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Abstract

Avian influenza viruses (AIVs) have been recorded in a broad va-
riety of hosts, including humans, terrestrial and marine mammals,
and domestic and wild birds. Wild aquatic birds are recognized as
the chief natural reservoirs of AIV, and their migratory flyways can
serve as routes for the dispersion of the virus across countries and
continents. Although AIV is one of the most studied pathogens in
the world, studies on the ecology and epidemiology of this virus in
South America are few and fragmented. In this review, we examine
the current state of the art on the epidemiology of AIV in wild birds
in South America. Current evidence corroborates that many of the
broad epidemiological patterns that have been documented in other
continents, such as the role played by Anseriformes and Charadrii-
formes in the maintenance and spread of AIV, are also true in South
America. On the other hand, the fact that ATV prevalence in South
American studies appears to be remarkably lower than that observed
in other continents, along with the presence of endemic taxa of birds
that may be highly susceptible to AIV, indicates that South America
may have distinct characteristics that modulate the epidemiology of
AIV in unique ways. However, our knowledge on the occurrence of
AIV in South America is still limited and there are important gaps
in the species and geographic distribution of the sampling effort.

Introduction

Avian influenza viruses (AIVs) are members of the genus /nfluen-
zavirus A (Orthomyxoviridae) and contain 8 negative-sense RNA
segments. These viruses are classified in subtypes based on the an-
tigenic properties of the two glycoproteins expressed on the viral
envelope, hemagglutinin (HA) and neuraminidase (NA). To date,
16 HA subtypes (H1-H16) and 9 NA subtypes (N1-N9) have been
described in birds and can be found in multiple combinations.!?
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Novel HA and NA subtypes (H17-H18 and N10-N11) were recently
described in Influenzavirus A from bats in South America, however
current evidence indicates these subtypes might not be able to infect
birds even though they can infect human and canine cells in vitro.3=

The first suspected human cases of influenza date back to the
writings of Hippocrates in 410 B.C., and since then a number of
epidemics and 11 pandemics have occurred.®’ The most devas-
tating was the “Spanish flu”, an HIN1 pandemic that killed ap-
proximately 50 million people in 1918.8° More recently, the HIN1
pandemic of 2009 claimed the lives of 284,500 people.!?

AlVs have been recorded in a broad variety of hosts, including
humans, terrestrial and marine mammals, and domestic and wild
birds. Aquatic birds are recognized as the chief natural reservoirs
of ALV, especially those from the orders Anseriformes (e.g. teals,
ducks, geese and swans) and Charadriiformes (e.g. shorebirds,
gulls and terns).!’'2 Most AIV infections in these avian taxa are
subclinical or accompanied by only mild clinical signs, and as a re-
sult they are effective reservoirs of infection and play a central role
in the ecology and evolution of AIV."-* Studies in North America
have shown that Anseriformes are central to the long-term per-
sistence of AIV, while migratory Charadriiformes play a role in
the short-term dissemination of the virus over long distances.!
Furthermore, because birds do not recognize geopolitical borders,
their migratory flyways can serve as routes for the dispersion of the
virus across countries and continents.!!

While the ecology of AIV has been extensively studied in North
America, much less information is available for South America.
There are major flyways connecting South and North America,
whereas migratory routes connecting South America to other con-
tinents are not as common.'>1¢ It is, therefore, reasonable to expect
that the genetics and ecology of AIV in South America resembles
those of the virus in North America. However, because North and
South America differ substantially in terms of their avian commu-
nities, ecosystems and environmental conditions, differences in
ecology and epidemiology may also be expected to occur.

In this review, we examine the current state of the art on the epi-
demiology of AIV in wild birds in South America, evaluating how
the available information compares to what is known about the
virus in North America and elsewhere, discussing the implications
for public health, the poultry industry and wildlife conservation,
and identifying limitations of and gaps in the knowledge to be ad-
dressed in future studies.

Early studies in South America

Most studies investigating the occurrence of AIV in wild birds
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Fig. 1. Historical trends of the number of publications and combined sample size of published studies on the occurrence of AIV in wild birds in South America, 2006-2016.

in South America were conducted in the last decade, with only a
small number of studies conducted prior to 2005, all of them in
Brazil. These early studies employed methods that are either no
longer used in recent studies, such as viral isolation in cell cul-
tures or serological testing for which there are no recent studies for
comparison, or obtained atypical results that merit to be considered
separately.!7-1

The first studies on the occurrence of AIV in South America
were conducted by Couceiro et al., who collected samples from
107 white-faced whistling-ducks (Dendrocygna viduata) and 39
ornamental birds in Rio de Janeiro from 1978 to 1979, and isolated
ATV from 13 (12.1%) and 5 (17.2%) samples, respectively.20-2!
The strains were isolated following inoculation in embryonated
eggs, and were confirmed as AIV by double immunodiffusion.
Hemagglutination inhibition (HI) revealed that the strains were
inhibited by serums against subtype H6 or, for one strain, against
subtype H7.

