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birds in Alberta and (since 1985) in Dela-
ware Bay, provide the first and most exten-
sive insight into patterns of occurrence of
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recent known ancestor of at least one of the
genes in the reassortant descendant virus.
The viruses that caused the 1957 and 1968
human influenza pandemics were reassor-
tants of human and bird flus, while all the
genes in the virus that caused the 1918 pan-
demic were descended directly from birds
(i.e., the virus was not ‘reassortant’; Tauben-
berger et al. 2005). By more distant ancestry,
all influenza genes are ‘bird flu’ genes.

In the 1990s USA swine-flu epidemic, the
newly-evolved virus co-existed in the domes-
tic pig population with ‘classical’ H1N1
swine virus (which itself derived from an ear-
lier reassortment). Subsequently, further re-
assortments generated other novel strains of
influenza A (see Hachette et al. 2004). Virol-
ogists have documented a detailed database
of such histories in a variety of domestic spe-
cies. Extensive reassortment also occurs with-
in host species (Hatchette et al. 2004). Never-
theless, the trees reveal that viral lineages in
different hosts maintain phylogenetic dis-
tinctiveness, likely because shifts to new
hosts are comparatively rare.

The trees also reveal parallel evolutionary
events. For example, ‘swine flu’ independently
evolved in Eurasia and America. Trees reveal
distinct American and Eurasian lineages for
several influenza virus A genes. A low patho-
genic strain of H5N1 has been detected in
healthy wild birds in both Eurasia and in
North America (CFIA 2005), and is very differ-
ent from the highly pathogenic Asian strain.
These lineages are evolving independently,
and while the Eurasian form is highly patho-
genic (causing severe disease in chickens, re-
ferred to as Highly Pathogenic Avian Influen-
za, HPAI), the North American form is low
pathogenic (not causing any clinical signs of
illness in chickens, referred to as Low Patho-
genic Avian Influenza, LPAI). The clear sepa-
ration of the trees is remarkable, because it
seems inevitable that there must be some con-
tact on Arctic breeding grounds between mi-
grants of Old and New World origin. Geo-
graphical segregation is evident even within
the recent phylogeny of H5N1 in China (Chen
et al. 2006). Comparison of a large number of
samples from both wild and domestic birds re-
veals that the current Eurasian H5N1 avian in-

fluenza virus originated in China at least a de-
cade ago, and that it has evolved into distinct
lineages associated with particular geographic
regions. The mechanisms maintaining the
separation (Kraus et al. 2004) are obviously of
great current interest with the potential spread
of Eurasian H5N1 to America.

EVOLUTION OF HIGH

AND LOW PATHOGENICITY

Many infections are defeated by a host’s
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A complete understanding of the viru-
lence level of a disease requires knowledge
of both the mechanisms that give a pathogen
its virulence (‘proximate’ explanations) as
well as the selective factors favoring high or
low virulence (‘ultimate’ explanations).
Sherman (1988) details how these ‘levels of
explanation’ should never be confused, and
resolves a number of controversies in the bi-
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present in the flock, or may have been depos-
ited there by wild birds. Fauci (2006; see his
Figure 2) theorized that HPAI genotypes of
the virus are derived from LPAI spread by
wild water birds, and become highly patho-
genic by ‘progressive mutation following pas-
sage from one susceptible [chicken] to the
next.’. We include his model in this category
even though he did not explicitly identify the
process as an evolutionary one, because the
‘successive passages’ of the virus through
hosts must exert selection on viruses. Note
that these are not mutually exclusive, and
more than one or indeed even all three pro-
cesses could in theory be involved.

What is the evidence for each of these pro-
cesses? Without question, local and perhaps
even long-distance spread by ‘cultural’ vectors
is implicated in transporting HPAI viruses. Ex-
amples of cultural vectors are vehicles, imple-
ments and workers that spread the virus from
farm to farm locally, as in the 2004 LPAI
H7N3 outbreak in British Columbia. Longer
distance spread of the virus is possible in local
and international trade. The virus could be
carried on crating, on eggs, on feathers, or by
birds. It seems to us that the rapid spread of
H5N1 across Eurasia can be easily explained
by the cultural vector hypothesis.

It seems less likely that migratory water-
birds are involved in maintaining and
spreading HPAI. Horimoto and Kawaoka
(2001) state that ‘Virulent strains of influen-
za A have never been collected from appar-
ently healthy waterfowl, with the exception
of pathogenic isolates that were collected
from ducks and geese near a chicken influ-
enza outbreak’. Recently, a rare occurrence
of HPAI in wild birds was documented. In
summer 2005, some 1,500 bar-headed geese
(Anser indicus) and other waterbirds breed-
ing at Qinghai Lake in central China died of
an HPAI. The strain proved lethal to experi-
mentally infected chickens and mice. In
their report, Liu et al. (2005) speculated that
the lethal viruses might be emerging from re-
assortment of genomes in domestic fowl
whose LPAI ancestors originated in wild
birds overwintering in Southeast Asia. Subse-
quent work (Chen et al. 2005) showed that
the virus was most closely related to a form

isolated from poultry in southern China. The
high mortality of the bar-headed geese sup-
ports the hypothesis that ecological condi-
tions in the wild select against highly patho-
genic forms of the virus, in accord with the
‘virulence-transmission trade-off’ hypothesis.

