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Prevalence and characterization of influenza viruses in
diverse species in Los Llanos, Colombia

Erik A Karlsson1,*, Karl Ciuoderis2,*, Pamela J Freiden1, Bradley Seufzer1, Jeremy C Jones1, Jordan Johnson1,

Rocio Parra3, Agustin Gongora3, Dario Cardenas4, Diana Barajas4, Jorge E Osorio2 and Stacey Schultz-Cherry1

While much is known about the prevalence of influenza viruses in North America and Eurasia, their prevalence in birds and mammals in

South America is largely unknown. To fill this knowledge gap and provide a baseline for future ecology and epidemiology studies, we

conducted 2 years of influenza surveillance in the eastern plains (Los Llanos) region of Colombia. Real-time reverse transcriptase

polymerase chain reaction (RT-PCR) identified influenza viruses in wild birds, domestic poultry, swine and horses. Prevalence ranged

from 2.6% to 13.4% across species. Swine showed the highest prevalence and were infected primarily with 2009 pandemic H1N1

(pH1N1) viruses genetically related to those in humans. In addition, we isolated H5N2 viruses from two resident species of whistling

ducks (genus Dendrocygna) that differed completely from previous South American isolates, instead genetically resembling North

American wild bird viruses. Both strains caused low pathogenicity in chickens and mammals. The prevalence and subtype diversity of

influenza viruses isolated from diverse species within a small area of Colombia highlights the need for enhanced surveillance

throughout South America, including monitoring of the potential transmissibility of low-pathogenic H5N2 viruses from wild birds to

domestic poultry and the emergence of reassortant viruses in domestic swine.
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INTRODUCTION

Outbreaks of influenza A viruses cause morbidity and mortality in

mammals and birds worldwide. Although it remains difficult to prevent

or even predict new influenza outbreaks, surveillance in animals and

birds can facilitate early recognition of new threats.1 Given the number

of unique viruses emerging from animals and birds, surveillance efforts

should include a diverse range of wild and domestic animals.2

While there are extensive influenza surveillance efforts in many

parts of the world, the prevalence and diversity of influenza viruses

in South America remains largely unknown, especially in Colombia,2

the second most biologically diverse country and home to approxi-

mately 10% of the world’s species.3,4 Colombia’s biodiversity reflects

its varied ecosystems, including tropical rainforests, coastal cloud for-

ests and open savannas. Colombia also has diverse avifauna, including

more than 1800 resident species; further, its location on three major

migratory routes makes it a stop-over site for approximately 180

migratory bird species.5,6 Colombian wetlands provide habitat for at

least 98.3% of the migratory waterfowl and 57% of the resident water-

fowl in the country.7 Additionally, Colombia has active swine and

poultry industries that include domestic husbandry and live animal

markets, providing the optimal setting for mixing of wild birds and

domestic animals.

With the exception of a report of avian H9N2 influenza infection in

asymptomatic broiler flocks in Tolima in the mid-2000s,8 there have

been no studies of the prevalence of influenza viruses in domestic

animals or wild birds in Colombia. We therefore undertook a 2-year

surveillance study in the Llanos region of Colombia, a neotropical

savanna in the Orinoco river basin. This savanna is considered one

of the world’s richest tropical grasslands; it has numerous ecosystems

that provide habitat to a large number of resident and migratory birds

and diverse agricultural species.9 The prevalence of influenza viruses in

diverse species within a small area of Colombia highlights the need for

enhanced surveillance throughout South America, including moni-

toring of the potential transmission of low-pathogenic H5N2 viruses

from wild birds to domestic poultry.

MATERIALS AND METHODS

Surveillance sites and sample collection

All sampling activities were performed or supervised by trained veter-

inarians and approved by the St Jude Children’s Research Hospital

Institutional Animal Care and Use Committee. The study was con-

ducted between 2010 and 2012 in the Los Llanos region of Colombia,

within a 90-km radius around Villavicencio (coordinates N04604’23.3’’

and W73634’54.8’’) in Meta province (Figure 1). Samples were col-

lected with single-use polyester sterile swabs and stored separately in

single plastic cryovials containing 1 mL of phosphate-buffered saline

with 50% glycerol, penicillin 10 000 IU/mL, streptomycin 5 mg/mL,

gentamicin sulfate 1 mg/mL, kanamycin sulfate 700 mg/mL and
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amphotericin B 10 mg/mL (Sigma Chemical Co, St Louis, MO, USA).

Samples were stored on ice at 4 6C for a maximum of 2 days before

long-term storage at 270 6C.

