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ABSTRACT

Wild aquatic birds are the major reservoir for influenza A viruses (FLUAV) and
play a key role in viral maintenance and dissemination. Likewise, swine have a vital role
in the adaptation, and reassortment of FLUAVSs that may result in zoonotic strains of
pandemic concern. Despite increased surveillance efforts, the diversity and ecology of
FLUAVs circulating in wild birds and swine in Latin America remain understudied. For
instance, the 2009 H1N1 influenza pandemic strain emerged in Mexico, but its
circulation remained undetected in pigs before its detection in humans.

The studies presented here aimed to better define the ecology and evolution of
FLUAVs in wild aquatic birds and swine, using samples from an understudied region of
the world: Guatemala, in Central America. | used targeted sequencing on the FLUAV
genome from wild birds and swine swabs, and bioinformatics tools to analyze full
genome sequencing data generated by Next-Generation Sequencing technologies to
characterize the potential genetic traits of these viruses to cross the interspecies barrier.
The first part of this thesis comprises the results of analyzing six migratory seasons

(2013-2019) of avian FLUAYV surveillance efforts in Guatemala, a stopover site for



multiple overlapping flyways. Overall, | found great FLUAYV diversity, in terms of
subtype combinations and a high frequency of detection of viruses that are rarely found in
breeding grounds in North America. My results provide additional support to previous
observations that Guatemala can serve as a major geographic bottleneck with a
significant role in the persistence and evolution of FLUAV in the region. The second part
of this thesis describes the results of two years of FLUAV active surveillance in a
commercial swine farm in Guatemala without a history of vaccination. We found a
unique group of HIN1 pdmQ9 sequences that suggests independent evolution from
similar viruses circulating in Central America. These viruses may represent the
establishment of a novel genetic lineage with the potential to reassort with other co-
circulating viruses, and whose zoonotic risk remains to be determined. My thesis has

contributed to a better understanding of FLUAV ecology in Central America.

INDEX WORDS:  Avian influenza, Swine influenza, Surveillance, Next-generation
sequencing, Central America, great FLUAV diversity, Viral

Evolution, Phylogenetics
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CHAPTER 1
INTRODUCTION
Influenza A virus (FLUAYV) infects humans and a wide range of birds and
mammals (1). The virus genome is negative single-stranded RNA, composed of 8
different segments: 6 internal gene segments (PB2, PB1, PA, NP, M, and NS) and 2
surface gene segments (HA and NA). FLUAVs are divided into subtypes based on the
antigenic properties of the surface glycoproteins. Up to date, 18 HA (H1-H18) and 11
NA (N1-N11) subtypes have been described (2-4). Wild aquatic birds are the major
reservoir for FLUAYV diversity, maintenance, and dissemination (1). FLUAVs have been
found in aquatic birds in many HA and NA subtype combinations (1), except for HL7N10
and H18N11, only found in fruit bats (3, 4). FLUAVSs have been isolated from
approximately 100 species of wild birds from 12 of the 50 orders, including the aquatic
orders Anseriformes and Charadriiformes (5). H5 and H7 subtypes are of particular
significance because of their potential to cause outbreaks associated with high mortality
in economically and agriculturally relevant poultry species (6). Eurasian origin highly
pathogenic avian influenza viruses (HPAIV) of the H5 subtype are a major threat to the
poultry industry worldwide, as highlighted by the destruction of many millions of birds in
multiple countries (7), most recently related to the 2022 epizootics in Europe and the U.S.
(United States). Human cases of HPAIV infection have also been reported. Although
human-to-human transmission is limited, the fatality rate among humans may be over

50% (7).



