
horses, could have had some role in the reduction of H7N7
transmission.

Another possible explanation for H3NS outcompeting H7N7
was that the latter virus exhibited lower fitness with respect to
infection and transmission among horses due to the avian-like
nature of its genome: it has been shown that the HA of EIV
H7N7 can reassort with avian influenza viruses, resulting in
viruses that are pathogenic in chickens (3). In contrast, EIV
H3N8 appears to be very well adapted to mammals, as it can
infect not only horses but also dogs and pigs (12, 13, 64). An
intriguing aspect of the H7N7/H3N8 reassortment is that the
only internal H7N7 gene that was maintained was MP. We
speculate that this is due to structural constraints, as the MP is
located beneath the envelope and likely interacts with the
cytoplasmic tails of the HA and NA glycoproteins. In addition,
it has been shown that MP plays a critical role in the generation
of viable reassortants between human (H3N2) and avian
(H5N1) viruses (10), although this has not been assessed ex-
perimentally for EIV.

The reassortment between H3N§ and H7N7, together with
the apparent susceptibility of horses to be infected by avian-
like viruses such as Jilin/1989 (28), which caused two outbreaks
in China—one in 1989 (with extremely high morbidity and mor-
tality rates of 81 and 20%, respectively, in some herds) and
another the following year-suggests that reassortment in
horses is commonplace and further highlights the importance
of whole-genome sequencing in epidemiological surveillance.
Most equine influenza surveillance still focuses on the HA
gene alone, as reflected in the large number of HA sequences
compared to the relatively limited number of complete ge-
nomes available. Although superior to surveillance programs
based on the enzyme-linked immunosorbent assay (ELISA)
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detection of virus NP, serology, and clinical symptoms, se-
quencing HA in isolation clearly cannot detect reassortment
events involving internal genes that may have a major bearing
on viral fitness. We therefore urge that a more widespread
program of the complete genome sequencing of EIV be estab-
lished.

Another notable observation from this study was that the
whole genome of EIV H3NS8 evolves more slowly than that of
other mammalian influenza viruses, which is consistent with
other studies in which the evolutionary rates of individual gene
segments were studied (6, 20, 25, 57). At present, the expla-
nation for this reduced rate of nucleotide substitution is un-
clear. Although theoretically possible, it seems unlikely that
the mutation rate of the EIV viral polymerase is either inher-
ently lower than those of other mammalian influenza viruses or
affected by host-associated factors. Similarly, that influenza
viruses cause a distinct clinical syndrome in horses and are able
to replicate to high titers (44) further suggests that the gener-
ation time of EIV is unlikely to be significantly lower than that
of other mammalian influenza viruses. Consequently, the most
likely explanation for the reduced rate of nucleotide substitu-
tion in EIV is that it is subject to weaker immune selection.
However, it is striking that the mean d,/d ratios for each EIV
genomic segment are not significantly different from those
estimated for swine-origin HIN1/09 and human H3N2 influ-
enza A viruses (11, 60). As such, the reasons for the reduced
rate of evolutionary change in EIV clearly merit further inves-
tigation.

One marked difference in the selective environment in EIV
compared to that seen in other mammalian influenza viruses is
that the PA segment exhibited an unusually high number of
amino acid substitutions along the main trunk branch of its
phylogeny, as well as the greatest number of positively selected
codons. For example, the internal branch linking Newmarket/
5/2003 with Florida clade 2, which spanned a similar time
period, exhibited seven amino acid changes in the PA phylog-
eny (95% HPD between 1.4 and 3.4 years) and three in HA
(95% HPD between 1.6 and 3.2 years). Although it has been
shown that PA displays proteolytic activity (58) and that it
contributes to the adaptation of low-pathogenic avian influ-
enza viruses to mice (61), the exact function of this protein has
not yet been elucidated (51). Of the 45 amino acid changes that
we detected in the main trunk branch of the PA phylogeny,
four were located at host marker sites (Table 1), suggesting
that this gene has an important role in the adaptation of EIV
H3N8 to the horse. Indeed, it is striking that substitutions
D55N and V100A, which occurred early in the evolutionary
history of EIV H3NS8 (along the branch that links Sachiyama/
1/1971 and Algiers/1/1972 with New/York/1/1975), have been
identified as mutations that meet all standards of host differ-
entiation and host-dependent conservation between avian and
human influenza viruses (23). S409N is another mutation as-
sociated with host adaptation (23), but in this case it appears
only in Florida clade 1.

The ultimate origins of EIVs are unknown. However, pre-
vious studies of the evolution of individual virus segments from
multiple host species revealed no closely related lineages, and
hence obvious progenitors, for the PB1, PA, HA, NP, and NA
of EIV H3NS (6, 25, 49, 57). In contrast, it has been suggested
that the PB2, MP, and NS segments of EIV were more closely
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related to those of avian influenza viruses (26, 32, 35). Al-
though determining the origin of EIV H3N8 was beyond the
scope of this work, we provide evidence that the most recent
common ancestor of the first EIV H3NS8 isolate (Miami/1/
1963) likely arose in the 1950s (95% HPD between 1943 and
1962). This information could aid future sequencing of ar-
chived material.

A final, and highly intriguing, observation from our analysis
was the marked drop in the relative genetic diversity of each
genomic segment that coincides with a dramatic increase in
vaccination rates after major epidemics took place in 1979 and
1981 in Europe and North America, respectively. For example,
vaccination against EIV was made compulsory for racehorses
in 1981 in the United Kingdom, France, and Ireland, and this
intervention measure was extended to competition horses soon
thereafter. We speculate that the increase in herd immunity, in
particular in horses traveling internationally, caused by this
vaccination program (coincident with a general increase in
awareness of infectious diseases in the horse industry), and the
concomitant reduction in the size of the susceptible host pop-
ulation resulted in a major population bottleneck. In addition,
vaccine-induced selection pressure might have favored the fix-
ation of advantageous mutations at key antigenic sites. For
example, mutations S137G, V2421, V1961, and T187S were at
antigenic sites and were fixed along the main trunk branch that
links New York/1/1975 and clade VI (constituted by viruses
isolated from Georgia in 1981; Table 1). The increase in rela-
tive genetic diversity observed after 1990 coincided with a
major series of international epidemics associated with signif-
icant antigenic drift. Vaccine strains were not updated until the
late 1990s with strains more recent than Fontainebleau/79 and
Kentucky/1981.

In sum, we suggest that EIV H3NS8 played an important role
in the extinction of H7N7 in horses, and that specific interven-
tion measures, such as widespread vaccination, have had a
major effect on the global population genetic structure of EIV.
Clearly, most of the available EIV sequences are likely to be
derived from competition horses and from countries with ac-
tive veterinary surveillance. However, as this population of
horses exhibits a relatively long life span, with frequent
global travel and mixing with horses from various geograph-
ical locations, we believe that equine influenza constitutes a
powerful model system in the emerging field of viral phylo-
dynamics (27, 30).
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