Wild birds. Two thousand and thirteen fecal samples were collected

from wild birds at nine sites within 4 areas representing different

ecosystems, habitats and landscapes: (i) piedmont or foot slope

savanna; (ii) plains; (iii) wetlands; and (iv) rice fields. Specific sam-

pling points were selected within each of the nine sites according to the

following criteria: (i) records of the presence of resident and migratory

waterfowl; (ii) the presence of resting or feeding areas for groups or

flocks of wild birds; and (iii) interactions among humans, wild birds,

and domestic animals. Each site was sampled at least twice per year.

Domestic poultry. One thousand one hundred and eighty-eight clo-

acal swabs and fecal samples were collected as previously described10,11

from domestic poultry at 11 sampling sites that included backyard

poultry operations, small farms and slaughterhouses, Each site was

sampled at least once per year.

Horses. Two hundred and twenty nasopharyngeal swabs were col-

lected from horses at seven sampling sites, including farms and stables,

as previously described.12 Each site was sampled at least once per year.

Swine. Six hundred and seventy-eight nasopharyngeal swabs were

collected from swine at five sites, including farms and slaughterhouses,

as previously described.11,13 Each site was sampled at least once per

year.

Virus detection and isolation

Viral RNA was extracted from 50 mL samples on a Kingfisher Flex

Magnetic Particle Processor (Thermo Fisher Scientific, Waltham, MA

USA) by using the Ambion MagMAX-96 AI/ND Viral RNA Isolation

kit (Life Technologies Corporation, Grand Island, NY, USA). RNA

was screened by using a Bio-Rad CFX96 Real-Time PCR Detection

System on a C1000 Thermocycler (Bio-Rad, Hercules, CA, USA), with

TaqMan Fast Virus 1-Step Master Mix (Applied Biosystems, Foster

City, CA, USA) and primers/probe specific for the influenza M gene

(CDC, Atlanta, GA, USA).14 Samples with a fluorescence cycle thresh-

old value ,40 were considered positive. Efforts were made to isolate

virus from all real-time reverse transcriptase polymerase chain reac-

tion (RT-PCR)-positive samples in either embryonated chicken eggs

or cell culture, as previously described.15,16 Virus titers were deter-

mined by the method of Reed and Munch17 on the basis of the 50%

tissue culture infectious dose (TCID50) in Madin–Darby canine

kidney (MDCK) cells or the 50% egg infectious dose (EID50).

Sequencing and phylogenetic analysis

Reverse transcription of viral RNA from the original sample, followed

by PCR with specific primers (primer sequences available upon

request) for each gene segment, was performed as described pre-

viously.18 Sanger sequencing was performed by the St Jude Hartwell

Center and sequences were aligned by using the ClustalW and Bioedit

programs.19,20 The eight gene segments were phylogenetically ana-

lyzed on the basis of their nucleotide sequences. Phylogenetic analysis

used MEGA version 5.05 software with the neighbor-joining method,

Kimura two-parameter model.21 Virus strains were clustered on the

basis of nucleotides, and only dominant clusters were used to infer

phylogenetic relationships. The nucleotide sequences obtained in this

study are available from Genbank under accession numbers KC703309

to KC703350.

Cells

MDCK cells were cultured in Eagle’s minimum essential medium (Gibco-

Invitrogen, Carlsbad, CA, USA) supplemented with 2 mM glutamine and

10% fetal bovine serum (Gemini BioProducts, West Sacramento, CA,

USA) and grown at 37 6C in 5% CO2. Well-differentiated (transepithelial

resistance .1000) primary normal human bronchial epithelial (NHBE)

Villavicencio

Villavicencio

Colombia

Medellin

Bogota

Figure 1 Geographical location of sampling sites in Colombia. Colored points correspond to the sampling sites in each location in Meta Province. Smaller inset shows

the Llanos region. Red5Puerto Lopez, green5Pachaquiaro, yellow5Villavicencio and orange5Ariari.
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cells were purchased from MatTek Corp. (Ashland, MA, USA), main-

tained by daily washing with 0.9% sodium chloride, and incubated at the

air-liquid interface at 37 6C and 5% CO2. The basal surfaces remained in

contact with AIR 100 growth medium (MatTek Corp.), which was

replaced every 24 h.

In vitro virus replication

MDCK cells were infected at a multiplicity of infection (MOI) of 0.01

for 1 h at 37 6C. Cells were washed three times to remove unbound

virus and cultured in appropriate medium containing 0.075% bovine

serum albumin and 1 mg/mL L-1-tosylamide-2-phenylethyl chloro-

methyl ketone-treated trypsin. Aliquots of culture supernatants were

collected at 24 and 48 h post-infection (pi) and immediately stored at

–70 6C. For infection of NHBE cells, basal medium was removed and

replaced with Dulbecco’s modified eagle medium. The apical surface

was washed twice and incubated with fresh, serum-free Dulbecco’s

modified eagle medium containing virus for 2 h at 37 6C, after which

both apical and basal medium was removed and fresh growth medium

was added to the basal chamber. At 6, 24, 48, 72 and 96 hpi, Dulbecco’s

modified eagle medium was added to the apical surface and the culture

was incubated for 30 min at 37 6C. The medium was collected and

stored at –80 6C for virus titration.

