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Abstract

The role wild bird species play in the transmission and ecology of avian influenza virus (AlV) is well established; however,
there are significant gaps in our understanding of the worldwide distribution of these viruses, specifically about the
prevalence and/or significance of AIV in Central and South America. As part of an assessment of the ecology of AIV in
Guatemala, we conducted active surveillance in wild birds on the Pacific and Atlantic coasts. Cloacal and tracheal swab
samples taken from resident and migratory wild birds were collected from February 2007 to January 2010.1913 samples
were collected and virus was detected by real time RT-PCR (rRT-PCR) in 28 swab samples from ducks (Anas discors). Virus
isolation was attempted for these positive samples, and 15 isolates were obtained from the migratory duck species Blue-
winged teal. The subtypes identified included H7N9, H11N2, H3N8, H5N3, H8N4, and H5N4. Phylogenetic analysis of the
viral sequences revealed that AlV isolates are highly similar to viruses from the North American lineage suggesting that bird
migration dictates the ecology of these viruses in the Guatemalan bird population.
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Introduction

The role of wild birds in the transmission of AIVs has become
highly significant with the introduction and spread of Highly
Pathogenic Avian Influenza Viruses (HPAIV) of the H5NI
subtype into different countries in Asia, Europe, and Africa
[1,2,3,4]. It is generally accepted that aquatic wild birds are the
primary reservoirs of AIVs as evidenced by the fact that most of
the different possible combinations of HA and NA subtypes (e.g.
H4N2) have been found in these animals [4,5]. AIVs have been
isolated from over 100 species of wild birds belonging to 12
different orders, mainly Anseriformes and Charadriiformes [6,7].
The virus has also been reported at low prevalence in small
terrestrial birds (e.g. Passerines) ranging from 0.9% to 6.6%
[8,9,10] and it has been proposed that such species can act as
bridges between the wild aquatic and domestic birds because they
co-exist with both ecosystems [11,12,13,14,15,16]. Several sur-
veillance studies have provided insight into the evolution of AIVs
and its relationship with wild bird behavior [17,18,19,20].
Information regarding intercontinental exchange of viruses and
genetic reassortment between Eurasian and North American
viruses has been reported [21,22,23]; however, little is known
about the exchange of genetic material between viruses in the
Americas, particularly between the Northern and Southern
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hemispheres. In Central America, the presence of AIV was
confirmed with the isolation of the low pathogenic avian influenza
virus (LPAIV) of the H5N2 subtype from poultry in 2000 in
Guatemala and 2001 in El Salvador. Genetic characterization of
the HON2 isolates revealed that the virus was most likely
introduced from Mexico [24]. Vaccination against H5N2 in
Guatemala has been used as the primary control strategy [25].
The circulation of other AIV subtypes of poultry in Guatemala,
and elsewhere in Central America, has not been reported,
although it must be noted that there has been limited surveillance.

Guatemala is located on a geographic bottleneck (the Central
American Isthmus) that funnels millions of migrating birds from
several North American flyways (Mississippi, Pacific and Atlantic
American) through a narrow area. The tropical habitats of Central
America constitute a terrestrial bridge between North and South
America for well over 120 species of migratory birds [26]. The
forests and wetlands of tropical areas provide shelter and stopover
habitats for several species of terrestrial and aquatic migratory
birds [27,28]. As it has been hypothesized, these sites could be
important for AIV transmission and reassortment between
different bird species and from different migration flyways [3].
To date, there is very little information regarding the circulation
and ecology of AIV in Central America and only recently
information about AIV in wild birds from South America has been
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reported [19,29,30,31]. Thus the role of specific bird species in the
spread of AIVs throughout these regions remains unclear
[32,33,34].

In this study we conducted surveillance of AIV in wild birds in
several sites along the Pacific and Atlantic coasts of Guatemala.
Resident and migratory wild birds associated with aquatic habitats
were sampled to detect the presence of AIV. The aim of the study
was to provide an initial assessment of the presence and ecology of
avian influenza viruses in Guatemala and serve as a platform for
the early detection of the introduction of HPAIV strains (e.g.
H5N1) from wild birds.

Results

From February 2007 to January 2010, AIV surveillance was
conducted in five locations in Guatemala, two sites on the Atlantic
coast within the state of Izabal (villages of Puerto Barrios and
Machacas del Mar), and three sites on the Pacific coast wetlands,
in the states of Santa Rosa (villages of Monterrico and El Pumpo)
and Jutiapa (village of Pasaco) (Table 1, Fig. 1). 1913 tracheal and
cloacal swabs were collected from 969 birds from 78 different
species, representing 22 different families and 11 different orders
(Table S1). 50.4% (489/969) were resident and 49.6% (480/969)
were migratory bird species. Samples were produced from sport-
hunter killed aquatic birds or from shorebird species of the orders
Anseriformes (n=239), Gruiformes (n=4), and Pelecaniformes
(n=1). The remaining samples (n =725) were collected from live
captured terrestrial birds that were under study as part of West
Nile virus surveillance (Morales-Betoulle, unpublished data).

The RNA extracts from collected samples were tested by rRT-
PCR assay for the detection of type A influenza virus [35]. From
these, 2 tracheal and 30 cloacal swabs tested positive (Table S1)
corresponding to 28 dabbling ducks (Blue-winged Teal), and 2
resident terrestrial birds: a Golden-fronted woodpecker (Pici-
formes) and a Brown-crested flycatcher (Passeriformes). In 2ducks,
both cloacal and traqueal swabs were positive for AIV. The
presence of AIV was detected every year of the study. The overall
percentage of rRT-PCR positive samples (tracheal and cloacal
swabs) was 1.67%.

To determine factors associated with detection of AIV in wild
bird samples, rRT-PCR results were analyzed by habitat (aquatic
vs. terrestrial). Detection of AIV was significantly higher in aquatic
birds (11.2%) when compared to terrestrial birds (0.3%)
(p<<0.0001). For the aquatic birds, positive results were obtained
for the Blue-winged Teals, thus comparisons for this species were
done by specimen’s age (juvenile vs. adult), sex (female vs.
male). ATV detection rate was similar for both juvenile (12.5%,
n=27) and adults (12.8%, n=129), and for females (14.9%,
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Figure 1. Location of sample collection sites in the Atlantic (1
and 2) and the Pacific (3, 4, and 5) coasts of Guatemala. Latitude
and longitude of surveillance sites are provided in Table 1.
doi:10.1371/journal.pone.0032873.9001

n = 87) and males (10.1%, n=129). No significant differences were
observed between these categories.

In Blue-winged teals, the percentage of rRT-PCR positive
samples varied between sampling seasons, 10.0% (2006-07), 7.3%
(2007-08), 5.2% (2008-09) and26.6% (2009-10). The number of
sampled aquatic birds ranged between 61 to 96 birds per season,
with the exception of the 2006-07 season in which only 10 samples
were obtained. The proportion of positive samples detected in the
2009-10 season was significantly higher (p<<0.0009) compared to
the previous seasons. To investigate if AIV prevalence varied
during the migratory season, we compared AIV rRT-PCR
detection frequencies at the beginning and the end of the seasons.
The proportion of AIV positives obtained from October through
December (Southern migration) compared from January to March
(Northern migration) was 16.7% and 9.7%, respectively; however,
the difference was not statistically significant.

Virus isolation was attempted from positive rRT-PCR samples,
in 9-day-old SPF embryonated chicken eggs (ECE); 15 viruses
were obtained from either the first (9 viruses), second (5 viruses)
and third passage (1 virus). After 3 blind passages, no viable viruses

Table 1. Sites for avian influenza surveillance in wild birds, Guatemala, 2007-2010.