Research on AIV in wild birds in Brazil would be contin-
ued only two decades later, in 1997-1998, when Kawamoto et
al. sampled 37 wild birds in the Sao Paulo state.!” In that study,
AIV was isolated in cell culture (MDCK and NCIH 292) from 15
birds (40.5%), corresponding to 37.5% of the ruddy ground-doves
(Columbina talpacoti, n=8) and all the red-eyed vireos (Vireo oli-
vaceus, n=3), red-cowled cardinals (Paroaria dominicana, n=2),
double-collared seedeaters (Sporophila caerulescens, n=1) and
lined seedeaters (Sporophila lineola, n=1) sampled in that study.
The presence of AIV was confirmed by HI testing and real-time
reverse transcription polymerase chain reaction (rRT-PCR), and all
strains were later characterized as H3N2.2223 On the other hand,
Soares et al. used the same methods but did not detect AIV in 86
ducks (Anatidae) captive at the Sdo Paulo z00.22

In 2004, the Brazilian Ministry of Health conducted two sur-
veys for influenza virus in wild birds. The first study examined
wild birds of Galinhos, Rio Grande do Norte state.2* A total of 381
Charadriiformes (Charadriidae and Scolopacidae) and 7 ground-
doves (Columbina sp.) were sampled, and AIV isolation in em-
bryonated eggs was attempted. Because samples were pooled for
testing, the apparent prevalence could not be clearly established.
However, the pool of ground-dove samples and 12 of 21 pools
(57.1%) of shorebird samples showed positivity to AIV, and HI
testing indicated all isolates corresponded to subtype H3. The sec-

ond study employed similar methods to test wild birds of Lagoa
do Peixe, Rio Grande do Sul state, comprising: 169 Charadrii-
formes (Charadriidae, Laridae, Recurvirostridae, Rynchopidae,
Scolopacidae), two Passeriformes and one Podicipediformes.?’
Four of seven pools (57.1%) of shorebird samples showed positiv-
ity to AIV, and HI testing indicated two isolates corresponded to
subtype H2 and the other two corresponded to subtype H4.

It is significant that these early studies identified percentages
of positive samples that were significantly higher than those usu-
ally recorded in studies from other continents and in later studies
conducted in South America.!:'4 Possible explanations to such
unusually high prevalence include suboptimal specificity of early
diagnostic methods, field or laboratory contaminations, or the pos-
sibility that the samples obtained represented epizootic or other-
wise unusual epidemiological conditions.

Therefore, because these early studies are in contrast with the
findings of recent studies and might not faithfully represent the ep-
idemiology of AIV in wild birds in South America, the remainder
of this review will address only studies that have been published in
the last decade, from 2006 to 2016 (inclusive).

Recent studies of AIV in South America

Eighteen studies investigating the occurrence of AIV in wild birds
in South America were published from 2006 to 2016 (Supplemen-
tary File S1). The publication of these studies did not follow an ev-
ident historical trend, with an irregular number of publications and
sampling effort from year to year (Fig. 1). Such lack of a constant
or gradual increase in the number of publications or sample size is
likely a reflection of the fact that most studies were conducted as
short-term research efforts of small academic groups rather than
as long-term governmental or multi-institutional AIV surveillance
programs.

From 2006 to 2016, most publications investigated AIV in wild
birds sampled in Brazil, Argentina and Peru (Table 1). From a to-
tal of 19,755 samples tested in the continent during this period,
17,389 samples (88%) had been collected in these three countries,
illustrating the strong bias in the sampling effort. When the accu-
mulated sample sizes are contrasted with the area and number of
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Table 1. Summary of the number of publications, sampling effort and AIV isolates from wild birds in South America from 2006 to 2016, by country

Country Area (km?) Bird species ALV research
Publications Sample size Isolates

Argentina 2,780,400 1,035 3 7,504 10
Bolivia 1,098,580 1,425 2 93 1
Brazil 8,515,767 1,832 8 2,998 7
Chile 756,950 527 2 79 5
Colombia 1,197,411 1,923 1 2,013 2
Ecuador 283,560 1,675 0 - —
French Guiana 91,000 727 0 - -
Guyana 214,970 796 0 - -
Paraguay 406,750 719 0 - -
Peru 1,285,220 1,828 3 6,887 31
Suriname 163,270 728 0 - -
Uruguay 176,220 470 1 181 0
Venezuela 912,050 1,405 0 - -
Total 17,882,148 3,505 18 19,755 56

The area and numbers of bird species of each country were obtained respectively from UNSD and Lepage.?>?” Numbers of publications from different countries overlap because

one publication provides information relating to multiple countries.

bird species of each country, it becomes evident that their distribu-
tion is not proportional to the territory of each country nor is it a
fair representation of their avian diversity.?627 In fact, nearly half
of the countries of South America lack published studies on the oc-
currence of AIV in their wild birds. For instance, Colombia ranks
first in avian diversity in the world, with 1,923 known bird species,
and yet only one such study has been published to date. Similarly,
Ecuador and Venezuela are also among the top five countries with
highest avian diversity in South America, with respectively 1,675
and 1,405 bird species, and yet have not been the subject of pub-
lications on the occurrence of AIV in their wild birds. To place
this in perspective, the United States and Canada have respectively
1,146 and 690 bird species.?’