Animal experiments

All experiments and procedures were approved by the Animal Care

and Use Committee at St Jude Children’s Research Hospital.

Mice. Six- to eight-week-old female BALB/c mice (n510; Jackson

Laboratory, Bar Harbor, ME, USA) were lightly anesthetized with iso-

flurane and intranasally inoculated with 105 TCID50 of virus in 25 mL

phosphate-buffered saline. Mice were monitored daily for clinical signs

of infection22 and weighed every 48 h. At different times, three mice

were euthanized and tissues were harvested. The large lung lobe was

washed and immediately stored in 10% buffered formalin for histolo-

gical analysis. The remaining lobe and extrapulmonary tissues were

homogenized in 1 mL phosphate-buffered saline for virus titration.

Chickens. One-day-old white leghorn hatchlings (n510; Charles

Rivers, Wilmington, MA, USA) were provided food and water ad

libitum and raised under specific pathogen-free conditions for 8 weeks

before use. To determine the intravenous pathogenicity index (IVPI),

8-week-old chickens (n55 per group) were intravenously inoculated

with a 1:10 dilution of egg-grown virus in a volume of 100 mL. Animals

were monitored for signs of illness for 10 days and scored (05healthy,

15ill, 25severely ill, 35dead) according to the World Health

Organization Manual on Influenza Diagnosis and Surveillance.23 The

IVPI was calculated from the mean score and used to assign one of

three pathogenicity indices: highly pathogenic, non-pathogenic or

intermediate.24 To determine virus shedding and pathogenicity after

inoculation via natural routes, 8-week-old specific pathogen-free

chickens (n55 per group) were infected by intraocular, intranasal

and intratracheal inoculation with 106 EID50 of virus in a volume of

0.5 mL and monitored daily for clinical signs of infection. To assess

virus shedding, cloacal and tracheal swabs were collected from all birds

every 48 h for 12 days. Swabs were stored in 1 mL (cloacal) or 0.5 mL

(tracheal) viral transport medium at –70 6C for virus titration in eggs.

Statistical analysis

Experimental data were analyzed by using JMP Statistical Software

(SAS Institute, Cary, NC, USA) and the statistical software package

in Prism (GraphPad, La Jolla, CA, USA). Nonparametric data were

compared by using the Kruskal–Wallis test. Normally distributed data

were analyzed by two-way ANOVA with virus and day post-infection

as main effects. Student’s t-test was used for post hoc comparison of

groups. Differences were considered to be statistically significant at

P,0.05 (a50.05 was prospectively selected).

To determine whether location or seasonal/climatic conditions

affected viral prevalence within each species, we grouped the surveil-

lance sites into four general locations (Villavicencio, Ariari, Puerto

Lopez and Pachaquiaro) and established two periods, dry season

(December–March) and rainy season (April–November), on the basis

of historical climate records (mean temperature, rainfall, and relative

humidity for the past 20 years, published by the Meteorological and

Environmental Studies Institute of Colombia). Viral prevalence was

compared across species by using the Pearson x2 test or Tukey’s

multiple comparison test in Excel 2007 (Microsoft Corporation,

Redmond, WA, USA). Differences were considered statistically sig-

nificant at P,0.05.

RESULTS

Prevalence of influenza viruses in the Llanos region of Colombia

During 2010–2012, we collected more than 4000 swab samples from

horses, swine, domestic poultry and wild birds at various sites within

the Llanos region (Figure 1) and screened RNA in the samples by real-

time RT-PCR. As shown in Table 1, 13.4% of swine, 4.1% of horses,

3.6% of wild birds and 2.6% of poultry tested were influenza-positive.

The proportion of positive samples differed significantly by species,

location and even collection season (P,0.05). The Villavicencio

Table 1 Influenza prevalence by species

Host (scientific name) Number screened Number positive Percent positive Number subtyped

Poultry

Chicken (Gallus gallus domesticus) 1003 28 2.79

Muscovy duck (Cairina moschata) 12 0 0

Japanese quail (Coturnix japonica) 84 1 1.19

Domestic goose (Anser anser domesticus) 2 0 0

Domestic duck (Anas platyrhynchos domestica) 87 2 2.30

Total 1188 31 2.61

Horse

Horse (Equus ferus caballus) 220 9 4.09

Swine

Swine (Sus scrofa domesticus) 678 91 13.42 33

Wild bird

Various species 2013 73 3.63 2
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HAA