Collection
Location State Site Latitude (N) Longitude (W) method* Season
Atlantic Coast Izabal Machacas del Mar 15°45'48.10" 88°31'48.60" A 2007-2009
Puerto Barrios 15°43'0.00" 88°35'60.00" A 2007-2009
Pacific Coast Santa Rosa Monterrico 13°53"39.00” 90°28'48.00" A/K 2007-2010
El Pumpo 13°53'51.80" 90°29'33.20" K 2007-2010
Jutiapa Pasaco 13°53'8.60" 90°11'45.30” K 2009

A = Active surveillance (mist nets, live captured birds), K=Hunter-killed.
doi:10.1371/journal.pone.0032873.t001
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were detected in the remaining samples. To identify the subtype of
rRT-PCR positives from which viruses could not be isolated,
direct sequencing was attempted in cDNA generated from initial
RNA extracts; however, no other subtypes could be identified by
this method. The percentage of recovered viruses from rRT-PCR
positive samples by isolation in ECE was 46.9%. The viruses were
isolated only from duck samples of the species Anas discors (Blue-
winged Teal) obtained from Santa Rosa (2008, 2010) and Jutiapa
(2009). After PCR amplification and sequencing of cDNA, the
viruses were classified as H7N9 n=2), HIIN2 (n=3), H3N8
(n=1), H8N4 (n=35), H5N3 (n=2), H5N4 (n =2) representing 5
HA and 5 NA different subtypes (Table 2). The two H5N4 isolates
were found to contain also N3 NA consensus gene sequences,
suggesting a mixed infection in these two samples. Sequencing
results of complete virus genomes indicated that these viruses
encode for the 11 protein genes known for influenza A viruses,
including the 87-90 amino acid protein PB1-F2. The H7 and H5
viruses carry the typical low pathogenic cleavage sites
(PENPKTRGLF and PQRETRGLF respectively) [36]. The
overall percentage of AIV detection in Blue-winged Teals
(n=234) based on virus isolation was 6.41%. No rRT-PCR
positives or virus isolates were obtained from other aquatic bird
species including the northern shoveler (Anas clypeata, n = 2), ring-
neck duck (Aythya collaris, n=2) and black-bellied whistling duck
(Dendrocygna autumnalis, n=1).

Genetic similarity among the internal gene segments of the
Guatemalan isolates ranged from 72.5% for the non-structural
gene (NS) to 100% for the matrix (M) gene. For phylogenetic
analysis, identical sequences were excluded and only one
representative of each sequence was used. Sequence comparison
by BLAST searches and phylogenetic analysis revealed that
surface glycoprotein genes of the Guatemalan isolates share
sequence identity and cluster with segments of AIV strains isolated
from waterfowl of North American (Fig. 2, 3, 4, 5). The HA and
NA gene segments were found to be closely related to strains
isolated along the Mississippi (H3N8 subtype) and Pacific
American flyways (other subtypes). As expected, the internal gene
segments were also phylogenetically related to North America
strains. A single isolate (H3N8) carry a NS gene segment
corresponding to allele B, whereas the rest carry an allele A
(Fig. 6, 7).

The Guatemalan isolates were classified among distinct clades
of the North America lineage. Clade identification was supported
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by bootstrap values of >70% [37]. 8 clades were identified for
segment M, 9 for segments PB2, PB1 and NP, and 13 clades were
identified for PA and NS (including alleles A and B) segments. An
identification number from 1 to “n” (n=28, 9 or 13) was assigned
to each clade of each gene segment to allow inference regarding
genetic similarities and reassortment events that may have
occurred within a given viral subtype. Based on this analysis, 9
unique genome constellations were identified among the 15
1solates (Fig. 8), although only on the H8N4 viruses (n=35) there
was evidence of 4 different gene constellations, indicative of
reassortment events. The H5N3 viruses (n=2) belonged to the
same constellation except for the NP gene. For the other strains —
H7N9, HIIN2, and H5N4 — each subtype contained its own
constellation of segments. These results suggest multiple introduc-
tions and reassortment of AIVs in wild birds in Guatemala.

Discussion

In Central America, the ecology of AIVs is not well understood.
In order to collect surveillance data from this understudied region,
several variables were considered to evaluate the presence/
absence, diversity, and seasonality of AIVs. Such variables
included type of sample(s), target species and study sites. Based
on these variables, hunter-harvested waterfowl and terrestrial bird
species that were under surveillance for other zoonotic diseases
were chosen as target population. Sampling hunter-harvested
waterfowl is a convenient method to collect bird samples during
the migration season. In addition, sampling of terrestrial birds
associated with coastal and aquatic habitats may provide more
insights into the role of these species as vectors between aquatic
and poultry species.

In this study, AIV was detected by rRT-PCR in tracheal and
cloacal swabs from migratory ducks from all the study sites where
samples were collected. The majority of rRT-PCR positive
samples, and consequently all virus isolates, were obtained from
the wild duck species Anas discors (Blue-winged teal) sampled in
wintering seasons (from late October to early March). The
hypothesis that dabbling ducks play an important role in
maintaining AIV transmission in nature by feeding on the water
surface is supported by surveillance studies in wild ducks and
environmental sampling [34,38]. In our case, the overall
proportion of rRT-PCR positive birds obtained in this study is
in agreement with findings reported for other geographical
regions. Specifically, we found rRT-PCR positive samples in
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Table 2. Positive species for influenza type A by rRT-PCR and viral isolates obtained in this study.
Season Location Species # Birds sampled  Positives (%) Virus subtypes
rRT-PCR* \'/]

2006-2007 Santa Rosa Anas discors 10 1(10) - N/D
2007-2008 Santa Rosa Anas discors 96 7(7.3) 2(2.1) H7N9
2008-2009 Santa Rosa Anas discors 61 3(4.9) - N/D

Izabal Melanerpes aurifrons 21 1(4.8) = N/D

Myiarchus tyrannulus 1 1(100) - N/D

2009-2010 Jutiapa Anas discors 20 4(20) 3(1.5) H11N2

Santa Rosa Anas discors 47 13(27.7) 10(21.3) H8N4 (5), H5N3 (2), H5N4 (2),

H3NB8 (1)

Total 30 15(1.6) 6
*Percentage of positive samples obtained by real-time RT-PCR (rRT-PCR) and Virus Isolation (VI) based on the total number of sampled birds.
N/D: Non-Determined.
doi:10.1371/journal.pone.0032873.t002