Chen et al. (2006) reported the presence
of HPAI H5N1 in two apparently healthy mi-
gratory ducks from Poyang Lake in Jiangxi,
China. Isolates from Poyang Lake were also
most closely related to the Qinghai Lake iso-
lates, suggesting that the virus has been car-
ried a distance of ~1700 km by migratory
birds. The Poyang lake isolates also retained
high pathogenicity in chickens, which may
implicate migratory birds in spreading the vi-
rus. The isolation of HPAI H5N1 from Mon-
golia, Siberian Russia, Romania, and Turkey
without any clear link to poultry operations
have led some to suggest that migratory birds
are involved in the spread of the virus. This
idea has been vigorously debated in the sci-
entific literature (reviewed by Olsen et al.
2006) and even if migratory birds are associ-
ated with certain outbreaks, they are unlikely
to be major factors spreading the virus Asia
and Europe and into Africa, particularly
since there are no data on whether infected
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an influenza in poultry. The putative LPAI
avian ancestors were non-pathogenic to their
original wild bird hosts (e.g., tern and swan
in Röhm et al. 1996), and while circulating in
poultry subsequently acquired the extra ami-
no acids at specific cleavage sites that gave
rise to a highly pathogenic variant in poultry.

As with wild birds, diverse subtypes of in-
fluenza A have been reported from the poul-
try industry and live bird markets (Panigrahy
et al. 2002; Webster 2004). Prior to the out-
break of HPAI H5N2 in poultry in several of
the United States in 1983 (which caused
great economic losses), the virus had been
present for a considerable period (as much
as 8 years) as a LPAI strain before manifest-
ing as HPAI. In the outbreak of HPAI H7N3
in poultry in British Columbia (February
2004), the virus had been detected a few days
earlier in LPAI and had rapidly mutated into
the HPAI form. The subsequent ‘shift’ to
HPAI resulted in the depopulation of mil-
lions of chickens, turkeys and other domes-
tic poultry to limit the spread of the virus
(CFIA 2004; Kermode-Scott 2004). Repeated
outbreaks of HPAI H5N1 in Asia during
1997-present have wreaked havoc in the
poultry industries of China, Thailand, Cam-
bodia, Laos, Vietnam, Malaysia, Indonesia,
Korea and Japan. Phylogenetic work reveals
that the virus has been present and evolving
for at least ten years, first in the LPAI form,
and now in the HPAI form.

The Asian context of poultry farms may
be significant in the evolution of HPAI H5N1
(Webster 2004). Live-animal markets or wet
markets occur throughout Asia, where a di-
versity of live domestic and wild geese, chick-
ens, quail, passerine birds, mammals, rep-
tiles and live fish are sold. Poultry are gener-
ally kept separated from, but certainly not
far from, a wide range of other animals, mak-
ing these markets ideal places for cross-infec-
tion, and the exchange, acquisition and evo-
lution of viral genes (Li et al. 2004; Chen et al.
2004; Webster 2004; Webster et al. 2006).
HPAI H5N1 was first detected in Hong Kong
in 1997 and was widespread in poultry mar-
kets because of co-housing of a diversity of
live animals (Webster et al. 2006). The pre-
cursors of this HPAI H5N1 were detected in

geese in live poultry markets in Guangdong,
China (1996) where they caused a small
number of deaths (Webster et al. 2002). This
virus however, spread through poultry ac-
quiring gene segments from quail and ducks
before becoming a widespread goose virus in
the outbreak of 1997 (Webby and Webster
f
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North America and Europe, where manage-
ment at this interface is probably the most
important action for preventing and control-
ling outbreaks of Avian Influenza in both
poultry and humans (Tracey et al. 2004;
Chen et al. 2004; Normile 2005).

Limiting such contact is important to
shield wild birds from HPAI evolved in do-
mestic poultry and to shield poultry from
wild birds, since wild bird LPAI can evolve in-
to HPAI in poultry. Most such transfers are
likely to be pathogenic for wild bird popula-
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the importation of exotic birds into the Euro-
pean Union. The European Union Wild Bird
Declaration (2005), signed by 226 non-gov-
ernment organizations, further urged the EU
to ban permanently the import of exotic
birds into the EU. The US and Canada have
both banned the import of birds from Asia.

CONCLUSIONS

Understanding the evolution of LPAI to
HPAI viruses, as well as the origin and spread
of HPAI has become urgently important.
Models for HPAI origin and spread most fre-
quently promulgated in the media and offi-
cial publications appear incomplete, or
flawed. These shortcomings in our knowl-
edge of this serious disease could have disas-
trous consequences for the protection of hu-
man health, the global economy, and for do-
mestic poultry operations, in both developed
and developing nations, and—the point of
this paper—for populations of wild birds.

Much of the current discussion on the or-
igin of HPAI appears devoid of evolutionary
thinking. Often the origin of HPAI geno-
types is attributed to the acquisition of ‘mu-
tations’, while the role of ecological condi-
tions that select for high or low virulence is
ignored. Conditions in modern large-scale
poultry production seem ideal for the evolu-
tion of high virulence, while those faced by
free-living migratory birds favor low viru-
lence. Consequently, the global poultry pro-
duction system with its extensive trade in
poultry and poultry products appears the
most likely source for the repeated evolution
of highly pathogenic strains from LPAI an-
cestors. HPAI outbreaks seem attributable to
this process, and to local and even distant
spread of these strains by trade and vectors.
It appears unlikely to us that HPAI originates
in wild birds, or even that wild birds can
spread HPAI very rapidly.

One of our main conclusions is that wild
birds need protection from these HP strains.
We recommend more research on, and sur-
veillance of, disease evolution and transmis-
sion in domestic poultry. Measures aimed at
improving on-farm biosecurity are also essen-
tial. In particular, the proper disposal and dis-

infection of wastes and offal seems para-
mount in preventing spread of viruses within
the poultry industry. The global trade, legal
and illegal, in exotic birds and poultry needs
careful surveillance and better enforcement
of existing laws. Finally, the unprotected dis-
posal from poultry operations of any carcass-
es, offal and fecal matter to which wild birds
might be exposed should be halted.
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