NAB

A/Ankara/21/2009 (GU369665.1)
A/District of Columbia/INS47/2009 (CY083862.1)
A/New York/2598/2010 (CY062114.1)
A/Wisconsin/629-D02448/2009 (CY057902.1)

A/Singapore/GP4007/2009 (CY123213.1)
A/Kenya/139/2011 (JQ396236.1)

A/San Diego/INS14/2009 (CY083838.1)
A/Chile/19/2010 (CY092960)

A/Chile/1598/2009 (CY075179)

A/Bogota/WRAIR0435N/2009 (CY083064)
A/Bogota/WRAIR0442T/2009 (CY083088)
A/La Paz/WR0096T/2009 (CY049851)

A/swine/lowa/00935/2005 (CY082037.1)
A/swine/Costa Rica/000125-14/2010 (JF279888)
A/California/04/2009 (JF915184.1)

A/Singapore/ON202/2009 (CY123717.1)
A/Argentina/19618/2009 (HM569683)
A/Lima/WRAIR9202F/2009 (CY083615)
A/Argentina/19527/2009 (HM569675)
A/Bogota/0466N/2009 (CY044147)

A/Bogota/WRAIR0088N/2009 (CY069309)
A/Peru/WRAIR1377P/2007 (CY070120)
A/Brisbane/59/2007 (CY058487.1)
A/swine/Minnesota/01146/2006 (CY099035.1)
A/Perth/10/2010 (CY121496.1)

A/Singapore/GP3667/2010 (JX309668.1)

A/Guangdong/427/2010 (CY120943.1)

A/Missouri/NHRC0001/2011 (CY092419.1)

A/Bogota/WR0090N/2009 (CY050088.1)

A/Bogota/WRAIR0435T/2009 (CY083074.1)

A/California/04/2009 (JF915186.1)

A/swine/4Mexico/2009 (CY053647.1)

A/Colombia/08/2009 (GQ200277.1)(Partial)

A/Bogota/176/2009 (GQ200274.1)(Partial)

A/Bogota/WRAIR0088N/2009 (CY069311.1)

A/Bogota/WRAIR03457T/2010 (CY093417.1)
0.1

A/Medellin/WRAIR1297P/2008 (CY100878.1)

A/Brisbane/59/2007 (CY058489.1)

A/swine/Minnesota/00709/2005 (CY099063.1)

A/Perth/10/2010 (CY121498.1)

A/swine/North Carolina.18161/2002 (CY098518)

A/swine/North Carolina/00839/2005 (CY099151)

A/swine/4/Mexico/2009 (CY053645)
A/swine/4/Mexico/2009 (CY053645.1)

A/swine/Colombia/1/2011
A/swine/Colombia/2/2011

A/swine/Colombia/3/2011
A/swine/Colombia/4/2011

A/swine/Colombia/4/2011

A/swine/Colombia/3/2011

A/swine/Colombia/1/2011

A/swine/Colombia/2/2011

Figure 2 Phylogenetic trees of the HA (A) and NA (B) genes of influenza viruses isolated from swine in the Llanos region of Colombia. Trees were generated by using

the neighbor-joining method in MEGA software. Trees are based on full genetic sequences of representative pandemic H1N1 (red), classical swine H1N1 (yellow),

seasonal human H1N1 (green) and seasonal human and swine H3N2 (blue) viruses. Swine isolates are shown in black italics. An archetypal 2009 pandemic H1N1

strain (A/California/04/2009) is shown in red. Scale bars represent the number of substitutions per site.
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region had the highest rate of positive samples (6.3%, n52389), followed

by Puerto Lopez (5.0%, n5378), Ariari (2.9%, n5382) and Pachaquiaro

(2.53%, n5949). Samples collected during the rainy season (April–

October, 6.9%) were significantly more likely to be positive than those

collected during the dry season (November–March, 2.9%) (P,0.05).

The majority of positive horse swabs were collected at a farm in the

Ariari region, while the majority of positive swine and poultry swabs

were collected at an abattoir in the Villavicencio region. This abattoir

regularly purchases animals from farms throughout the province, li-

miting our ability to identify the origins of positive animals. The

majority of positive poultry samples were from domestic chickens

(Gallus gallus domesticus, n51003), which also had the highest pre-

valence of influenza infection among poultry (2.8%). Positive samples

were also collected from a Japanese quail (Coturix japonica) and from

domestic ducks (Anas platyrhynchos domestica). Unfortunately,

attempts to isolate viruses from positive horse and poultry swabs

and to identify their subtypes were unsuccessful, a not unexpected

result given the sensitivity of real-time RT-PCR. The majority of sam-

ples had cycle threshold (Ct) values around 37–39, whereas isolation is

ideally achieved at or below a cycle threshold value of 33.25–27

Detection of pandemic H1N1 (pH1N1) influenza virus in swine

Of the 91 positive swine samples (Table 1), the majority (91.2%) were

obtained on two separate dates at an abattoir and 2.5% were collected

on farms. None of the animals exhibited clinical signs of infection. We

were able to subtype 33 positive samples by conventional RT-PCR and

Sanger sequencing and found that all were pH1N1 virus.