March 2012 | Volume 7 | Issue 3 | e32873



HS5

OUTGROUP

H7

Avian Influenza Viruses Isolated in Guatemala

duck/Potsdam/1402-6/1986(H5N2) QUSRoLe
uch =l .
emu/NY/12716/1994(H5NS) starling/Victoria/1 985(H7NT)
rkaylEngIanﬂ.‘SO—BZMQﬂ‘!{HSNZJ
uckTHOKKAON S 12004(HEN chicken/New South Wales/2/1997(H7N4)
chicken/Bac Lieu/07- wzuur(nsm) chicken/Victoria/224/1992(H7N3)
chicken/Hebei/718/2001(H5N1) .
a\nanIHung Kong/2372/2007(H5N1) i
reat crested-grebe/Qinghai/1/2009(HSN1) chicken/Hebei/1/2002(H7N2) E .
T ms||=mfwl.'w1975(H5N2) . urasia
—‘W-‘ mnge.'z‘me-zhgsﬁ(HSNz) chicken/Pakistan/34668/1995(H7N3)
101 gu\nan fowl/OH/22911-20/1986(H5N2)
chiken/PAI/9BHEN2) Chdie et ol )
black d uuumsu'%gamsm) b CLEID I IRt oo )
& L
I e Gocma 1 7S HEN2) s
100 98 blue 71111 5
L mallaro cuck/Alberta/B451380{H5N2) Chickon/Sermetty RA00HHINT)
~ chicken/PA/3609/1993(H5N; ; cinnamon teal/Bolivia/4537/2001(H7N3)
o 72 chicken/Florida/25717/1993(H5N2) .
mquwmgﬁmsm) 100 chicken/Chile/176822/2002(H7N3) South America
1007 chicken/TX/208313-2/2004(H5N2) 100 chicken/Chile/184240-2/2002(H7N3)
[ chicken/TX/208313/2004(H5N2) : )
il ,—avlalan’rwd"w%g:g%gtznomﬂsnm chicken/Chile/184240-1/2002(H7N3)
{—— mal 4
?‘“W;’?'Eé’s %g?;a w{g‘gse"(gsw) =, chicken/Chile/4977/2002(HTN3)
ucl — chicken/PA/19241/1997(H7N2 -
T chicken/Chiapas/15224/1997(H5N2) —] (HINE) North America
_1mi 00 chicken/Mexico/435/2005(H5N2) {66 ‘ © environmentNY/241365-18/2003(H7N2)
T parrol/CA/B032/04 2004(H5N2) |
vl chicken/lbaraki/1/2005(H5N2) L | green-winged teal/Alberta/228/1985(H7N3)
% 155y chicken/Guatemala/270475-1/2003(H5N2) 100 ' ruddy tumstone/DE/2378/19B8(H7N7)
{100/ 1 chicken/Guatemala/194573/2002(H5N2)
1 (H5N2) o turkey/MN/1138/1980(H7N3)
[~ chicken/Puebla/8623-607/1994(H5N2) 100
[ il i mallard duck/Alberta/435/1985(H7N3)
I_cn mﬁanﬂggnglgﬂ&?ﬂﬂﬁ)ﬂsﬂ) 85 ruddy turnstone/NJ/G5/1985(H7N3)
— chicken/Hidalgo/281 1994(Hs! 1
1 ‘chicken/Queretaro/7653-20/1995(H5N2) 100 0 rod knotNJ/3251 360(HTINT)
4[_‘; chicken/Guanajuato/28159-546/1985(HSN2) = - turkey/MN/1/1988(HTNG)
chicken/Mexico/31381-991/1994(HSN2)
— northem snwmarmm:ﬁ;amoug%%ﬂm ) 100 l chicken/British Columbia/04(H7N3)
10 emn pintai a5
| american widgeon/WAG6769/2006(H5N2) ConmanivEOH00HHTNG
09 % n{a}g::da gm;ﬁ\gﬁg??&smwg)M) ‘chicken/British Columbia/D4(H7N3)
o al oose/WY !
Cnada Bonselo0/ATA00T H2006HENS — i
a goo - 79 .
[ duckINJ/117228-7/2001(H5N2) e frfeed/Albanaz 2001(H7A3)
L0, |_sgg[ Canada goose/NY/475813-2/2007(H5N2) mallard/Alberta/24/01(H7N3)
—B]—r_m auw:;ﬁm%@mﬁmmmn laughing gulVDE/42/06(H7N3)
‘ ‘{ ma\lamm:ngTM m@ﬂ%@a&ooﬁmsm: —— american black duck/New Brunswick/2538/2007 (H7N3)
el ——— Canada goose/WI/474847-4/2006(H5N2) northern shoveler/NC/6412-052/2005(H7N8)
waterfowl/C0/443593/2006(H5N2)
Ilalﬂanhsh Columbia/07826/2005(HSN2) 100 forthem ehoveler/CA/HKWF1026/2007(HTN3)
‘ gumaa fowl/OR/459674-5/2006(H5N2) blue-winged (H7Ng)
— northern pintail/British C/07813/2005(H5N2)
‘ american green-winged teallCA/HKWFG09/2007(HSN2) blue-winged (H7NS)
mallard/CA/5149/2008(H5N2) —
100, Mmallard/CA/B038/2008(H5N2) mnmmmmnamonmmma}
[7 blue-winged teal/Guatemala/CIP049-08(HSN3) i l:c_ da g [ (HTN3)
blue-winged teal/Guatemala/CIP049-09(H5! - 10
T IIE i winged toaliGuatamala/CIPOAS.2(HSNA) reon wingexd teaidC AAICH 7 0EI0BHTNG)

~ blue-winged teal/Guatemala/CIP049-13{H5N4)

Figure 2. Phylogenetic trees for H5 and H7 HA genes. Trees were generated in PAUP 4.0b10 using the Neighbor-Joining method with 1000
bootstrap replicates (bootstrap values above 70% are shown). Scale bar on the bottom-left indicates number of nucleotide substitutions per site.

doi:10.1371/journal.pone.0032873.g002

H3

ouTGROUP

eommon eiderNashoriancs/1Z008(HIN8)
N EoveisIAK/TMP GOBZO0T(HINE) .
northam prtaliAK//200THING)
7o winged WalAKIAZO0T(HING)
‘american widgoorVAK1/Z00T(HINS)
‘Suckiicaoria SS21HING)
e echd stk Bunbury S0V 1980(HING
binck duckiAusirala/TS {1BTBING)
Block SuckiWest Australla BS54/ 1903(HIND)
duekChabarors/1610/1G72HING)
AuckHOKkIOIE0 (H3N8)
northom shaveler/CHA S4/TBSTIHING)
PITIAOHISA105T(HINS)
AN 12007 (HINB)
ko AKTZ00T(HINE)

malaTAR2007(HING)

Blus-winged eallAeial! 1 SBI0K)ING)
alardBriish Colurmeia OTTORZ0I(HING)
P GBVORIAZ4G-S502006(INE)

Y
-0

Eurasia

e shvelorNathertards/ | 2008(HONA)
/Ao 194/ 982(HBN)
matard uckiAlberta/7 1 987(HONA)
sk YangzhoulL22005(HEN4)
maland c AR/ TIBA(HENA]
il duck/Alborial T T/TRHENS
BUCKLABI74/108B(HBNA)
reen-winged 18aNCAMAZET-ITI200TIHENA)
malardiAKTOR005(HEN )

North America

Ml A M ISR Z006(HENA}

mllard sk MN'Sg-OCOSZ2007(HBNA)

B Pt AT VT )

x N0 Shavele CAHKWE | 2032007 (HENA)

orhern shoveleriCAMKIWE 132872007 8N4
northarm pintsSIAREAMITIIRZ00HEN)
malard MNSg O0STOZOCA(HENA)
M MNS0-0067 SZ00B(HONA)
Blus-winged teallGuatemala/CIPO43-042010(HIN4)

: Ble-singed tealiGuatomala/CIPO4S-06/2010(HENA)
Blue-winged tealiGuatam sa/CIP04S-1/2010(HINA)
lus-winged toaliGisatemala/CIPO4D. 147201 HHENA)
DA 1Dl P04 157207 HHING

Gutk/\VietnamiO1E-2329/2008(H 11N3)
cusMhatarclCUSIOREC0SHTING.
‘ommon teaiNamertandsHZ000(HTING

mhmmmrmnmw)
! i Cuck Xuy B2005(HT

H11N3)
maliardSwecsn110/2002(HINT)
malardSwecenSOZ006(H11NG)
mallard/Sweden/a52002(H11NB)
‘squatic bintIndia/IV-170952007(H11N1)

y tumstone/N/BS0BTE/Z002(H1 1N4)

cickan18508 J1SBG(HIIN')
mallard/Abertal 124/ 190 1(H1 1
oo minged O DUAISEHTING)

2320051
green-winged lealiOHI TET2005(HITNZ)

NG)
romun i CAVEONFS 1120074114
syt WY55-00561/2008(H11NG)
SQ-00S6TZ00BH11N2)
/£4241-862/06(H11N9)
nornem pnailiCA4221-64/2006(H1TNG
groemuiingectoal CAAXS 13082008(H11N3)
alarNNEGLOHOITHING
007(H11NG)
et srean wingo on CAAAZET GOS0 D
malardWAI44256.521/2006(H1IND)
malardMOMO1 3072005(H11N3)
ke IWAAZEEEZ008H 1N
harc NS00 127200711 1ND
tars cuck N OOTHRIEOTHISND)
rohermshaveleriCAI44383-082107(H1ING