The surface proteins of FLUAVS are under enormous selective pressure, and thus
have high mutation rates that allow these viruses to escape the host immune system.
These mutations allow FLUAVS to eventually cross species barriers, which may result in
outbreaks of varying intensity in immunologically naive populations, for instance, in
poultry. Past influenza pandemics have resulted from zoonotic FLUAV strains that cross
from animals to humans, although the mechanisms to cross such barriers remain unclear
[5]. The most notorious example of animal FLUAV spillover to humans occurred during
the HIN1 or “Spanish influenza” in 1918-1919, which many of its gene segments had
ancestors of avian origin that adapted to humans (8). The 1957 pandemic was caused by a
H2N2 subtype virus that contained novel HA, NA and PB1 gene segments of an avian-
origin virus from the previous seasonal lineage (9). The pandemic strain from 1968 was a
reassortant of the H2N2 virus that acquired novel avian-origin H3 and PB1 gene
segments, followed by a re-emergence of the human 1957 HIN1 virus in 1977. Lastly,
the most recent 2009 pandemic virus originated from multiple reassortment events from
viruses that had been circulating in pigs for many years [8]. During this pandemic, a
triple reasorted virus originated from an avian/human/swine reassortant swine virus
reassorted with a Eurasian avian-like swine virus, resulting in the HLN1 pdm09 strain
(10). The triple reassortant virus rise during the late 1990s, containing gene constellation
of human (HA, NA, PB1), swine (NS, NP, and M) and avian (PB2 and PA) origin and
became endemic among swine populations in North America (11). Multiple viruses,
including HIN1, HIN2 and H3N2 have resulted from the co-circulation of HIN1 and

H3N2 viruses in the US and Canada, leading to the establishment of new H1 lineages



(termed Hla, H1B, H3, Hy) and similarly with H3 viruses (classified in four genetic

clusters, 1 — 1V) (11-14).

Swine may have a critical role as they are recognized as intermediary hosts for the
adaptation and reassortment of FLUAVS that may result in zoonotic or pandemic strains
[14]. Swine FLUAYV impacts swine production due to losses caused by the disease and
can result in zoonotic infections, posing a threat to public health. In swine farms, close
contact with infected animals susceptible to influenza may also increase the risk for
FLUAYV transmission. Studies have demonstrated that swine farm workers develop
antibodies against influenza virus strains that typically circulate in pigs [15, 16]. Bi-
directional interspecies transmission events of FLUAVS between humans and pigs play a
significant role in the generation of novel reassortant strains that may spread among
humans and/or swine populations. Recent studies suggest that introduction of human
viruses into pigs may be a major driver in the evolution of FLUAV lineages in Latin
America [17]. Hence, the emergence of the 2009 FLUAV pandemics in Mexico
highlights the importance to strengthen animal influenza surveillance in understudied

regions (15).

Research objective and aims

One of the main purposes of surveillance programs is to understand the diversity of
circulating viruses in a specific population, which can help with the early recognition of
threats to human and animal health (16). With new sequencing technologies, it is
relatively easy and possible to obtain whole virus genome sequence data for detailed

3



identification of molecular signatures of circulating FLUAV. Given the great diversity of
FLUAV subtypes, their accurate identification is crucial to providing clues on their
potential origin, phylogenetic relationships with other circulating viruses, and the
establishment of epidemiological links during outbreaks. Decades of intensive
surveillance of FLUAVs in wild birds have shown the importance of wild bird
movements in spreading genetically diverse viruses between locations and facilitating the
emergence of new strains, including those with the capacity to infect poultry, pigs, and
humans, among other animal species. Despite increased surveillance efforts in the past
decade or so, the diversity and ecology of viruses circulating in wild birds in Latin
America remain understudied. Central America is located at an intermediate point
between bird migratory routes and the majority of the more than one hundred aquatic bird
species found in this area are migratory birds, including some of the main FLUAV
reservoirs also found in North America [12]. Previous studies show that Central
America’s unigque location may provide a site where hundreds of different migratory bird
populations converge yearly and thus, increasing the likelihood of interspecies virus
transmission [13]. Published viral sequences from Guatemala together with newly
generated sequencing data generated during this study, represent the most abundant
genetic data set available from Central America. This dataset provides clues that better
define the ecology of FLUAYV in Central America and how this geographical area may
play a role in the evolution of avian FLUAVs in natural reservoirs. Chapter 4 focuses on
better understanding the contribution to virus diversity and the exchange of gene
segments of FLUAVs from different continents, as well as defining in more detail the