To determine whether any of the swine pH1N1 viruses were reassor-

tants, we performed full-length sequencing of RNA from positive swabs.

Phylogenetic analysis of four different samples confirmed that the

pigs were infected with unaltered pH1N1 virus; genetic identity to other

pH1N1 viruses ranged from 97% to 100%. The Colombian swine viruses

clustered with other human and swine pH1N1 isolates (Figure 2 and

Supplementary Figure S1). The hemagglutinin (HA) sequences of viruses

from the first and second sampling dates differed from one another and

differed significantly from the HAs of known pH1N1 pandemic strains

(bootstrap values of 85 and 75, respectively) (Figure 2A). Similarly, the

NS, NP and PA sequences showed temporal clustering (Supplementary

Figures S1B–S1D). The NA sequences of pH1N1 showed no specific

phylogenetic pattern (Figure 2B), nor did the M, PB1 or PB2 sequences

(Supplementary Figures S1A, S1E and S1F). The M genes of three of the

four isolates appeared to form a subclade different from those of other

pH1N1 viruses (Supplementary Figure S1D), although additional viruses

must be analyzed to confirm this finding. To our knowledge, this is the

first report of pH1N1 virus in Colombian swine. Further, these findings

differ from our early-2010 seroepidemiology study showing antibod-

ies against classical swine H3N2 viruses in the Los Llanos swine

(unpublished data). These findings demonstrate the need for ongoing

surveillance, most importantly to ensure that Colombian pigs are not

shedding reassortant pH1N1 and H3N2 viruses like those currently

found in North American swine herds.28,29

Isolation of H5N2 influenza virus from whistling ducks

To date, there have been no reports of influenza viruses in Colombian

wild bird populations. Of the 2013 samples collected from diverse wild

bird species throughout the Llanos region (Supplementary Table S1),

58 (,3.0%) were positive. Although most of the positive samples were

derived from mixed or unknown species, positive samples were

identified in the Anseriformes, Charadriiformes, Passeriformes and

Pelicaniformes orders. Two influenza viruses were isolated from re-

sident whistling ducks (genus Dendrocygna): A/black bellied whistling

duck/Colombia/1/2011 (A/BBWD/Colombia/1/2011) and A/white

faced whistling duck/Colombia/1/2011 (A/WFWD/Colombia/1/2011).

For comparison of the Colombian wild bird viruses with other

avian influenza viruses, we performed full-length sequencing on the

viral isolates followed by phylogenetic analysis (Figure 3 and

Supplementary Figure S2). In analyses of all gene segments, the two

Colombian H5N2 viruses were more closely related to each other than

to any other influenza virus, and they formed clusters significantly

distinct from those of the other strains analyzed. The gene segments of

both viruses clustered with North American avian influenza viruses

rather than with Central or South American avian influenza viruses

(Figure 3); comparison of their relation to the North American vs.

non-North American H5 lineages yielded a robust bootstrap value of

100. This finding may reflect the scarcity of influenza data from wild

birds in Central and South America.

In the HA gene analysis, the closest relative was an H5N2 virus isolated

from a wild duck in Ohio in 2004 (96% nucleotide similarity) (Figure 3A

and Supplementary Table S2). Like other viruses in the North American

lineage, the Colombian H5 viruses had a deduced amino-acid sequence

of PQRETR*GLF at the multibasic cleavage site, a receptor binding

domain suggesting avian specificity and inability to replicate in the

absence of trypsin (signifying low pathogenicity) (Table 2). Like the

HA segment, the NA genes of the Colombian viruses were more similar

to each other than to any other strain or cluster in the North American

clade of N2 viruses containing long NA stalks (Figure 3B and Table 2).

The nearest relative to both strains was identified by the N2 sequence of

A/mallard/MN/1/2000 (96% nucleotide similarity). The internal genes of

the two isolates had 90%–98% sequence identity with those of their

nearest relatives (Supplementary Table S2).