The distribution of AIV studies is uneven in relation to the
taxonomical orders of the wild birds that were studied (Table 2).
Because several publications fail to provide details on the number
of individuals sampled for each avian species, it is not possible to
determine the taxonomical order of the birds from which 7,018
samples were obtained (35.5% of the sampling effort). For the
remaining samples, the orders Anseriformes and Charadriiformes
were the most frequently targeted species, corresponding respec-
tively to 48.3% and 29.1% of the samples tested for AIV. Smaller
but still significant numbers of samples (>500) were evaluated for
the orders Pelecaniformes (6.4%), Sphenisciformes (6.3%) and
Suliformes (5.4%), all of which comprise aquatic species of birds.

The emphasis in Anseriformes and Charadriiformes is not
surprising considering that these orders of aquatic birds are well
known for their central role in the epidemiology of AIV in other
continents.!28 However, because the avian communities of South
America are vastly different from those of the Northern Hemi-
sphere, caution is advised not to presume that AIV epidemiol-
ogy in the Neotropics will be identical to that observed in other
well-studied continents. Other aquatic birds that may live in close
proximity with Anseriformes and Charadriiformes should be in-
vestigated as they could potentially be involved in the maintenance
and transmission of AIV. For instance, recent studies have found

that penguins (Sphenisciformes) play an important role along with
Charadriiformes in the persistence and evolution of AIV in Ant-
arctica, a dynamic that could not have been witnessed in studies
conducted in the Northern Hemisphere since penguins do not oc-
cur there.?%30 Inversely, murres and auklets (Alcidae) play an im-
portant role in AIV transmission in the Northern Hemisphere but
are absent in the Southern Hemisphere.?!-32

Furthermore, even though it is reasonable to consider aquatic
birds as prime candidates for AIV surveillance in South America,
the role of terrestrial birds as reservoirs of AIV should not be dis-
missed. It is worth highlighting that Alvarez et al. documented
an outbreak of AIV subtype HIN1 in wild red-winged tinamous
(Rhynchotus rufescens).>> This record corresponded to the first re-
cord of AIV in Tinamiformes, an order of non-migratory ground-
dwelling birds that is endemic to Central and South America,
which illustrates the need to investigate the occurrence of AIV in
taxonomical groups that would not traditionally be expected to
play a significant role in the epidemiology of these viruses.

When the geographic distribution of the sampling effort is ex-
amined in relation to the ecoregions of South America (Fig. 2, Sup-
plementary File S1), another limitation of our current knowledge
of AIV epidemiology in South America becomes evident. Of the
109 terrestrial ecoregions of continental South America (as classi-
fied by Olson et al.), to date only 16 ecoregions (14.7%) had wild
birds tested for AIV.3* Because these ecoregions have distinct avi-
an assemblages and environmental conditions, the prevalence and
epidemiology of AIV may differ considerably among these areas,
and comparative epidemiological studies have yet to be conducted.

Less than 0.1% of the AIV strains for which there are gene
sequences in publicly-available databases correspond to viruses
identified in avian hosts from South America.??3% Unsurprisingly,
the number of AIV isolates from South American wild birds has
been historically correlated to the sampling effort accumulated
by different studies (Fig. 3). This corroborates the interpretation
that the small number of isolates is related to the proportionally
smaller sampling effort that has been historically dedicated to the
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Table 2. Distribution of the published sampling effort (swabs and environmental fecal samples) for wild birds tested for AIV in South America from 2006 to 2016, by

country and host taxonomic order

Taxonomic order Argentina  Bolivia Brazil Chile Colombia  Peru Uruguay  Total
Accipitriformes (68 spp.) 2 2
Anseriformes (58 spp.) 5,118 [8] 96 592 2] 350 [3] 6,156 [13]
Caprimulgiformes (333 spp.) 3 4 7
Cariamiformes (2 spp.) 0
Charadriiformes (147 spp.) 728 [1] 1,462 [4] 79 [5] 327 1,112 [5] 3,708 [15]
Ciconiiformes (3 spp.) 1 1
Columbiformes (59 spp.) 14 29 43
Coraciiformes (16 spp.) 2 11 13
Cuculiformes (23 spp.) 2

Eurypygiformes (1 sp.)