Figure 3. Phylogenetic trees for H3, H8 and H11 HA genes. Trees were generated in PAUP 4.0b10 using the Neighbor-Joining method with
1000 bootstrap replicates (bootstrap values above 70% are shown). Scale bar on the bottom-left indicates number of nucleotide substitutions per

site.
doi:10.1371/journal.pone.0032873.9003

@ PLoS ONE | www.plosone.org

March 2012 | Volume 7 | Issue 3 | e32873



Avian Influenza Viruses Isolated in Guatemala

N9

z OUTGROUP
P South America i
Gk Franca 0N ZO0HHONT) " duck/Vietnam/OIE-23B6/2009(H11NG)
i Neerard DS 0060 Eurasia ‘swan/Shimans/190/2001(HENS)
e 5/2002(H10NG)
i mak S 208/ TTHTY) duckiNanchang/2-04B6/2000(H2NG)
mallard dciAbartalTUT S 11N North America it w':‘? ( H)“m:
e R sk kAo A U0 )
) cacaiAsanalT 2 STEOND) AuckiHOKKBOW24S/2004 (H11N9)
MBSO DEBHTIND) mwuwmuwmwa)
= e AL DRMHOND) duckTsuk5a238/2005(H11NE)
kAl ST um-mmmmmwumcmmn
sroveeorrlborien i [ uCKMamgaS4B/1G74(H1ING)
e —— temiAusIala/GT0C/1875(H1TNG)
" ~ BUCARIIT MR TND] . red-necked stinl/Ausiralia/5745/1881(H12N0)
= Lm KZAN-BSHTN ——— mallard duck/Alberta/1151/1378(HENS)
ey UTAT21- KSSHHTND) ——— maliard duck/NY/1BO/13B5(HAMO)
- rieimgrmicio bt - [ black duckiOHI230/1986{H11N9)
PADEGHEE20000TN) o i
ez s 1 0, rmrn-ddunuwhnmiwtsm;’mlm?
O] = — green-winged leallOHI34D/1887(H1TNS)
& b winged 1sa TX/34/20020H ~ ruddy lumsione/DE/B37/1988(H11N9)
n SN OHABZ00K4TN) —— whale/ME/1119BA(H13NG)
i D ] = - laughing gullNITS/1985(H2NG)
1 - CEP et [ biue-winged tealOH/101/1883(H1INS)
o “;“""‘:"‘“‘1 Seipley ——— turkey/MNI1/19BB[HTNG)
laughing guUDE Bay 4B ZI0HHTNY e - S mm:m‘ﬁﬂ::ﬂz(;[‘:"ﬂlmj
“ KB 20081 | w ~—— northern shovelerCAHKWFB11/07(H1 1
oo AL et AKBAIPON] ARDZOHHENS) T [ tuewinged loalAbeta/16/198T(H2NS)
. ki winges HTNS) Losriiiinitin s i £ | [ dusWABE31987(H11N9)
amarcan e s CAAZET-TIR00T B Lot |
) - R e g o
kst eotieny it s Y Lol o viuowinged (H1ing)
= ) n PhAgod alZSTZ090-280] ol ks O BT mallara/MO/4IH2002(H1TNG)
" o saren CAMINTSTUZORTIH @ - 73 [ mallardMNISg-00115/2007(H11NS)
- Cana goows Brish Cohumésa/3TS2200THTNS) A SO 3 ~— mallang/Alberia/2452003(H11Ng)
a7 t Portherm shovelel CAIAKSZTTIZ0NTIHENA) i

14— GabeTAMAZETATZ00TIHENT)
P sreveenCALISAT ZUSHICHD)
ie-winged 55U GHABAIAICIPBIS-B2D1O(HEN3)
Bive-winged s\ ustemslalCIPOUD-BUTTIOHIN)

——— mallar/Alberta/31/2001(HING)
~ ewironmentMD/TEJ2006(H1ING)
ruddy umstone/NJIB802002(H2Ng)
f shorobid/DER2IE/2003(H11NS)
~ shorebir/DE/S&/2004(H13NS)
o american wivie poicanMN/SG-0811/B(HT3NG)
voo Taughing GUIUN.ISg-00485/2008(H13NG)
1 laughing guiVNJ/Sg-D0S58/2008(H13N8)
laughing gull/NJ/Sg-D0SBB/2008(H13NS)
‘american while polican/MN/AIO? 1B18/0T(H1ING)

rther shovelos CAMIWE 12032007(HBNS)
maarainiricr AKTBM 132T2300HEN )

10| bivo-winged 10alOH/SEBZ008(HTND)
[ o2 northem pinaliCA44221781108(HsMN9)
Lot northem pinaliAK44 184144/06(HSNE)
| - ellrd3g 001102007 116)
w teall
northern pintaUICA/44221837/06(H11NS)
|8 —— northem pitai 1B64/06(H1TNS)

nothem pintailiCAM4Z21T 10/D8{H11N9)

Figure 4. Phylogenetic trees for N3, N4, and N9 NA genes. Trees were generated in PAUP 4.0b10 using the Neighbor-Joining method with
1000 bootstrap replicates (bootstrap values above 70% are shown). Scale bar on the bottom-left indicates number of nucleotide substitutions per

site.
doi:10.1371/journal.pone.0032873.g004

N2

—— OUTGROUP

rosy-billed pachard/Argentina/CIP051-1977/2010(HBN2) :
_m"__: rosy-billed pochard/Argentina/CIP051-557/2007(HEN2) South America
rosy-billed pochard/Argentina/CIP051-825/2008(HEN2)
Eurasian wigeon/Swaden/1/2004(HBN2)
d\lcldHumNSTJPZODE(HBNZ} i
Eurasian n/Netherlands/3(2005(HINZ) Eurasia

iwanNapaNBKlONB&Nﬁ(HANZ)
duck/italy/4809/2003(HTN2
e mallard/interior Alaska/SMP0992/2006(H3NZ)
110l Canada goose/WY/473197- 12120“B{H5N2)
T westerm g N2)
——— northern shcvulzrlCAﬂU!BdZClJS(HﬁNZ)
waterfowl/CD/443593/2006(H5N2)
~ gadwall/OH/37/1888(HIN2)
Iblue-winged teal/OH/B0B/2002(H3NZ)
29 mallard/MD/185/2003(H5N2)
98 mallard/MD/615/2005(H3N2)
89 | muscovy duck/NY/B2095-1/2008(HSN2)
| " green-winged teallOH/1747/2005(H11N2)
88 [ waterfowl/MN/45967 5/2006{HSN2)
86 wild bird/MN/459254-5/2006(H5N2)
il - mallard/OR/461067-2/2006(H5N2;
[ ——— northern shoveler/ GAHKWE 268/2007(HBN2)
northern pintail/UT/469648/2006(H5N2)
northern shoveler/WA/44249-645/(2006(H5N
L 71 | R green-winged teallCA/HKWFB08/2007(H5N2)
— —— mallard/CA/11100/2008(H11N2)
100/ blue-winged teal/Guatemala/CIP048-10/2009(H11N2)
bilue-winged teal/Guatemala/CIP043-11/20098(H11N2)
mallard/MD/182/2006(HEN2)
northemn pintail/Saskatchewan/22910/2007(H3N2)
’— mallard/CA/B035/200B(H5N2)
i mallard/CA/5359/2009(H5N2)
maflammmu:‘ﬂa-ﬁmnﬂsm:

North America

00

88 |
‘ 99

laughing gull/DE/2838/19B7(H13N2)
— mrkny.'CDfﬂBEBQHQH(HﬁN )
lue goase/MWII711/1975(HEN2)
JL‘— mallard duck/Alberta/57/1976({HSN2)
blue-winged teal/Alberta/69/1985(HBN2)
“—— mallard/OH/81/1986(HEN2)
——— mallard/OH/275/1987(HAN2)
_QL[— mallard/NY/189/1982(H5N2)
mallard/W1/944/1982(H5N2)
100 goose/MN/5733-1/19B0(HSNZ)
S turkey/TX/4-1-81/1981(HON2)

mallard duck/Alberta/630/19B4({HAN2)
" — black duck/NY/184/1088(HEN2)
ummeaa.‘owzasfmas(mmzq
mallard/OH/48/1986(H3N2)
mallard/OH/886/2002(H4N2)
dul:kINYHSB‘IJH 999(HEN2)
h green-winged teal/OH/178/1999(HENZ)
mallard/Quebec/11040/2006{H3N2)
— mallard/MD/881/2002(H6NZ)
100 blue-winged teal/Saskatchewan/22542/2007(H5N2)
mallard/British Columbia/07826/2005(H5N2)
shorebird/DE/248/2006(HIN2Z)
| 71 american black duck/IL/0BOS2688/2008(H5N2)
blue-winged teal/OH/1387/2005(HEN2)
Jﬁ‘l_sn_ green-winged teal/MN/Sg-00180/2007(HEN2)

mmayquessnhsa?(uwz}
100 : mallardMI/466372-3/2006(HEN2 )

