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Outbreaks of highly pathogenic strains of avian influenza viruses
(AlIVs) cause considerable economic losses to the poultry industry
and also pose a threat to human life. The possibility that one
of these strains will evolve to become transmissible between
humans, sparking a major influenza pandemic, is a matter of great
concern. Most studies so far have focused on assessing these odds
from the perspective of the intrinsic mutability of AIV rather than
the ecological constraints to invasion faced by the virus popula-
tion. Here we present an alternative multihost model for the evo-
lution of AIV in which the mode and tempo of mutation play
a limited role, with the emergence of strains being determined
instead principally by the prevailing profile of population-level
immunity. We show that (/) many of the observed differences in
influenza virus dynamics among species can be captured by our
model by simply varying host lifespan and (ii) increased contact
between species of different lifespans can promote the emergence
of potentially more virulent strains that were hitherto suppressed
in one of the species.

antigenic evolution | virulence | multistrain model | population dynamics |
hemagglutinin

vian influenza viruses (AIVs) exist within a complex ecology

that includes common interspecies transmission among
birds (1, 2). Like all influenza viruses, AIV can be divided into
subtypes (e.g., H5SN1) on the basis of variation in the hemag-
glutinin (HA) and neuraminidase (NA) surface proteins and also
exhibit extensive antigenic diversity within a particular subtype
(e.g., refs. 3 and 4). Most AIV cocirculating between domestic
and wild birds are classified as being of low pathogenicity
(LPAIV). Occasionally, however, highly pathogenic (HPAIV)
forms arise, causing high mortality in poultry. Severe illness and
death also occur in humans infected by HPAIV: There have been
around 650 human cases of subtype H5SN1 HPAIV, with 384
deaths, since 2003. However, a recent epidemic of subtype H7N9
LPAIV, which has to date claimed more than 100 lives from
~400 confirmed cases, illustrates that inducing severe disease in
humans is not the sole preserve of HPAIV.

In avian species other than domestic poultry, AIV infection is
largely asymptomatic (5, 6) with the notable exception of HP
H5N1, which has caused recorded deaths in domestic and exotic
waterfowl. Among ducks, the outcome of HP H5N1 infection is
variable (7-11) and several factors suggest that domestic ducks
may act as an asymptomatic reservoir (or “Trojan horse”) (12—
14). Since 2002, HP H5N1 viruses have been regularly found
among wild birds, including various species of migratory ducks
and geese (15) in Asia, but other HPAIV have been isolated only
sporadically from wildfowl (e.g., ref. 7).

HP H5N1 was first isolated in 1997 from chickens, ducks, and
geese but the direction of transmission among these species
remains unclear (16, 17). By contrast, genetic analyses of the
virus responsible for the 2013 H7N9 outbreak show that virus to
have moved first from wild birds to geese and ducks and then to
chickens (18). Such studies offer insights into the dispersal
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history of AIV but they do not explain why new viral lineages or
strains associated with phenotypes of interest (including, but not
limited to, pathogenicity) arise and spread. The current un-
derstanding is that their emergence is limited by the occurrence
of mutational events that are assumed to be rare (4, 19), but this
is not wholly consistent with both the high observed rates of AIV
nucleotide substitution (20) and the fact that many viral phe-
notypes are defined by a small number of genetic changes (21):
Changes at as few as seven amino acid sites can explain recent
patterns of antigenic evolution in humans (22). Here, we show
many of these questions can be answered by recognizing that the
virus population comprises a large pool of interchangeable gene
segments (2) circulating within a variety of wild and domestic
species of widely different lifespans. We demonstrate that host
lifespan is a key determinant of the population dynamics of the
virus and that the emergence of particular phenotypes may be
driven by the immunodynamics of multispecies transmission
rather than by the generation of those phenotypes by mutation.

A Multispecies Model for Avian Influenza

We combine three properties—pathogenicity, antigenicity, and
transmissibility—of the influenza virus within a single framework
to investigate its population dynamics within a multihost system.