Galbuliformes (54 spp.) 1

Galliformes (66 spp.) 3 3
Gruiformes (56 spp.) 22 100 122
Opisthocomiformes (1 sp.) 0
Passeriformes (2024 spp.) 45 195 31 271
Pelecaniformes (44 spp.) 8 3 343 461 [1] 815 [1]
Piciformes (134 spp.) 1 1
Podicipediformes (10 spp.) 0
Procellariiformes (92 spp.) 18 19
Psittaciformes (131 spp.) 2 2
Rheiformes (2 spp.) 1
Sphenisciformes (17 spp.) 806 806
Strigiformes (45 spp.) 1 1
Suliformes (23 spp.) 304 382 686
Tinamiformes (45 spp.) 77 [1] 77 [1]
Trogoniformes (18 spp.) 0

Order not specified 364 93 [1] 1,200 [3] 698 4,482 [22] 181 7,018 [26]
Total 7,504 [10] 93 [1] 2,998 [71 79 [5] 2,013 [2] 6,887[31] 181 19,755 [56]

Numbers within brackets indicate the number of AIV strains isolated and/or confirmed through gene sequencing. The number of species recorded in South America for each order

was obtained from Lepage.?”

continent.

However, even when this limitation is taken into account, cur-
rent evidence also suggests that AIV prevalence might be relative-
ly lower in South America than in North America and elsewhere.
In a global review, Olsen et al. found that AIV prevalence was
7.7% for Anseriformes (n=44,318) and 1.2% for Charadriiformes
(n=19,663).!! Similar levels of prevalence were consistently found
in regional studies in North America.!>'* In comparison, studies
in South America have found an overall prevalence of 0.21% in
Anseriformes (range: 0.25-0.86%) and 0.32% in Charadriiformes
(range: 0.21-3.80%) (Table 3).33354 It is worth noting that
Mathieu et al. stands out among South American studies for hav-
ing found a slightly higher AIV prevalence (3.8%), which is prob-
ably related to the fact that this study investigated gulls that had
been found dead, as opposed to actively capturing healthy birds in
their natural habitat.3¢

The reasons as to why South American wild birds appear to have

a lower prevalence of AIV are unclear, and future studies will be
necessary to confirm whether this is a widespread pattern and iden-
tify possible causes, or to dismiss the possibility that this reflects
differences in sample collection season or storage. A possible ex-
planation is that South America has a relatively lower diversity of
Anseriformes (North America has 74 spp. and South America has
58 spp., of which 26 spp. are shared) and Charadriiformes (North
America has 185 spp. and South America has 147 spp., of which
109 species are shared).?” Another factor at play may be the differ-
ences in families and subfamilies that each continent harbors. For
Anseriformes, North America has more species in the subfamilies
Anserinae (20 spp. and 3 spp. in North and South America, respec-
tively) and Merginae (18 spp. and 3 spp.) and less species in the
subfamily Tadorninae (1 sp. and 7 spp.) and species for which the
taxonomy is unresolved (3 spp. and 9 spp.); species of the Anatinae
subfamily are equally represented in both continents (18 spp. and
20 spp.).2”* For Charadriiformes, the main difference that stands
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the terrestrial ecoregions.’*

out is that the Alcidae family, a group that is well documented for
carrying AlV, is represented by 23 spp. in North America while
being absent from South America.?”31-32

AlYV isolates and subtypes

Studies published from 2006 to 2016 have produced 56 AIV iso-
lates from wild birds in South America (Supplementary File S2).
The subtype of HA and NA could not be determined for one and
four isolates, respectively. The remaining isolates represent 23
antigen combinations (Table 4). The most frequent HA subtypes
identified to date are H13 (18.2%), H3 (14.5%) and H6 (12.7%),
whereas N2 (28.8%) and N9 (26.9%) are the most frequent NA
subtypes. Only HA subtypes H8, H14, H15 and H16 and NA sub-

type N4 have yet to be recorded in wild birds in South America;
this is unsurprising as these subtypes are generally rare, with the
exception of N4 in Charadriiformes.'3

The distribution of HA and NA subtypes among Anseriformes
and Charadriiformes is generally similar in South and North
America (based on data summarized by Krauss et al.) (Fig. 4).13
However, there are a few exceptions. It may be noted that South
American AIV strains had a relatively higher frequency of sub-
types H13 and N1 in Charadriiformes, N2 in Anseriformes, and
NO in both Anseriformes and Charadriiformes. On the other hand,
while N6 is relatively frequent in Anseriformes from North Amer-
ica, as are H9 and N4 in Charadriiformes, these subtypes have yet
to be recorded in those avian orders in South America. The rea-
sons for these discrepancies are not known, and while they could
reflect actual differences in AIV epidemiology they could also be
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Fig. 3. Relationship between the published sample size and number of AIV strains from wild birds in South America from 2006 to 2016. Each dot represents the state of
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related to differences in the distribution of the sampling effort in
the different species/families within each order. For instance, it is
well established that in North America the subtype H13 is more
frequently found in gulls than in other Charadriiformes, a pattern
that also seems to occur in South America (70% of the H13 strains
recorded for this continent had been obtained from gulls).*647 It
is, therefore, reasonable to suspect that the higher percentage of
H13 isolates in South America than in North America may reflect a
greater proportion of gulls having been sampled in South America.