— OUTGROUP
duck/Hokkaido/8/BD(H3NB)
duck/Beijing/40/04(H3NB)
red-necked stint/Western Australia/4915/1984(H3N8)
red-necked stint/Bunbury/4500/1980(H3N8)
duckiZambia/04/2008(HINE)
gadwalliAliail 326/2007 (H3N8)
mallard/Netherlands/3/2005(H3NB)
Anas platyrhynchos/Belgium/12827/2007(H3NB
common eider/Netherlands/1/2006({H3N8)

——— duck/LAM7GI1987(H3N8)
_lﬂﬂ.| ~ american cool/OR/20589-007/2007(H3NB)
northern pintail/ CA/HKWF792/2007(H3N8)

duck/Vicloria/1992(H3NB)
100 I black duck/Western Australia/4954/1983(H3N8)

duck/NY/13822/1995(H3N8)

longtail duck/MD/291/2005(H3N8)
__9,1_ — mallard duck/Alberta/525/1985(H3NB)
| mallard/ \WA/20010-002/2006(H3NB)
_IDDJ
a7 I_ american green-winged teal/AK/4/2007(H3N8)
mallard/AK/TMP1700/2007 (H3N8)
avian/Japan/8KI0150/2008(H3N8)
100 mallard/AK/BBM3614/2008({H3N8)
L1 | —— green-winged teal/OR/44336-183/2007(H3NB)
|_qpo[ american widgeon/AK/1/2007(HINB)
L american widgeon/AKITMP1061/2007 (H3NB)
mallard/AK/256/2005(HINB)
[ pintalVAK/279/2005(H3N8)
pintail/AK/211/2005(HINB)
— mallard/Alberta/11527/2005(H3N8}
——— mallard/AK/6/2007(H3INB)
blue-winged teallOH/826/2002(HING)
_qpn[ blue-winged teal/Alberta/11646/2005(HEN3)
mallard/British Columbia/07706/2005(H3NE)

[ blue-winged teallTX/Sg-00079/2007(H3NE)
a1 |

ey
100 ~— green-winged teal/LA/Sg-00092/2007(H3N8)

—100]

L_6a8 |

blue-winged

Figure 5. Phylogenetic trees for N2 and N8 NA genes. Trees were generated in PAUP 4.0b10 using Neighbor-Joining method with 1000
bootstrap replicates (bootstrap values above 70% are shown). Scale bar on the bottom-left indicates number of nucleotide substitutions per site.

doi:10.1371/journal.pone.0032873.g005

@ PLoS ONE | www.plosone.org

5 March 2012 | Volume 7 | Issue 3 | e32873



PB2

—— OUTGROUP
cnlmnfcnumssﬂoz(H 7N3)

1NT) i
rosy-biled mmmgurmwcwum S572007(HENE) South America

uckfYangzhouw/0212005(HB!
mmarmmmnannwzmmm:
mallard/Denmark/84B50/2003(H5N7)
mallara/Marquenterre/Z237/1983(H1NT)
chickan/Hubelwl/1997(HSN1)
chicken/Heilongjiang/35/2000{HIN2)
chicken/Pakistan/2/1388 (HANZ)
duck/Australia/7AGH9BO(HINT)
black duck/Australia’dD45/18B0(HENS)
chicken/Hubeifwy/1997(HSN1)
bird/Guangxi/H1/2008(HIN2)
chicken/Guangdong/10/2000(HIN2)
d’nckanlShnndnngﬂHQQE(HBN}]
ﬁ!!ﬂkan!FulnnEMﬂDﬂ(l'BNZ)
uck/Manchang/1881/1862(H3N8)
(HEN1

Eurasia

)
chicken/Guangdong/191/04(H5N1)
180~ green-wingad teal/Albaria/{99/1991(H1ZNS)
r L mallard/Alberta/186/1836(H10N7) .
o mallard/Alberta/300/1977(HAN3) North America
o L mallart duck/NY/S8T4/1ST8{HINE)
— mallardAlberta/5/1985(H10N1)
o0 g
1
e = hluummgsd teal/GuatemalalCIPO4S. 15/2010(HANE)
sop ] blue-winged toalGuatomala/GIP048-07/2010(HENA)
blug-wingad teal/Guatemala/CIP049-08/2010(H5N)
L blue-winged teal/GuatemalaiCIPO43- ommu(usns)

bluudw\nged hlllGuatemlHCleMM(HﬂNE)
1P043-11/2009(H11N2)

E

o |
. [ Hakdiged
—— ruddy lumslone/DE/499/2003{H5N2)
| —— northem pintail/Alberta/11701/20056(H3NE)
—— green-winged teal/OH/1324/2005(H4NB)
—— ruddy tumstone/NJ/S18/2005(HING)
L) —— wood duckiOH/423/2004(H5N1)
L85 rugddy tumstone/NJ/Sg-00532/2008(H1NS)
L mallard/GN/498/2005(H5N1)
red knolU/DE/441/2002(H2N3)
—— mallard/MD/7 18/2004(HEN4)
‘— maliard Quebec/ 18566/2005(H11N2)
e northem shoveler/CAHKWFS8/2007(H10NT7)
= northem shoveler/GAANSB7/2006(H10N3)
JL mallardiAlbertal 11513/2005(mixed)
—| ‘mallard/Manitoba/23812/2007(HANT)
blue-winged teal/Guatemala/CIP049-04/2010{HEN)
m blue-winged teallGuatemala/CIP049-12/2010(HSN4)
" blue.winged teallGuatemaia/CIP049.13/2010(HSN4)
mallard duck/MN/Sg-0DDSS/2007(H12N5)
—— green-winged |=wmms1smmns(mm)
s mallard/MN/Sg-00683/2008(HBN4)
—— northern shavelerMN/Sg-00646/2008(H4N4)
(—— northem pintailMN/Sg-00227/2006(H1N1)
_-mn: 89— mallarc/MN/Sg-00210/2007(HANE)
_ﬂ—_m —— blue-winged mvcum:nmicnms-wznnnmmn)
blua-winged teal/Guatemala/CIPQ49-02/2008(H7NS)

PA

—— OUTGROUP
rosy-billed pochard/Argentina/CIP051-925/2008(HBN2)
chicken/Chile/176822/2002(HTN3)
chicken/Chile/184240-1/2002(H7N3)
chicken/Chile/4322/2002(H7N3)

100 chicken/VA/40018/1884(HSN2)
—l— chicken/FL/22780-2/1988(H5N2)
chicken/TX/167280-4/02(H5N3)
l L mallard duck/Alberta/353/1988(H2N3)

blue-winged hlllGuammlIlfCIFM‘-IITlZDiD[HINd)
n | 7569{2006(H3NS)
ruddy ll;mstoneIDEl1 582/2000{H10NT7)
—— mallard/MT/458328-5/2006(H5N3)
100 blue-winged teal/Guatemala/CIP048-04/2010(H8N4)
blue-winged teal/Guatemala/CIP049-05/2010(H3N8)
mallard/MN/Sg-00628/2008(H1N1)
—’1‘ mallard/Quebec/11182/2006(H4NG)
1

—— blue-winged teal/Guatemala/CIP048-01/2008(HTNS)
blue-winged teal/Guatemala/CIP049-02/2008(HTNS)
mallard/iMN/Sg-00117/2007(H3N8)
blue-winged teal/Guatemala/CIP049-03/2008(H11N2)
100 ‘ blue-winged teal/Guatemala/GIP049-11/2009(H11N2)
——— blue-winged teal/Guatemala/C1P049-10/2008(H11N2)
— __I ——— northern shoveler/MS/080S643/2008(H7N7)
‘ blue-winged teal/Guatemala/CIP049-06/2010(HBN4)
100 blue-winged teal/Guatemala/CIP043-14/2010{H8N4)
blue-winged teal/Guatemala/CIP043-15/2010(HBN4)
blue-winged teal/Guatemala/CIP049-12/2010(H5N4)
blue-winged teal/Guatemala/CIP043-13/2010(H5N4)