A critical reason that avian influenza viruses differ in their
pathogenicity is that the HA surface molecule, which mediates
entry into host cells, has to be cleaved into HA1 and HA2 by
cellular proteases. In LPAIV, the cleavage site contains a single
basic amino acid; in HPAIV, this is replaced by a string of basic
amino acids. The “polybasic” cleavage site of HA in HPAIV is
susceptible to a greater number of proteases than the “monobasic”
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cleavage sites of other AIVs and HPAIV is therefore able to dis-
seminate to a wider variety of organs, causing severe disease.
The HA molecule also contains a number of variable an-
tigenic sites that are the target of protective antibodies; this
makes it amenable to representation by a set of multilocus
genotypes, with each locus corresponding to a variable anti-
genic site or epitope (23). We have previously used a similar

framework to explain the dynamics of human influenza (24,
25) and it has also recently been applied to avian influenza
(26). An important feature of this model is that antigenic
variability at each locus is restricted; viral antigenic diversity
arises from the large number of allele combinations (e.g.,
m" for an n-locus system with m alleles at each locus) and
the success of an antigenic type is strongly constrained
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Fig. 1. Effects of lifespan on antigenic dynamics and emergence of highly pathogenic forms. (A) Antigenic dynamics within long-lived (Upper, life expectancy =
15 y) and short-lived (Lower, life expectancy = 2 y) species. The shaded area (right-hand side) corresponds to the period that the two populations are linked (i.e.,
transmit to each other). Each colored line corresponds to an individual antigenic type within a {2, 3, 5} antigenic system, with solid/dashed lines referring,
respectively, to LP/HP versions of each antigenic type (5, < ; = 146 for all strains, except for the red and black strains where ; < ; = 146; 1/6 =5d, p=0.5,y =
0.68). (B) Impact of life expectancy on the likelihood of single-strain dominance (Upper) and average time to reemergence as a dominant strain (Lower)
(precise definitions in Materials and Methods). Within the cross-hatched areas, the model exhibits antigenic stasis (3; < ; = 146 for all strains; 1/6 = 5 d). (C)
Effect of contact between two species on appearance of a strain that was previously absent in both. For each combination of lifespans, we selected 100
simulations where the same strain was absent from both species for a period of at least 800 y (5; < ;= 146 for all strains; 1/6 =5d, p = 0.5, y = 0.72). We then
reran these exact simulations but now allowed contact between the two species after 300 y and recorded whether the previously absent strain now appeared
in the following 100 y.
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by cross-immunity with other antigenic types with which it
shares alleles.

We assume that it is possible for each antigenic type within our
framework to exist in either HP or LP form but that these may
differ in their transmission potential (Ry) due to biochemical
constraints and epistatic interactions between antigenic sites and
the cleavage site. Also, although wider dissemination of HPAIV
in host tissues may provide a mechanism for enhanced trans-
missibility, the attendant pathology could have a negative effect
on its transmission potential (for example, by killing the host) and
the balance between these factors will dictate overall trans-
mission success. To avoid any dependence on mutation rates, we
ensure that all LP and HP forms of each antigenic types are
continuously generated.

Results

We examine the dynamics of this system under the assumption
that the LP forms of most antigenic types are more transmissible
(i.e., have a higher Rj) than their HP counterparts. Under our
framework, these antigenic types will exist only in LP form be-
cause, although all HP forms may be continuously generated
within every species, they will be outcompeted by the more
transmissible LP variant of the same antigenic type. However, if
the converse is true (as is the case for the antigenic types shown
in red and black in Fig. 14), the LP form will be outcompeted by
the HP form: Thus each antigenic type will uniquely associate
with either HP or LP cleavage sites.