Pathogenicity and replication of the Colombian H5N2 isolates in

poultry

To evaluate the pathogenicity of the Colombian H5N2 viruses in

chickens, groups of 6-week-old chickens (n55/virus) were inoculated

by natural route with the Colombian viruses and monitored for clinical

Table 2 Characteristics of the Colombian H5N2 avian viruses isolated

Virus Subtype Pathogenicity Multibasic cleavage sitea Growth without trypsin

NA stalk

length Reference

A/Chicken/Queretaro/14588-19/1995 H5N2 HP PQRKRKTR*GLF Yes Short 54

A/tern/South Africa/1961 H5N3 HP PQRETRRQKR*GLF Yes Long 50

A/Chicken/Pennsylvania/1/1983 H5N2 HP PQKKKR*GLF Yes Short 55

A/Chicken/Mexico/26654-1374/1994 H5N2 LP PQRETR*GLF No Short 54

A/mallard/Bavaria/1/2005 H5N2 LP PQRETR*GLF No Long 50

A/WFWD/Colombia/1/2011 H5N2 LP PQRETR*GLF No Long

A/BBWD/Colombia/1/2011 H5N2 LP PQRETR*GLF No Long

a Deduced amino-acid sequence.
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HA

NA

0. 02

0. 02

A/chicken/Mexico/37821-771/1996 (GU052588)
A/chicken/Mexico/22184/1998 (GU052612)

A/chicken/Mexico/31381-991/1994 (GU052659)
A/chicken/Mexico/28159-541/1995 (GU052690)

A/chicken/Mexico/435/2005 (FJ864690)
A/chicken/Guatemala/45511-1/2000 (GU052628)

A/chicken/ EI Salvador/102711-2/2001 (GU052636)
A/chicken/Texas/298313/04 (AY849793)

A/chicken/New Jersey/17169/1993 (EU743019)

A/chicken/Pennsylvania/1/83 (J04325)
A/tern/South Africa/1961 (GU052822)

A/duck/Postsdam/1402-6/1986 (CY014642)
A/swan/Bavaria/15/2007 (GU046782)

A/chicken/ltaly/312/1997 (EF597263)

A/chicken/Queretero/7653-20/1995 (FJ610077)
A/chicken/Mexico/31381-3/1994 (U186567)

A/chicken/Mexico/22184/1998 (GU052614)

A/chicken/Guatemala/45511-5/2000 (GU052797)

A/chicken/Pennsylvania/1/1983 (CY015075)

A/chicken/Texas/298313-2/2004 (GU052646)

A/chicken/ltaly/330/1997 (GU052405)

A/chicken/E1 Salvador/102711-2/2001 (GU052638)
A/black duck/New York/184/1988 (CY014874)
A/wigeon/Ohio/379/1998 (CY011250)
A/mallard/Maryland/302/2001 (GU053469)

A/mallard duck/Alberta/57/1976 (CY004319)
A/mallard/MN/113/2000 (EU871901)

A/mallard/Netherlands/3/1999 (GU052558)

A/mallard/Czech Republic/14602-37K/2011 (JQ737223)
A/duck/Korea/A14/2008 (GU086248)

A/duck/Victoria/26/1981 (CY077687)

A/duck/Potsdam/1402-6/1986 (GU052542)
A/turkey/England/N28/1973 (GU052550)

A/rosy-billed pochard/Argentina/CIP051-1977/2010 (CY096055)
A/rosy-billed pochard/Argentina/CIP051-925/2008 (CY067712)

A/rosy-billed pochard/Argentina/CIP051-557/2007(CY067696)

A/mallard/Kentucky/472048-2/2006 (GQ923311)
A/wild bird/Wisconsin/433163-1/2006 (GU050260)

A/mallard/lllinois/3974/2009 (CY097178)

A/mallard/Ohio/468158/2006 (GQ923271)
A/ruddy turnstone/Delaware/313/2003 (EU980525)

A/parrot/California/6032/04 (DQ256385)

A/chicken/Chiapas/15408/1997 (GU052606)

A/wigeon/Ohio/379/1998 (CY011248)

A/ruddy tumstone/Delaware/85/2005 (GU186446)
A/wild duck/Ohio/623/2004 (GU186785)
A/mallard/Maryland/897/2004(FJ686738)

A/mallard/lllinois/3974/2009 (CY097176)
A/duck/New York/484057/2007 (GQ117225)

A/duck/Pennsylvania/10218/1984 (AB295603)

A/black bellied whistling duck/Colombia/1/2011
A/ white faced whistling duck/Colombia/1/2011

A/black bellied whistling duck/Colombia/1/2011
A/white faced whistling duck/Colombia/1/2011

A/parrot/CA/6032/04 (DQ256383)

A

B

Figure 3 Phylogenetic trees of the HA (A) and NA (B) genes of H5N2 influenza viruses isolated from whistling ducks in the Llanos region of Colombia. Trees were

generated by using the neighbor-joining method in MEGA software. The HA tree is based on full genetic sequences from representative H5N2 viruses from Central/