All HS or H7 strains isolated in South America to date were
found to have low pathogenicity, as determined by sequence analy-

sis of the HA cleavage site and/or inoculation experiments,37-38-48-51

However, the H7N3 strain identified from cinnamon teals (4nas
cyanoptera) by Spackman et al. merits further consideration.*8:49
This strain had an HA cleavage site sequence indicative of low
pathogenicity, and infection experiments corroborated its low
pathogenicity to chickens and turkeys. However, its HA gene se-
quence was virtually identical to that of a highly pathogenic H7N3
strain identified in chickens in Chile 1 year later, suggesting that
a genetic shift occurred with the insertion of 30 nucleotides at
the HA cleavage site. This case, therefore, corroborates that low
pathogenicity strains circulating in wild birds can undergo genetic

Table 3. Apparent prevalence of AIV in studies of wild Anseriformes and Charadriiformes in South America from 2006 to 2016

Country and references Anseriformes Charadriiformes
Prevalence n Prevalence n

Argentina

Pereda et al.* 0% 1,860 0.21% 485

Alvarez et al. 0% 25 - -

Rimondi et al.,*' Xu et al.# 0.25% 3,233 0% 243
Brazil

Araujo et al.;* Hurtado et al.> - - 0.54% 556

Pinto et al.** 0% 2 0% 1

Hurtado et al. ¥ 0% 94 0% 905
Chile

Mathieu et al 3¢ - - 3.80% 79
Colombia

Karlsson et al.* 0.34% 592 0% 327
Peru

Ghersi et al.’ 0.86% 350 0.45% 1,112
Total 0.21% 6,156 0.32% 3,708
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Table 4. Summary of the number of published AIV strains with each combination of hemagglutinin (HA) and neuraminidase (NA) retrieved from wild birds in South
America from 2006 to 2016

N1 N2 N3 N4 NS N6 N7 N8 N9 N? Total
H1 3 1
H2 1 1
H3 3 1 1 3
H4 3
H5 2 1 2
H6 3 4
H7 2 1
HS8
H9 1
H10 1 2
HI11 4
H12 2
H13 7 2 1
H14
H15
H16
H? 1
Total 7 15 3 0 5 1 2 5 14 4
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Fig. 4. Distribution of published AIV strains retrieved from wild Anseriformes and Charadriiformes in South America from 2006 to 2016, in relation to the subtypes of
hemagglutinin (HA) and neuraminidase (NA). Bar colors represent the continent from where the strains were obtained: South America (black) and North America (grey) (adapted
from Krauss et al. 2004).13
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== South America (avian)
+ South America (human)
=== South America (other mammals)

=== Asia, Africa, Europe, Oceania (avian)
=== North and Central America (avian)
=== Antarctica (avian)

Fig. 5. Phylogenetic tree of viral gene sequences, illustrating the five phylogenetic clusters in which influenza A virus strains from mammals and humans are consistently
structured (adapted from Hurtado et al.).3s Trees are drawn to the similar scales, with branch lengths proportional to evolutionary distance.
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Table 5. Summary of the phylogenetic clusters of influenza strains retrieved from humans and other mammals in South America (see Fig. 5)

Cluster Hosts Countries Period Subtypes

A equine Argentina, Brazil, Chile, Uruguay 1963 to 2006 H3N8, H7N7

B human, swine Argentina, Brazil, Colombia, Chile, Ecuador, Peru 2009 to 2014 HINI1, HIN2, H3N2
C human Brazil, Chile, Colombia, Peru, Venezuela 2000 to 2009 HIN1

D human Brazil, Chile, Uruguay, Venezuela 1957 to 1983 HINI, H2N2, H3N2
E human, swine Argentina, Chile, Colombia, Peru, Uruguay 2007 to 2014 H3N2

shifts and reassortment to produce highly pathogenic strains.

Gene sequences are not available for all South American AIV
isolates; however, those for which such information is available
can be classified in two broad categories: (a) those whose genes
are very closely related to those of AIV isolates obtained from wild
birds in North America, indicating recent genetic interchange in
the Americas; or (b) those presenting one or more gene sequences
that are significantly distinct from those found elsewhere in the
world, indicating an independent evolutionary pathway. Examples
of the first category include AIV isolates obtained from wild birds
in northern Brazil, Chile, Colombia and Peru.35363839:52 The sec-
ond category is mainly represented by AIV isolates obtained from
wild birds in northern Argentina, and to a smaller extent north-
eastern Brazil and Bolivia 3340-424849.53 Ap interesting exception
is A/seagull/Chile/5775/2009/(H13N9), an isolate retrieved from
a Franklin’s gull (Larus pipixcan) in central Chile whose gene se-
quences cluster within the Eurasian clade.?>-3¢ A possible explana-
tion is that this strain is closely related to those from other gull
species, such as the lesser black-backed gull (Larus fuscus), whose
migratory routes extends longitudinally from North America to
Europe, hence providing opportunities for intercontinental virus
exchange.>*

More broadly, however, it is fair to state that the genetics of
South American isolates corroborate the hypothesis that there are
Eurasian and American clades of AIV, and that genetic exchange
between these continents is limited.!’> Current evidence indi-
cates there is extensive AIV gene flow between North and South
America, which is likely due to the north-south organization of
the flyways of migratory birds connecting these continents.333852