The unshaded areas of Fig. 14 contrast the dynamics of this
model in species with lifespans of 15 y (Fig. 14, Upper) and 2 'y
(Fig. 14, Lower). We note that that there is greater cocirculation
and more frequent reemergence of antigenic types (e.g., the red
strain), among short-lived species, leading to higher overall in-
fluenza prevalence (Fig. S1). Fig. 1B illustrates more generally
how the qualitative behavior of the system is affected by lifespan
as well as the strength of immune selection against the relevant
epitopes. At low levels of immune selection, all possible anti-
genic types coexist stably in either LP or HP form, whereas
at very high levels of immune selection we observe stable co-
existence of a smaller subset of antigenic types. Between these
regions of antigenic stasis the strain dynamics are unstable (Fig.
1A4) with both strain diversity within an epidemic (Fig. 1B, Upper)
and the rate of strain reemergence (Fig. 1B, Lower) declining
with host lifespan, as a consequence of lower rates of re-
plenishment of the totally susceptible population in longer-
lived species. High levels of immune selection can also cause
certain antigenic types (e.g., the black strain in the short-lived
population in Fig. 14) to be suppressed permanently or, at
least, over extended periods of time (Fig. S2), particularly if
they are less transmissible (Fig. S3), although this is dependent
on the precise representation of the multilocus structure of
HA (Fig. S4).

The shaded area in Fig. 14 shows how the viral population
dynamics are altered when the two species are able to transmit to
each other due to some change, for example, in farming practice
that brings shorter-lived birds such as ducks into closer contact
with longer-lived wildfowl. Very small amounts of cross-species
transmission can significantly alter the antigenic dynamics of
influenza in longer-lived species without affecting the short-lived
species (Fig. S5). Higher levels of connectivity result in a dy-
namic where strains reappear more frequently in long-lived
species and less frequently in short-lived species than before they
were connected (e.g., the red HP strain in Fig. 14), and the
difference in overall prevalence between species is reduced.
Contact between species of different lifespans can also promote
the emergence of an antigenic type (such as the black HP strain
in Fig. 14) that was previously suppressed in one or both species
(Fig. 1C). Interestingly, the withdrawal of connections between
the species does not necessarily return the dynamics to their
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previous state: Thus a strain that has emerged due to contact
between the species cannot be guaranteed to disappear once
contact is disrupted (Fig. S6).

Finally, subtle differences in the R, values of HP and LP
forms of an antigenic type in different species can cause the HP
form to dominate in one and the LP form to dominate in an-
other (Fig. 2). In these circumstances, contact between species
will cause one of these forms to be displaced as coexistence
between them is not possible within the same transmission
system. Whether the HP or the LP form “wins” will be dictated
by their relative transmissibilities in each species as well as
the host lifespans (Fig. S7). In the example shown in Fig. 2, the
HP form outcompetes the LP form when the species are con-
nected (within the shaded area) and therefore a transition
from LP to HP occurs within the same antigenic type in the
short-lived population.

Discussion

We have adapted a multilocus model of influenza antigens to
consider the effects of host lifespan, variable transmissibility, and
cross-species transmission on the antigenic evolution of the virus.
A number of empirical observations endorse this discrete rep-
resentation of the antigenic properties of HA (25), including
recent work showing that (i) antigenic cluster transitions in
H3N2 are governed by a small number of critical amino acid
positions in HA, with restricted amino acid use therein (22), and
(ii) HA epitopes of HIN1 strains appear to be periodically
recycled (27, 28), suggesting that there are fundamental restric-
tions on available antigenic space. Extended overlap between
the antigenic repertoires of influenza viruses is also supported by
the observation that mixtures of sera raised in ferrets against
historic strains exhibit neutralizing activity toward HA of the
2009 pHINT1 virus (29). Within our framework, epitope regions
with high variability may exhibit a linear change over an extended
time period [in line with data obtained using techniques such as
the hemagglutination inhibition (HI) assay (22)] whereas epitope
regions of low variability will exhibit continuous cycling. Thus, there
is no fundamental disagreement between this mechanistic model
and other theoretical representations of the antigenic evolution of
influenza (30-34).