{azl

quailiAichi/4/2008(H7N6)

quail/Aichif2/2008(H7NG))

quail/Aichif1/2008(H7NE)

chicken/lsrael/184/2009(HIN2)

chicken/West Bengal/239020/2010(H5N1)

chicken/Bhutan/248015/2010(H5N1)

goose/Mongolla/X53/2009(HEN1)

chicken/Hebei/A-8/2009(H5N1)

duck/Jiang Xif6146/2003(H5N3)

chicken/Hunan/1/2009(H5N1)

blue-winged /2010(H5N3)

blue-winged teal/Guatemala/CIP049-09/2010(H5N3)
swine/NC/2003(H3N2)

1op—— lurkey/Chile/28317-6504-3/2009(H1N1)

lurkey/Ontario/FAV114-17/2008(H1N1)

[~ sandpiper/Brazili43/1990(H2N1)

- turkey/MN/1138/1880(H7N3)
& pintall duck/Albertal628/1978(HENS)
_E_y_;_ T mallard duck/Albertal224/1977(HTNS)
pintailiAlbertal21/1878(H7)
mallard/AK/SBM1808/2009(HANG)
100 northern shoveler/MS/0D0S168/2000(H10N8)
99{ mallard/AK/9BM1585R 1/2009(H12N5)
| g ruddy tumstona/NUiSg-00530/2008(H12N5)
) mallard/Alberta/11527/2005(H3N8)
100 L: pintail/AK/310/2005(H4NB)
S mallard/CA/GL30/2005(HANG)

100/

@ PLoS ONE | www.plosone.org

Avian Influenza Viruses Isolated in Guatemala

PB1

—— OUTGROUP
chickar/Hubeilwj/1997 (H5N1)
chicken/Hebei1/2002(HTNZ)

( )
chickan/Nanchang/d-301/2001(HBN2)
duck/Nanchang/d-165/2000(H4N6)
Korea/KBNP-0028/2000(HIN2)
uhwkewGumwmﬂBRDM(HENl)
chicken/Hunan/8/2008(H5N1)
/Qinghal/1/2009(HEN1)

chicken/Hubei/C1/2007(HONZ)
duck/Australia/749/1980(H1N1)
sooty i 1983(H15N0)
black duck/Australia/4045/1980(HENS)
rosy-billed pachard/ArgentinalCIPO51.575/2007 (HENS)
Ginnamon teal/Bolivia/d537/2001(HTN3)
chicken/Chile/176822/02(H7N3)
o8 — mallard duck/Alberta/161/1977{HANG)
— sami-palmated sandpiper/Brazili43/1990
1ol ETVirONMeNUCanadalav41/2004(H7N3)
A0 o — pintailiAloeriai207/1999(HANB
— mallard/Albartai24/2001(H7N3)
— mallard/Alberta/27/2001(H7N3)
blue-winged teal/Guatemala/CIP049-0412010(H8N4)
L1oo L mallard/MN/448/2000(HING)
—— blue-winged teal/Guatermala/CIP049-07/2010(HEN4)
— mallard/Alberta/226/1988(H2N3)
northern shoveler/MN/Sg-00851/2008(H1N1)
— longtail duck/MD/281/2005({H3NE)
oo environment/DE/235/2005(H11NG)
92— ruddy tumstone/NJ/5BS8/2006(H7N3)
L fuddy tumsione/NiS6372006(H7N2)
96 —— millardt'MNn‘ZHHQ‘B(HlNB!
mallard/OH/655/2002(HANG)
blue-winged
| 100— blue-winged
bluo-winged toal/Guatemala/CIP049-11/2008(H11NZ)
00— mallard/MN/Sg-00230/2006(H7N3)

1 mq

)
u 10— blue-winged teallGuatemala/CIP043-08/2010{H5N3)
'— blue-winged teal/Guatemala/CIP049-09/2010(HSN3)
blue-winged tealiGuatemala/CIP049.05/2010(H3N8)
oo— blue-winged teallGuatemala/CIP049-1212010(H5N4)
les | blue-winged teal/Guatemala/CIP049-13/2010({HEN4)
‘— mallard/Alberta/148/2002(H2N4)
1 o~ blue-winged teal/Guatemala/CIP043-06/2010(HEN4)
: T_ blue-winged teallGuatemala/CIP04-15/2010(H8N4)
blue-winged teallGuatemala/CIP049-14/2010(H8N4)
n (— mallord/CA/KT52/2006(H1ONT)
— northem shoveler/CAIJNSS7/2006(H10N3)
80— mallard/Queec/1G560I2005(H11NZ)
mallard/Quebec/1096812006(H2N3)
northemn pintail/CA/44221692/2006(H11N2)
~— ruddy tumstone/DE/Sg-00538/2008(H1N5)

80 - blue-winged leal TX/Sg-00 188/2007(H4NB)
#{ g7 — Dlue-winged tealITXISg-0007&/2007(H3NE)
100 2 P 109— blue-wing 7NB)
2 — - i HIND)
—— OUTGROLP

rosy-billed pochard/Argentina/CIPO51-557/2007 (HBN2)
kelp guiVArgentina/LDCA4/2008(H13Ng)

cinnamon teal/Bolivia/4537/2001(H7N3)

rosy-billed pochard/Argentina/CIPG51-575/2007(HENE)
chicken/Chile/176822/2002(HTN3)
chicken/Chile/a957/2002(HTN3)
mallard/Postdam/178-4/1883(H2N2)
chicken/Hebei/1/2002(H7N2)
gul/Moscow/3100/2006(HENZ)
duck/Potsdam/1402-6/1986(H5N2)
mallard/Marquenterre/Z237/1983(H1N1)

chicken/Netheriands/1/2003(HTNT)
duck/Shiga/8/2004(H4NE))
duck/Hunan/8-19/2009(H4AN2)
chicken/Shanghai/F/1988(HAN2)
bar-headed goose/Mongolia/X53/2009(H5N1
chicken/Guangxi/55/2005(HIN2)
chicken/TibeyS1/2009(HON2)
chicken/Tibet/S4/2009(HIN2)
chicken/Heilongjiang/35/2000(HIN2)
ey shorebird/DE/12/2004(HEN8)
fing necked duck/CAHKWF402/2007(HEN1)
i mallard/AK/7/2007 (H3N8)
83 “— mallard/CA/T766/2008{H4NG)
= blue-winged
1 o blue-winged lﬂall'GunhmainlClPﬂﬂ-DﬂfZﬂIICHSNSJ

blue-winged 18
“i,i blue-winged teal/Guatemala/CIP049-11/2009(H11N2)
blue-winged teal/Guatemala/CIP043-03/2009(H11N2)
- blue-winged
duck/PA/1/1989(HBN1)
——— mallard/Albertal77/1977(H2N3)
ruddy tumstone/NJ/47/1985(H4NB)
74 Canada/rv504/2004(HTN3)
northern shoveler/CAIHKWFS69/2007(H3N1)
= northern shoveler/CA/HKWF1204/2007(HBN4)
— mallard/AK/9BM1852/2009(H10N5)
-~ mallard/CAHKWF1971/2007(HTN7)
g northern pintail CA/HKWF151/2007(HBN1)

__gg [ blue-winged teal/Guatemala/CIP043-07/2010(HBN4)
blue-winged teal/Guatemala/CIP043-09/2010(HSN3)

mallard/AK/9BM2168/2009(H4NG)

mallard/AK/1/2007 (H4NE)

mallard/CA/GL30/2005(H4NG)
% blue-winged teal/Guatemala/CIP048-13/2010(H5N4)
blue-winged teal/Guatemala/CIP043-12/2010(H5N4)
| — blue-winged teal/Guatemala/CIP049-06/2010(H8N4)
_u’{i — blue-winged teal/Guatemala/CIP043-15/2010(HBN4)
blue-winged teal/Guatemala/CIP043-14/2010(HBN4)
,7 northern shovelerlCAHKWF216/2007(HEN1)
E blue-winged teal/Guatemala/CIP049-01/2008(HTN9)
blue-winged
| s3] 1oq—— northem pintailiCA/44221-761/2006(HENS)
northem shoveler/CA/HKWF1201/2007 (HIN5)
— american back duck/New Brunswick/18347/2006(H4NE)
environment/MD/2115/2006(H4N6)