South America (dark blue), North America (light blue) and Eurasia/Oceania (yellow). The NA tree is based on full genetic sequences of representative HxN2 viruses

from Central America (dark blue), North America (light blue/light orange), South America (dark orange) and Eurasia/Oceania (light yellow) and is divided into short

(blue) and long (yellow) stalk lengths. Strains characterized in this study are shown in black italics. Scale bars represent the number of substitutions per site.
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signs of infection. Cloacal and tracheal swabs were collected for 8 days

pi (Table 3). Although none of the chickens exhibited clinical signs of

disease, 20% of those inoculated with A/WFWD/Colombia/1/2011

shed virus from the cloaca through day 4 pi, with a peak virus titer

of 105.5 EID50/mL at day 2 pi (Table 3). Similarly, 40% of birds inocu-

lated with A/BBWD/Colombia/1/2011 shed virus cloacally at day 2 pi

(peak titer of 104 EID50/mL); only one bird was shedding by day 4 pi.

There was no cloacal shedding after day 4, and no birds shed virus from

the trachea. Both of the Colombian H5N2 viruses were nonpathogenic

in chickens, with an intravenous pathogenicity index of 0 (Table 3).

Replication of the Colombian H5N2 isolates in vitro and in mice

To assess replication in mammalian cells, MDCK and NHBE cells

grown in an air-liquid interface were infected with the Colombian

viruses at an MOI50.01, and viral titers were monitored. Both viruses

had comparable titers at 24 and 48 hpi in MDCK cells, reaching

approximately 107 TCID50/mL by 24 hpi (Figure 4A). Surprisingly,

the viruses also replicated in NHBE cells, although their kinetics were

slower than those of the A/California/04/2009 (CA/09) H1N1 virus

(Figure 4B). Titers of the Colombian viruses were 4 logs lower than

those of CA/09 at 24 hpi, but were comparable by 48 hpi. These

Table 3 Growth and pathogenicity of the Colombian H5N2 viruses in chickens

Swab titer1

Virus

Trachea Cloaca

IVPI2 dpi 4 dpi 6 dpi 8 dpi 2 dpi 4 dpi 6 dpi 8 dpi

A/WFWD/Colombia/1/2011 0 (0/5)2 0 (0/5) 0 (0/5) 0 (0/5) 5.5 (1/5) 4.5 (1/5) 0 (0/5) 0 (0/5) 0

A/BBWD/Colombia/1/2011 0 (0/5) 0 (0/5) 0 (0/5) 0 (0/5) 4 (2/5) 5.25 (1/5) 0 (0/5) 0 (0/5) 0

Abbreviations: IVPI; intravenous pathogenicity index; dpi; days post-infection.
1 Log10 EID50/mL. Data are the average of 5 animals/group. Values in parenthesis are the number shedding/number tested.
2 Values of 0 were below the limit of detection (,1 log10 EID50/100 mL).
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Figure 4 Replication of Colombian H5N2 viruses in vitro. MDCK (A) cells were infected at an MOI of 0.01, culture supernatants were collected at 0, 24 and 48 hpi, and

virus was titrated as TCID50. (B) NHBE cells were maintained in culture at an air/liquid interface and infected at an MOI of 0.1. At 6, 24, 48 72 and 96 hpi, medium was

added to the apical surface. Medium was collected after 30 min, and virus was titrated in triplicate as TCID50. Error bars represent the standard error of the mean.

* P,0.05.
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findings suggest that the Colombian avian viruses can replicate in

mammalian cells.

To assess pathogenicity in mammals, groups of ten 6- to 8-week-old

female Balb/c mice were intranasally inoculated with 105 TCID50 of the

Colombian viruses or of A/Puerto Rico/8/1934 (PR8) H1N1 virus, and

weight loss and viral titers were monitored for 10 days. Unlike PR8

virus, neither Colombian H5 virus caused significant weight loss

(Figure 5A); low viral titers were observed at day 3 pi, and virus was

completely cleared by day 6 pi (Figure 5B). No significant histological

lesions were observed in the lungs of mice inoculated with either strain

(data not shown). These findings did not justify tests of the patho-

genicity and transmission of these viruses in a ferret model. In sum-

mary, although the Colombian H5 viruses replicated in mammalian

cell culture, they replicated only to a minor extent in inoculated mice

and did not cause morbidity.

DISCUSSION

Few other studies have investigated the prevalence of influenza viruses

in diverse species in Colombia. The Llanos region, one of the world’s

richest tropical grasslands, provides habitat to a large number of re-

sident and migratory birds.9 There is also extensive agriculture in the

area, creating unique environment in which diverse species of migra-

tory waterfowl are in contact with horses, swine and poultry, especially

via backyard farming. For this reason, it was not surprising to find real-

time RT-PCR evidence of influenza virus infection in a wide range of

species.