The general trends of cross-sectional antigenic diversity and
emergence shown by our model (Fig. 1B) fit well with our un-
derstanding of the qualitative features of influenza in major
mammalian and avian host species. Human influenza A epi-
demics exhibit limited antigenic diversity and reemergence of
antigenic types occurs only after several decades [of which the
2009 pHINI and 1918 HINI strains serve as examples (28)], in
agreement with the behavior of our model under long lifespans.
Our model predicts that the antigenic dynamics of AIV in lon-
ger-lived avian populations are more likely to resemble influenza
A in humans, albeit with slightly higher levels of cocirculating
antigenic diversity. Although there is now an abundance of ge-
netic data from global surveillance studies, the serological stud-
ies required to test this hypothesis have yet to be performed.
Patterns of influenza A among poultry agree with model be-
havior within short-lived species: At least two distinct antigenic
types of HIN2 have cocirculated in South Korean poultry over
the last 10 y (35-37) and circulating H5N1 strains in Southeast
Asian poultry are also antigenically diverse (3, 4). The rapid
reemergence of antigenic variants in short-lived species is also
in agreement with patterns of cross-reactivity among AIVs iso-
lated over extended periods of time in poultry (38-40) and
provides an alternative explanation to the virus population being
in antigenic stasis.

A critical assumption of our model is that avian immunity to
influenza involves epitope-specific antibody responses against
HA. There is both observational and experimental evidence that
a variety of domestic and wild avian species produce specific
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Fig. 2. Effects of unequal transmissibility of highly pathogenic forms in different species. Here, the HP form (dashed line) of a particular antigenic type
(shown in black) is more transmissible than the LP form (solid line) in the long-lived species and vice versa in the short-lived species. The shaded area (right-
hand side) corresponds to the period that the two populations are linked (i.e., transmit to each other). (Parameters are identical to those used in Fig. 1A, other
than for the black antigenic type where now f; = 153 in the long-lived species and 3, = 143 in the short-lived species and the red antigenic type that now has

Br < i = 146)

hemagglutination-inhibiting and neutralizing antibodies against
HA, although opinion is divided as to their efficacy and duration,
and there are some mechanistic reasons (such as the existence
of truncated variants of IgY among ducks) that could prevent
certain species from mounting an effective immune response
(41-43). Nonetheless, AIV prevalence tends to decline with age
whereas seroprevalence increases (9, 44-46), suggesting that
some form of functional, long-term immunity is acquired upon
exposure. We also present here an analysis of published data
from a large, multiannual survey of influenza prevalence in wild
birds in The Netherlands (47) showing that virus prevalence
decreases with lifespan (Fig. 3 and Table S1), which suggests that
longer-lived populations contain a higher proportion of immune
individuals (i.e., immunity is not short lived). The same pattern
of higher prevalence in wild ducks compared with other, longer-
lived bird species occurs in a number of other studies (1, 45, 48,
49). Naturally, numerous ecological and behavioral factors may
also contribute to this trend, but it has been hard to find firm
correlations. For example, the original analysis of the data in Fig. 3
yielded no relationship between flock size and prevalence (47).
A link has been demonstrated between surface water feeding and
prevalence (50) but, because dabbling ducks are themselves
generally shorter lived than the diving ducks included in this study,
their higher AIV prevalence may result from quicker population
turnover rather than higher exposure. Other mechanisms that
increase the supply of susceptibles, such as weak species-specific
immunity or migration from AIV-free populations, could also
lead to similar qualitative outcomes.