049- (H11N2)

==

(H7N9)

100

6 March 2012 | Volume 7 | Issue 3 | e32873



Avian Influenza Viruses Isolated in Guatemala

Figure 6. Phylogenetic trees for internal gene segments PB2, PB1, and PA. All trees were generated in PAUP 4.0b10 using Neighbor-Joining
method with 1000 bootstrap replicates (bootstrap values above 70% are shown). Scale bar on the bottom-left indicates number of nucleotide

substitutions per site.
doi:10.1371/journal.pone.0032873.9g006

11.2% of waterfowl. The reported prevalence of LPAI in sampled
waterfowl ranges between 0.03 to 22.2% [18,39,40]. In the case of
waterfowl, this prevalence value tends to be higher after breeding
in temperate zones and peaks between late summer and early fall
before migration occurs [7]. Our results are in agreement with
other studies, particularly for Blue-winged teals, reported preva-
lence estimates ranges from 6.6% to 10.9% in temperate zones
[41] and from 4.2% up to 22% in wintering grounds in North
America[42,43,44]. In our study, the proportion of AIV Blue-
winged teals detected in the early months of the migratory season
was apparently higher than the proportion of positives at the end
of the season. Although the difference was not statistically
significant this finding could support the previous observations
that the AIV prevalence decreases during migration [18].
However, approximately 10% of the ducks were infected close
to the end of the migration period, suggesting that these birds
could still carry a significant amount of AIV prior to returning to
the temperate zones. Our findings are further supported by other
studies in wintering areas in the United States, where late winter
infection in this particular species at relatively high prevalence
(>10%) has been observed [42].
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When the prevalence values for AIV in Blue-winged teals were
compared by age groups (juvenile or adult), no significant
differences were observed, which is in contrast to what has been
reported elsewhere where juvenile birds tend to harbor higher
prevalence of infection than adults [18,44,45]. This discrepancy
may be explained by the limited sample size of our study (n =27
for juvenile and n =129 for adult teals), which may have resulted
in low power in the statistical analyses. The Blue-winged teal is a
dabbling duck species that performs a long-distance migration to
Central America, the Caribbean, and some areas of South
America. It is one of the first species to migrate south and one of
the last to return to the north [46,47]. In Guatemala, the blue-
wing teal is one of the most abundant of the 16 Anseriformes
species reported, with daily counts as high as 8,000 individuals
during the last months of the wintering season [48]. Their early
migration to the south together with other behavioral and
ecological factors may influence the role of blue winged teals as
reservoirs for AIV [49,50]. The impact that long-distance traveling
may have on their immunological status [50] may also contribute
to explain the fact that adults in this study were found infected in a
similar proportion to juvenile birds. This could be important as
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Figure 7. Phylogenetic trees for internal gene segments NP, M and NS. All trees were generated in PAUP 4.0b10 using Neighbor-Joining
method with 1000 bootstrap replicates (bootstrap values above 70% are shown). Scale bar on the bottom-left indicates number of nucleotide

substitutions per site.
doi:10.1371/journal.pone.0032873.9g007
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Figure 8. Genome constellations of AlVs obtained from wild birds in Guatemala. Nucleotide percent similarities are shown. The different
colors represent different clades supported by bootstrap values >70%. *Isolate CIP049-01 was used as reference to estimate sequence percent

similarities.
doi:10.1371/journal.pone.0032873.g008

this may increase the number of available reservoirs for virus
infection at the migration sites.

An increase in virus detection was observed in the 2009-10
sampling season, in which one sampling site was added (Jutiapa).
However, the majority of positive samples came from the site in
Santa Rosa, where no significant changes occurred in the number
of collected samples compared to the previous years. As it has been
described previously, the increase in virus detection/prevalence
could be related to a seasonal pattern followed by some influenza
viruses [18]. Only long-term surveillance together with the
implementation of more systematic sampling methodologies will
provide more and better surveillance data to support this finding.

In this study, a wide diversity of virus subtypes was observed in
Blue-winged teals in3 out of the 4 sampling seasons. Interestingly,
even though the AIV subtypes isolated in Guatemala have been
isolated in North America with the same HA/NA combinations,
most of them have been isolated only sporadically or at low
frequencies. Some of these subtypes, such as the H5N4 has been
reported only once [18]. Here the most detected subtype
combination was H8N4 (5 out of 15 isolates). In contrast, other
subtypes more prevalent in North America, such as H4 and H6,
were not detected in our study [49]. It is important to note that the
number of sampled species, seasonal variation as well as the
adaptation of the viruses to different environmental conditions
may influence the diversity and prevalence of isolated subtypes.
Despite the limited number of sampled birds and isolates obtained,
the fact that these “low prevalent” subtypes for North America
were most frequently detected in Guatemala warns of the
possibility that stopover habitats could function as repositories
for maintenance of subtypes and genetic diversity. Our findings
are supported by other studies at wintering areas in Texas, where
the subtype diversity was mainly represented by non-frequently
occurring subtypes, including the H8 [42].

@ PLoS ONE | www.plosone.org

Both H5 and H7 subtypes were isolated during this study.
Although H5N1 and H7N3 subtypes are of most interest for their
association with emergence of HP strains [37], other combinations
such as the ones isolated here (e.g. H5N3) have been related to
outbreaks of LP AIV in turkey farms and other poultry species
[51]. Further characterization of the pathogenicity of the viruses in
chickens and other avian models in the laboratory could help
address the significance and potential impact on poultry
population of the circulation of H5 and H7 subtypes in the region.

As revealed by phylogenetic analysis the Guatemalan isolates
are more closely related to recent isolates from the Mississippi and
Pacific American flyways. Although there is limited sequence data
and information of AIV viruses circulating in wild bird populations
of adjacent territories (Mexico and other Central and South
American countries), this observation bolster the possibility that
the viruses are being introduced or more likely in constant
exchange by migratory birds coming from the North.

For the internal genes (PB2, PB1, PA, NP and NS) the
nucleotide sequences exhibited higher diversity as evidenced by
the number of genome constellations. This observation suggests
that there have been multiple AIV introductions into the coastal
sites in Guatemala. In addition, the finding of two H5 strains with
similar HA genes but with different NA subtypes (N3 and N4),
represents potential evidence for reassortment between viruses at
the site of sample collection. These observations are consistent
with other studies where frequent reassortment has been found to
occur between viruses recovered from the same sites [37] over
several years [21,52], and supports the idea of independent
reassortment between gene segments and continuous virus
introduction and exchange by wild birds.

Recently, several ALV isolates from North and South American
countries including Mexico, Argentina, Chile, and Bolivia have
been described [19,29,30,53] . In addition, there is evidence that
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South American viruses constitute a genetic subgroup distinct
from other influenza viruses [54]. The occurrence and frequency
of reassortment between these two lineages or genetic groups and/
or the exchange of virus between North and South American
territories remains unknown. The high frequency of detection and
genetic diversity reflects multiple AIV introductions from numer-
ous waterfowl populations from North America occurring each
year. Virus exchange between migration flyways at wintering
grounds could result in virus reassortment upon bird’s arrival to
temperate zones. In the case of Blue-winged teals, it is not entirely
clear whether conspecific populations breed in the tropics, as it has
been observed that some small groups of ducks do not return north
after the fall migration [55,56]. As competent reservoirs, these
conspecific populations could play an important role in not only
introducing AIV subtypes into the tropics, but also transmitting
and perpetuating them among local bird populations during the
non-migration seasons. Further sampling during the non-migra-
tion season is essential to confirm this hypothesis.

In addition to AIV detection and isolation from wild aquatic
birds, two positive samples were obtained from a single flycatcher
and a woodpecker, both of which are non-migratory species.
However, virus presence in these samples could not be confirmed
by virus isolation or direct sequencing of cDNA. The significance
of AIV RNA detection in two non-aquatic resident species needs
further investigation, including virological and serological surveil-
lance in these species could provide more insights on the
importance of these birds as reservoirs of AIV.