Implications for poultry health and wildlife conservation

The 2002 avian influenza outbreak in Chile is a clear example of
the important role that wild birds can play in the epidemiology of
these viruses for the poultry industry. The outbreak of H7N3 in
commercial poultry in Chile in 2002 was the first high pathogenic-
ity AIV outbreak reported in birds in South America. The high
pathogenicity avian influenza (HPAI) H7N3 strain involved in that
outbreak was virtually identical to a low pathogenicity notifiable
avian influenza (LPNAI) H7N3 strain that had already been cir-
culating in domestic chickens in Chile, with the exception of an
insertion of 30 nucleotides at the HA cleavage site. Because both
the HPAI and LPNAI isolates from domestic chicken in Chile were
genetically different from AIV isolates from other continents, they
were proposed to represent a separate South American lineage, in-
dicating that the virus had been circulating long enough in South
America to diverge significantly from the North American or
Eurasian viruses.’® At the time, it was speculated that the original
source of the LPNAI strain was wild waterfowl, but unfortunately
there were no isolates from local wild birds available for genetic
comparison. However, further insight was provided by studies re-

vealing that an LPNAI H7N3 strain obtained from a cinnamon teal
sampled in Bolivia in 2001 had gene sequences that were closely
related to those of the LPNAI strains from chickens in Chile in
2002. Because other genes of the cinnamon teal strain appeared
to be from diverse sources, it was clear that genetic reassortment
had occurred.*$#° While it was not possible to conclusively dem-
onstrate that the LPNAI strain that was circulating in wild birds
had been the original source of the chicken LPNAI strain (or vice-
versa), this case illustrates that AIV gene flow amongst wild and
domestic birds can play a role in the maintenance and emergence
of AIV strains that impact the poultry industry.

From a conservation standpoint, there is evidence from stud-
ies in other continents demonstrating that in some instances AIV
can cause morbidity and mortality of wild birds.!>!457-5% In South
America, Alvarez et al. were able to demonstrate that HINI in-
fections had been the cause of severe illness and death of wild
red-winged tinamous.?? The cleavage site of the HA antigen cor-
responded to that of a low pathogenicity avian influenza (LPAI)
strain, although the clinical presentation (acute respiratory distress
syndrome, lethargy, oculo-nasal discharge, swelling of the sinuses)
and pathological findings (necropsy and histopathological analy-
sis) clearly indicated that the virus was pathogenic for that species.
This raises concern that red-winged tinamous may be unusually
susceptible to AIV and therefore that their populations could be
negatively affected by the spread of the virus, even by AIV strains
that would not be theoretically classified as highly pathogenic to
avian hosts. Considering the remarkable avian diversity of the
South American continent and how little is known with regards to
the susceptibility of bird species endemic to the Neotropics, further
studies are urgently needed in order to evaluate the susceptibility
to AIV infections across orders and families of South American
birds (such as Tinamiformes). This concern is furthered by the
findings of Ellis e al., who documented the impacts of an HPAI
H5N1 outbreak in captive and semi-captive wild birds in Hong
Kong, and found that New World species of Anseriformes had a
higher influenza-related mortality than those from the Old World.®

Phylogenetic relationship between AIV strains from humans
and wild birds

There are no known cases of human influenza in South Ameri-
ca that could be directly related to transmission from wild birds.
However, it is well established in other continents that wild birds
play a key role in the maintenance and transmission of AIV, which
may then be transferred to domestic animals and subsequently to
humans, and it seems reasonable to suspect that a similar dynamic
also takes place in South America.!"*®° Through the reevaluation of
the phylogeny of multiple AIV non-glycoprotein genes from South
American AIV strains, it may be noted that isolates retrieved from
humans and other mammals in South America can be broadly clas-
sified into five main groups (Fig. 5, Table 5; see Hurtado et al. for
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a detailed description of the methods).3

Group A comprises H3N8 and H7N7 strains retrieved from
horses from 1963 to 2006. The gene sequences of this group are
relatively distinct from those identified in avian hosts worldwide,
indicating a distinct evolutionary branch. Group A strains are not
closely clustered to avian strains, however there are indications
that these strains were historically derived from strains of wild
birds. The gene sequences of group A are either within the broad
North American clade (genes PB2, M and NS) or are in separate
evolutionary branches that are shared with South American wild
bird strains (genes PA and NP) and/or Antarctic wild bird strains
(genes PB1 and PA). These patterns suggest that group A derives
from strains that, at some point in the past, circulated and were
disseminated by wild birds. An exception in this group is the A/
equine/SaoPaulo/4/1976/(H7N7) strain, which presents an unu-
sual sequence for gene M (indicated as A, in Fig. 5); although
this strain’s sequence for the gene M falls within the broad North
American AIV clade, for unknown reasons it is highly distinct
from all known AIV sequences.