With regard to the emergence of HPAIV, our model suggests
that such variants may be continuously generated but excluded
by competition from less pathogenic variants of similar antigenic
types on account of having a lower transmission potential (Ry).
Recent cloning experiments (51) show that monobasic cleavage
sites can be stably replaced in the majority of HA subtypes,
leading to increased pathogenicity on at least H2, H4, HS, and
H14 backgrounds. Our model provides one potential explanation
of why such HP variants have never been seen to emerge: They
cannot compete successfully with their LP counterparts, whereas
certain HP variants on HS and H7 backgrounds are able to do so.
This, rather than a unique predisposition of H5 and H7 to ac-
quire polybasic cleavage sites, may account for the restriction of
highly pathogenic phenotypes to H5 and H7.

An important conclusion of our model is that HPAIV strains
may be expected to emerge regularly in short-lived birds but only
rarely in longer-lived species. Contact between species of dif-
ferent lifespans can reduce the incidence of any such strain in the
short-lived species, but it can also provoke the emergence of
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a previously suppressed HPAIV strain. It is possible that changes
in farming practices bringing domestic ducks into more pro-
longed contact with wildfowl have contributed to the increase in
HPAI outbreaks in the last 20 y (4, 52, 53) and, indeed, duck
flocks kept in open, rather than closed, systems are more sus-
ceptible to HPAIV infection (8).

Our model indicates that the main threat from ecological
change in a multihost system may arise from a potential distur-
bance to the established immunodynamics of influenza rather
than from the potential evolution of new virulent strains. Our
studies underscore the importance of more “hypothesis-driven”
surveillance (54) of AIV that routinely incorporates antigenic
analyses [which is noted as “lagging behind” viral genetic anal-
yses (26, 55)] and of further experimental work to establish
the competitiveness of potentially pathogenic forms and their

Virus Prevalence [%)]

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Per capita adult mortality rate (/year)

Fig. 3. Relationship between AIV prevalence and adult host mortality rate
[Table S1; data reported for a single site in The Netherlands (47)]. Species
were categorized into dabbling ducks [blue diamonds: mallard (adult mor-
tality rate 0.373; prevalence 5.3%), Eurasian wigeon (0.470; 3.0%), common
teal (0.470; 5.8%), northern pintail (0.337; 2.8%), gadwall (0.280; 2.7%)],
geese [red squares: white fronted goose (0.276; 2.1%), barnacle goose (0.090;
1.0%)], greylag goose (0.170; 2.4%), brent goose (0.100; 1.0%), bean goose
(0.230; 0.6%), pink-footed goose (0.171; 2.1%)], gulls [turquoise triangles:
black-headed gull (0.100; 0.7%), common gull (0.140; 0.9%), herring gull
(0.120; 0.7%)], and rails [orange circle: common coot (0.299, 0.4%)]. We plot
the 95% confidence interval on viral prevalence, calculated via the Wilson
method, for each species and the predicted relationship between prevalence
and mortality based on a logistic regression (Materials and Methods). The
effect of host mortality rate on prevalence offered a significantly better fit
than that in the null model:;(z(df =1,n=15)=101.26, P < 0.001.
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antigenic relationship with nonpathogenic forms. Such studies
are required to understand the ecological interactions between
circulating strains and for the design of effective preemptive
measures against epizootics and potential human pandemics.

Materials and Methods

Model. We extend a multilocus model of influenza (23, 24) to include two
interacting populations, here named A and B. Within this model, antigenic
types are described by an n-locus system, with varying numbers of alleles at
each locus. We use the notation {2, 3, 5}, for example, to represent a multi-
locus structure in which there are three loci with two, three, and five alleles,
respectively. We refer to each allelic combination as a “strain” of the
pathogen. We also consider two types of each strain: one that has low
pathogenicity (strain /) and one that has high pathogenicity (strain i’). These
two types are immunologically identical, but may have different fitness.

The dynamics of the proportion immune to strains i and i’ in population A,
z, are given by

) (1) s “

where 7% is the per-capita risk of infection associated with strain i, 4 is the
per-capita risk of infection associated with strain i’, and y* is the per-capita
death rate of population A (and hence 1/4* is the average life expectancy).