The tropical wetlands and forest of Guatemala are regions with
great diversity of avian species [57]. The impact of AIV circulation
in a high species diversity ecosystem such as the neotropics needs
further study. Only prolonged research of influenza viruses in
Central America and other South American territories will
provide insight into the seasonality, molecular evolution and
exchange of genetic material between South and North American
viruses carried by avian hosts. Moreover, the study sites are
located near rural communities with scarce resources where the
habitants often depend on poultry farming and live in close contact
with their domestic and free-ranged animals, as well as wild
animals. Summed to this, cultural background and limited
resources hinder the establishment of adequate biosecurity
practices. In this context, considering the geographic spread of
HPAI H5N1 [58], and the frequency of outbreaks of H5 and H7
(LPAI and HPAI) viruses in different regions worldwide
[34,54,59,60,61,62,63,64,65,66,67,68], the presence of H7 and
Hb viruses in wild birds crossing into Central America represents a
threat to domestic fowl that cannot be ignored.

In summary, 15 isolates of LPAI from 6 different subtypes
including H5 and H7 were recovered from wild aquatic birds in
Guatemala. Most of the isolated subtypes constitute a group of
viruses that have been sporadically found in other geographical
regions. Phylogenetic analysis suggests that these viruses are
genetically similar to North American strains. Our findings
provide the first description of LPAI isolated from wild birds in
Central America, and provide clear evidence of frequent
introduction and exchange of AIV in the Neotropical ecosystems
by migratory birds. These findings highlight the importance of
continued surveillance efforts of AIV not only in wild but also
domestic birds in the central and southern western hemisphere.

Methods

Ethics statement
Collection of bird samples were approved by the Institutional
Animal Use and Care Committee of the Universidad del Valle de
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Guatemala and reviewed and approved by the Institutional
Animal Use and Care Committee of the University of Maryland,
College Park under protocol number R-08-10. Sampling of
hunter-killed birds were exempt of animal use and care
regulations.

We conducted AIV surveillance in different sites of Guatemala
in the Atlantic and the Pacific coast. For all sampling activities
official permits were approved by the Center for Conservation
Studies (CECON) and the National Council of Protected Areas
(CONAP). The Ministry of Agriculture of Guatemala (MAGA)
approved the study.

Sample collection

Samples were collected by trained veterinarians and technicians
from the Center of Health Studies of University del Valle de
Guatemala (CHS-UVG). Tracheal and cloacal swab specimens
were obtained from hunter-killed ducks and mist net captured
birds. Captures with mist nets and sampling were conducted at the
study sites of Monterrico, Machacas del Mar and Puerto Barrios
every 5—6 months, from October 2007 to July 2009. For mist-net
captured birds, cloacal and tracheal swabs were collected from all
animals, except for small birds in which case only cloacal swabs
were collected. In addition to mist net captures, sport hunters were
contacted for sampling of aquatic birds immediately after hunting.
Samples from killed birds were obtained during the migratory
seasons of 2007, 2008, and 2009 in Monterrico, El Pumpo and
Pasaco villages. Prior to specimen collection, trained ornithologists
and technicians identified birds by species, sex, and age (adult,
juvenile, hatch year or after hatch year). After specimen collection,
swabs were placed into 1-1.5 mL of freshly prepared viral
transport medium (VI'M, Medium 199 with Hanks balanced salt
solution, 2 mM L-glutamine, 0.5% bovine serum albumin,
0.35 g/liter sodium bicarbonate) with antibiotics and antimycotics
(2x10° TU/L Penicillin, 200 mg/L Streptomycin, 2x10° TU/L
Polimyxin B, 250 mg/L Gentamycin, 0.5x10° IU/L Nistatin,
60 mg/L Ofloxacine, and 0.2 g/L  Sulphamethoxazol) [69].
Specimens were transported to the laboratory on ice, frozen in
liquid nitrogen or on dry ice in double sealed plastic bags
depending on availability and estimated time of delivery to the
laboratory. Samples were then stored at —70°C until processed.

Type A influenza virus detection by rRT-PCR

For tracheal swabs, RNA was extracted from 200 pL. of
supernatant with QIAamp viral RNA kit (QIAGEN, Valencia,
CA). Extracted RNA was eluted from the QIAgen columns to a
final volume of 100 pL of elution buffer and stored at —70°C. For
cloacal specimens, RNA was extracted from 250 pL of superna-
tant with Trizol LS reagent (Invitrogen, Carlsbad, CA) [70].
Extracted RNA was then resuspended in 100 puL of DEPC treated
water, and stored at —70°C. until tested for molecular detection of
influenza viral RNA (vRNA).

Prior to sample testing, a formerly reported rRT-PCR assay for
Type A influenza virus detection [35] was optimized at CHS-
UVG. For standardization, influenza type A viral RNA was
extracted from a clinical sample provided by Dr. A. Estevez
(Laboratory of Respiratory Diseases, IEIP, CHS-UVG) and was
used as positive control to determine the detection limits of the
assay. Transcribed RNA from cloned matrix (M) protein (A/
Guinea/fowl/HK/99/H9N2) in pDP2002 was also used as
positive control [71]. Plasmid DNA was transcribed with the T7
RiboMAX™ Express Large Scale RNA Production System
(Promega, Madison, WI) in accordance with manufacturer’s
mnstructions. Clinical sample RNA and transcribed RNA were

March 2012 | Volume 7 | Issue 3 | e32873



quantitated by spectrophotometer (GenSpecl, Naka Instruments,
Dalian, China).

All rRT-PCR reactions with matrix gene specific primers and
probe were carried out using the QuantiTect Probe RT-PCR Kit
(QIAGEN, Hilden, Germany) and the ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA). For a 25 L

reaction mixture the following conditions were used: 12.5 uL. of

kit-supplied 2x RT-PCR master mix, 10 pmol of each primer,
0.3 uM probe, 0.25 pL of kit-supplied enzyme mix, 6.5 U RNase
inhibitor and 8 pL of RNA template. Thermal cycling conditions
comprised one cycle of reverse transcription at 50°C for 30 min
and 94°C for 15 min, followed by 45 cycles of denaturation at
94°C for 1 s and a combined annealing and extension at 60°C: for
27 s. Fluorescence signal was obtained at the end of each cycle
after the annealing/extension step. After amplification, quantita-
tion data were analyzed with the 7300 System SDS Software
v1.4.0 (Applied Biosystems). Positive control RNA was calibrated
to a Ct value between 25 and 35 for the diagnostic purposes of the
assay [70].

Eight uL. of RNA samples extracted from tracheal and cloacal
swabs were analyzed by rRT-PCR for Type A influenza virus
detection. For each rRT-PCR run, duplicates of calibrated
positive control RNA and a water non-template control (NTC)
were included. Extracted RNA from cloacal material was analyzed
in duplicate and samples with Ct value between 20 and 35 were
considered positive. For tracheal swabs, extracted RNA was tested
in a single reaction and samples with a Ct value between 20 and
40 were considered presumptive positive and were re-tested for
their confirmation. All samples that tested positive for the rRT-
PCR assay were processed for viral isolation and molecular
characterization.

Virus isolation and genetic characterization

For viral isolation the swab supernatant of each specimen was
filtered and BHI (brain heart infusion media) supplemented with
antibiotics and antimycotics was added to a volume of 1.5 mL. A
200 puL. volume of this mixture was then inoculated into the
allantoic cavity of three, 9-day-old SPF embryonated chicken eggs
per sample. Following incubation at 37°C for 72 hours, allantoic
fluid was collected and tested for the presence of virus by HA assay
and by Flu Detect (Synbiotics, San Diego, CA). After three blind
passages in embryonated chicken eggs, samples without virus
growth were considered negative for the presence of viable virus.

Viral RNA was extracted from 200 pL of allantoic fluid with
RNeasy Mini kit (Qiagen), according to manufacturer instructions.
Extracted RNA was eluted in 40 pL. of RNase-free water. After
cDNA preparation, full-length PCR amplification of the influenza
virus segments was performed followed by direct sequencing with
the BigDye terminator kit (Applied Biosystems) on ABI 3100
Avant Genetic Analyzer (Applied Biosystems) or ABI 3500
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