Group B includes HIN1, HIN2 and H3N2 strains retrieved
from humans and domestic swine from 2009 to the present. Strains
of this group are closely related to AIV strains from turkeys in
South and North America, A/turkey/Chile/2831765043/2009/
(HIN1) and A/turkey/Ontario/FAV11417/2009/(HIN1), indicating
recent/on-going AIV transmission between mammals and birds.
More broadly, the gene sequences of group B strains fall within
the North American (genes PB2, PB1 and PA) or Eurasian clades
(gene M), indicating past genetic exchange with AIV strains that
circulated in wild birds. For genes NP and NS, on the other hand,
group B strains are part of separate evolutionary branches that
are predominantly composed by strains retrieved from humans in
South America but also include strains from chickens and turkeys
from North America.

Group C is constituted by HINT1 strains that were retrieved from
humans between 2000 to 2009. The gene sequences of the strains
in this group are remarkably distinct from those of all known avian
strains and consistently are part of separate evolutionary branches,
suggesting group C strains are probably specialized to infect hu-
mans and not transmitted from/to wild or domestic birds.

Group D comprises HIN1, H2N2 and H3N2 strains that were
isolated from humans between 1957 and 1983. The gene sequenc-
es of this group are consistently clustered as part of the separate
evolutionary branches along with those of group C, with the ex-
ception of gene PB1. For this gene, the group is split into three
subgroups (indicated as D, D, and D, in Fig. 5) clustering either
with strains from domestic birds from Eurasia (D, ), with strains of
wild birds from Australia and North America (D,), or with strains
from group C (D).

Lastly, group E encompasses H3N2 strains isolated from hu-
mans and swine from 2007 to the present. For most genes, the se-
quences of this group are also part of the separate evolutionary
branches along with groups C and D; the only exception was gene
PBI1, for which group E strains formed a separate evolutionary
branch along with group B. Interestingly, two Chinese duck AIV
strains frequently clustered along with this group, A/duck/Zheji-
ang/LS02/2014/(H7N9) and A/duck/Jiangsu/IMA/2008/(HON2).

When the distinct evolutionary paths of these groups are con-
templated in their ensemble, it becomes clear that the gene flow
of AIV among birds and humans and other mammals in South
America is a fluid mosaic. While some gene segments are part of
the North American clade and therefore probably originated from
the broader wild bird AIV gene pool that circulates in the Western
hemisphere, in most cases these segments are significantly diver-
gent which indicates that they then followed distinct evolution-

ary paths, with limited genetic interchange with avian strains. The
main exception to this broader picture is group B, which comprises
AV strains for which the gene sequences suggest there is still re-
cent/on-going shared transmission among humans, swine and tur-
keys.

Implications for human health

While strains of the subtypes H1 and H3 are well-established as
human pathogens, often with highly efficient human-to-human
transmission and relatively low lethality, other subtypes typically
associated with birds, such as strains of the subtypes HS and H7,
will tend to be transmitted less effectively among humans but will
lead to more severe infections with higher lethality.®!-62 This differ-
ence in transmission is thought to be related to differences in affin-
ity and anatomical distribution of the sialic acid-linked receptors to
which HA binds, with highly pathogenic HS strains predominantly
infecting lower sections of the human respiratory tract.%?

Most human cases of H5 and H7 infection have been linked
to direct interaction with live poultry, particularly workers of the
poultry industry and people visiting live poultry markets.®!-63
Less frequent cases of human infections by subtypes H9 and H10,
which usually only produce mild disease, have also been linked to
contact with domestic birds.®*% In this sense, it seems probable
that the main opportunities for viruses that circulate in wild birds
in South America to be transferred to humans would be through
domestic animals serving as a bridge for transmission. The phy-
logenetic evidence for recent/on-going AIV genetic interchange
between humans, swine and turkeys (e.g. phylogenetic group B)
corroborates this possibility, as does the past evidence for genetic
exchange between wild and domestic birds in South America.*$4

The presence of wild birds entering poultry farms and inter-
acting with domestic birds might therefore play a highly signifi-
cant role in South America as an interface for genetic flow from
wild birds to domestic birds and then to humans. Recent studies
have demonstrated that synanthropic species of Passeriformes and
Columbiformes may interact directly or indirectly with chickens
in poultry farms in South America.®®%7 Although no evidence of
AlV infection was detected thus far in such synanthropic birds
near poultry facilities, such studies stress the need for the develop-
ment and implementation of biosecurity measures that effectively
prevent wild birds from closely interacting with poultry in farms.6’

Although domestic birds may pose the most significant risk in
terms of AIV gene flow from wild birds to humans, the possibility
of direct AIV transmission from wild birds to humans should not
be dismissed. For instance, traditional communities from some re-
gions of South America may engage in cultural practices that pro-
vide opportunities for the transmission of AIV. One such example
is the illegal trade of game meat in some regions of the Amazon.%®
Another example are the remote fishing communities along the
Amazon coast of Brazil, where capturing and maintaining aquatic
birds, captive in precarious domestic environments, is a common
practice, whether for meat consumption (Anseriformes) or to serve
as pets (Charadriiformes).® It is acutely concerning that in one
community where this practice is frequent, the swab of a captive
white-faced whistling duck (Dendrocygna viduata) had detectable
traces of AIV genetic material.*3