The dynamics of the proportion of the population that has been exposed to
any strain j that shares alleles with i (including i itself), w#, are given by

A
o= () (=) =i, o
J

~i

where j ~ i denotes the collection of strains j that share alleles with strain i.

Individuals who have been exposed to a strain that shares alleles with
strain i but not strain i itself (that is, w,-“—z‘,-“) will become infectious with
probability (1—y) when infected by strain i. The parameter, y, is essentially
a measure of immune selection. With ¢ being the rate of loss of in-
fectiousness (thus, 1/c is the infectious period), the dynamics of the pro-
portion of the population infectious with strain i, y#, are given by

dyf A
dt = ((1-wi) +

(1=7) (W =) = (o4 3

The proportion of the population infectious with strain i’ is entirely analogous.

The dynamics of the pathogen population within host species B follows
identical rules.

The per-capita risk of infection for strain i, /1,4, takes the form
B =pryA +pByE, where g and g/ are combinations of transmission
parameters that respectively define the rate of transmission from infected
individuals in species A and B to a susceptible individual in species A. The
quantity /(o +u*) defines the basic reproductive number R4 (i) (a measure
of fundamental transmission potential of influenza of strain i in species A).
In the case where all transmission parameters are equivalent between spe-
cies and the total number of contacts is constrained, with a proportion p
occurring between the species, the expression for 1 can be written as
B =p:((1-p)y? +pyf). However, pf,58,p28 654 could also assume indepen-
dent values: for example, when infection is environmentally acquired.
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We have simulated these ordinary differential equations (ODE) using
a fixed-step, fourth-order Runge Kutta numerical solver. In any ODE model of
infection, the fraction of the population that is infectious with any given
strain can become arbitrarily small. Consequently, and also because we have
not explicitly modeled a mutational process, we have not let the value of any
y; drop below 107°°. This is equivalent to each antigenic variant being
constantly generated at low levels by mutation.

General Qualitative Behavior. To investigate the general qualitative behavior
of the model, unless otherwise stated, we analyze a period of 500 y to cal-
culate the following three measures.

Single-strain dominance (g). Single-strain dominance can be quantified by the
measure ¢ by comparing the relative prevalence of the two most common an-
tigenic variants within single epidemics and then averaging across extended
periods of time (10). More formally, averaging across each of P epidemics (where
an epidemic is defined as a local maximum in total prevalence),

g:l L Y:nax‘_}/;ub‘

P Ymax

This therefore takes on values between 0 and 1, with higher values indicating
stronger single-strain dominance.

Time between periods of strain dominance. For each strain, we first identify each
period during which it was the most prevalent in the population and record
the time during that period when that strain’s prevalence was maximized.
We then report the mean length of interval between these times, averaged
across all strains.

Definition of strain exclusion. We describe a variant as being permanently
suppressed if that variant never achieves a prevalence greater than 107*
during the period of analysis.

Analysis of Host Mortality vs. AIV Prevalence. AIV prevalence might be
expected to vary between species, geographical location, and season and also
perhaps due to sampling methods. To investigate a potential link between
host lifespan and prevalence, we therefore sought data from a single, large
study in which many of these factors would have been mitigated. We con-
sequently used data reported from a sizeable study of AIV prevalence in
European birds that was conducted over a number of seasons and in which
most of the data came from a single country (The Netherlands). We were thus
able to restrict our dataset to those species from which more than 200
samples had come from a single location (Table S1). We estimated the re-
lationship between host mortality rate and prevalence with a logistic re-
gression model in R, weighting the data by number of samples. The estimate
for the effect of host mortality rate on prevalence was highly significant (P <
0.001), with the model offering a significantly better fit than the null model:
;(Z(df =1,n=15)=101.26, P < 0.001. We also used the Wilson method to
calculate the 95% confidence interval on the binomial probability and
plotted both this and the graph of predicted prevalence.
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