Swine showed the highest prevalence of infection (13.4%), a rate

much higher than the estimated prevalence of 4% in North American

swine herds (personal communication, RJ Webby, St Jude Children’s

Research Hospital). Anti-influenza antibodies have previously been

identified in swine in Brazil, Argentina, Venezuela, Chile and

Colombia.30,31 However, only one other study has identified influenza

infection (with a human H3N2 virus) in Colombian swine.31 Early

during our surveillance (February 2010), we found antibodies to clas-

sical swine H3N2 viruses in swine in the Llanos region. However, by

December 2010, pH1N1 virus was the only strain detected. Given that

the swine viruses were identical to circulating human pH1N1 strains,

they may have been introduced into swine by reverse zoonosis. The

different sampling dates and the formation of two distinct clusters

within the pH1N1 branch suggest two such events. As the majority

of our surveillance was performed at abattoirs, we cannot comment on

clinical disease in the swine herds, although it is interesting that most
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Figure 5 Pathogenicity of Colombian H5N2 viruses in vivo. Female 6- to 8-week-old BALB/c mice (n510) were infected intranasally with 105 TCID50 of the indicated

viruses, and weight loss (A) was monitored for 14 dpi. (B) 0, 3 and 6 days after infection, lungs were collected from three mice per group and virus in homogenates was

titrated as TCID50. Data represent the mean of at least two separate experiments. Error bars represent the standard error of the mean.
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of the positive samples identified were from two separate herds of

piglets, in which more than 80% were positive by real-time RT-PCR.

It raises concern that we found evidence of more recent infection of

swine herds throughout Colombia with both pH1N1 and classical

swine H3N2 viruses. In many parts of the world, there is evidence of

continued reassortment between pH1N1 and classical swine H3N2

and H1N1 viruses. Several of these reassortants have crossed into

humans,28,29,32–36 the most recent being the novel reassortant H3N2

viruses currently infecting humans in the United States.28,29,37–39

Similarly, swine in Argentina have been found to be infected with

pH1N1 and seasonal human reassortants.40 These findings highlight

the need for surveillance throughout Latin America to elucidate the

extent of influenza prevalence and strain-specific prevalence in swine

and the potential transmissibility of reassortants from swine to

humans.

We also found that 2.6% of poultry and 3.6% of wild birds tested

were positive for influenza virus. Both viruses and antibodies have

been isolated previously from wild birds and poultry in South

America, including H7 and H9 subtypes in Argentina, Chile,

Bolivia, Colombia, Peru and Brazil.8,41–46 However, our study is the

first to isolate H5 viruses in South America. H5-positive sera pre-

viously reported in Chilean poultry farms were later linked to a con-

taminated batch of vaccine.45 Our low-pathogenic H5N2 viruses were

isolated from two species of resident whistling ducks, which are fairly

common in Colombia both east and west of the Andes and are gen-

erally found in freshwater ponds, marshes and flooded fields.47 In

Nigeria, white-faced whistling ducks were found to be healthy carriers

of highly pathogenic H5N2 viruses.48–50 Both white-faced and black-

bellied whistling ducks are generally considered non-migratory re-

sident species; therefore, these viruses may have been introduced by

migratory birds wintering in Colombia. Further, all of the virus genes

from both white-faced and black-bellied whistling ducks clustered

with sequences from wild migratory birds of the North American

lineage (nucleotide similarity, 90%–98%), unlike the Argentinian

H6 viruses that clearly evolved from South American-lineage

viruses.44,51 Alternatively, the Colombian viruses may be part of a

larger ‘South American’ lineage yet to be identified by surveillance

in South American wild birds.

Although the H5N2 viruses were low-pathogenic (IVPI scores of 0)

in chickens,52 they replicated and were cloacally shed by 20% of inocu-

lated chickens through day 4 pi. While the proportion of chickens

shedding virus and the replication kinetics matched those of other

low-pathogenic H5N2 strains,53 the efficient replication of these

viruses indicated that they have the potential to spread if introduced

into domestic poultry populations; therefore, they warrant continued

surveillance.

The Colombian H5 viruses replicated efficiently in MDCK and

NHBE cells; however, H5N2 virus infection was associated with little

to no morbidity and limited viral replication in Balb/c mice. These

findings suggest that the Colombian H5N2 viruses isolated from wild

birds do not require immediate intervention, because (i) they do not

contain the multibasic cleavage site or stalk deletion associated with

highly pathogenic viruses; (ii) they were not highly pathogenic in

inoculated chickens; and (iii) they do not replicate efficiently in a

mammalian model. However, these studies highlight the need for

continued influenza virus surveillance in Colombia and throughout

South America.

Supplementary Information for this article can be found on

Emerging Microbes and Infections’s website (http://www.nature.com/

emi/).
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