Besides indigenous and traditional communities that hunt or
interact otherwise with wild birds throughout the continent, sport
hunters may also be at risk. For instance, Alvarez et al. identi-
fied AIV as the cause of death of red-winged tinamous at hunt-
ing grounds.?* This occurred less than 50 km from Buenos Aires
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city, and the AIV strain identified in that study belonged to sub-
type HIN1, an antigenic subtype that is well-documented to be
compatible with human infections, including in pandemics.%!0 It
is, therefore, clear that AIV surveillance in wild birds should be a
strategic component in preparing for and responding to influenza
epidemics in humans in South America.”® Lastly, it is worth noting
that researchers, rehabilitators, veterinarians, conservationists and
other professionals working with wild birds may also be at risk of
exposure, and should at all times adopt biosecurity measures while
working with these animals, especially when it comes to the use
personal protective equipment.

Directions for the future

The fragmented and discontinuous nature of research efforts
and the lack of long-term national and international surveillance
programs have limited our understanding of the regional charac-
teristics of AIV ecology in South America. The South American
continent has unique ecosystems, avian communities and environ-
mental conditions, which may potentially lead to differences in the
ecology and epidemiology of AIV in relation to other well-studied
regions, such as North America, and, therefore, we cannot assume
that data from other continents can be extrapolated to South Amer-
ica without the need of confirmatory studies.

For these reasons, while it is vital to conduct targeted surveil-
lance of bird groups that are well-established as reservoirs of infec-
tion for these viruses, namely Anseriformes and Charadriiformes,
moving forward it will also be important to examine whether oth-
er avian taxa could play a distinct role in the ecology of AIV in
South America. In particular, groups such as Phoenicopteriformes
(flamingoes), Procellariiformes (albatrosses, petrels), Sphenis-
ciformes (penguins) and Suliformes (cormorants, gannets) have
characteristics and behaviors that could lead them to play a role in
the epidemiology of AIV. Furthermore, it is also worth examining
whether South American endemic groups of terrestrial birds (e.g.
Tinamiformes, Rheiformes) are susceptible to AIV infections.

With regards to the geographic distribution of the study effort,
surveillance will benefit from monitoring stop-over and wintering
sites along the flyways of migratory aquatic birds.3*-#1-¢° How-
ever, considering the ecological and landscape diversity of the
continent, it is important to also dedicate sampling effort to other
areas to evaluate regional and biome-specific differences in AIV
epidemiology. Additionally, valuable insight may be obtained by
investigating the occurrence of AIV in wild birds in areas where
there might be a closer interaction among humans, domestic and
wild birds, such as swine and poultry farms, hunting grounds, and
communities where subsistence hunting and domestication of wild
birds is common practice.3341:43,66.67

Lastly, it is important to underline that the failure of many pub-
lications to provide detailed information on the sampling effort has
limited a comprehensive meta-analysis of the literature on AIV in
wild birds in South America. Although it is understandable that
scientific journals need to impose restrictions on article length,
authors should bear in mind that supplementary files are a valu-
able alternative to provide detailed datasets that greatly extends
the value and contribution of any given publication. We, therefore,
urge researchers to use supplementary files to provide extensive
details on the sampling effort (e.g. species, location, GPS coor-
dinates, date, etc. for each sample) and diagnostic results of their
studies (e.g. cycle threshold values, detailed pathobiology testing
results, etc.). Such details should be provided not only for sam-
ples with confirmed positive results but also for samples that were
positive or inconclusive in screening tests (e.g. rRT-PCR) but that
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could not be confirmed by subsequent tests, and also for samples
that were negative. Furthermore, it is essential to make every ef-
fort to sequence all eight genome segments of the virus of every
AlV isolate, and to deposit these sequences in publicly-available
databases (such as GenBank).

Conclusion

Although avian influenza virus is one of the most studied path-
ogens in the world, studies on the ecology and epidemiology of
these viruses in South America are few and fragmented. Current
evidence corroborates that many of the broad epidemiological pat-
terns that have been documented in other continents, such as the
role played by Anseriformes and Charadriiformes in the mainte-
nance and spread of AIV, are also true in South America. On the
other hand, the fact that AIV prevalence in South American studies
appears to be remarkably lower than that observed in other conti-
nents, along with the presence of endemic taxa of birds that may be
highly susceptible to AIV, indicates that South America may have
distinct characteristics that modulate the epidemiology of AIV in
unique ways. The last decade has witnessed the emergence of a
South American research community dedicated to investigating
this virus, resulting in a significant number of studies being pub-
lished in recent years. However, our knowledge on the occurrence
of avian influenza in South America is still limited and there are
important gaps in the species and geographic distribution of the
sampling effort.
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