genetic structure of the FLUAV population in wild birds in Guatemala. My thesis work



provides a more comprehensive picture of the spread of FLUAYV in an important region
of Central America. My studies reveal unique phylogenetic patterns and unusual subtypes
in Guatemala compared to other parts of the world. The data is useful in the context of
pandemic preparedness, as well as its significance for animal health. In Chapter 5, |
analyzed in more detail data related to the rarely found H14 subtype. My work led to the
realization that Guatemala has since reported on the largest collection of H14 strains in
the world. Interestingly, the H14 viruses are reassortants between Eurasian and North
American lineage viruses and the question remains whether these viruses will remain
endemic in the wild bird population in Guatemala.

Recent studies suggest that the introduction of human FLUAVs into swine is a major
driver in the evolution of FLUAYV lineages that are exclusive to Latin America [17]. In
Central America, Guatemala is the country with the largest swine industry. Circulation of
FLUAYV of human origin has been documented previously in the swine population in
Guatemala [18]; however, the contribution of humans to the molecular epidemiology of
FLUAYV in the swine population has not been investigated in detail. Chapter 6 focuses on
the characterization of swine FLUAV from a commercial farm. The obtained viruses
represent a unique group of sequences, suggesting independent evolution from other
FLUAVs circulating in Central America.

The long-term goal of this research was to better define the ecology and evolution
of FLUAVs in two animal populations of major importance in the evolution and
interspecies transmission of FLUAVSs: wild birds and swine. We used bioinformatics

tools to analyze full genome sequencing data generated by next-generation sequencing



technologies (NGS) to characterize the potential genetic traits of these viruses to cross the
interspecies barrier. The main research objectives are described below.
Specific aim 1: To characterize the origin and genetic composition by full genome

sequencing of FLUAVSs circulating in wild birds in Guatemala, collected from 2013 to
2019.

I.  Identify circulating genotypes and gene constellations of sequenced

viruses
ii.  Establish phylogenetic relationships of sequenced viruses

iii.  Perform time scale phylogenetic analyses of Guatemalan H14 including
all available sequences of the H14 subtype from North America and

Europe

iv.  Identify potential events of inter-lineage reassortment (including the South

American lineage)

Specific aim 2: To establish the subtype diversity and analyze the year-to-year variation

of FLUAVSs circulating in wild aquatic birds during the winter migration in Guatemala.

I.  Expand analysis of temporal variations in FLUAV prevalence to

determine temporal trends

Specific aim 3: To characterize the origin and genetic composition by full genome
sequencing of FLUAVSs circulating in swine on a commercial farm in Guatemala (in
absence of vaccination).

ii.  Better define the seasonal patterns of FLUAYV infection in swine farms

iii.  Establish phylogenetic relationships of sequenced viruses
iv.  Identify amino acid variants within sequenced viruses

v. ldentify molecular markers associated with anti-viral resistance



CHAPTER 2

LITERATURE REVIEW

Classification

FLUAV is one of 7 genera in the family Orthomyxoviridae: Alphainfluenzavirus (also
referred to as type A influenza virus), Betainfluenzavirus (type B), Gammainfluenzavirus
(type C), Deltainfluenzavirus (type D), Isavirus, Thogotovirus and Quaranjavirus (17).
These viruses are characterized by a genome consisting of six to eight single-stranded
RNA segments. FLUAVs are classified into subtypes by the antigenic properties of the
surface glycoproteins hemagglutinin (HA) and neuraminidase (NA). Up to date, 18 HA
and 11 NA subtypes have been described. With exception of H17N10 and H18N11,
found in bats (3, 4), all 16 HA and 9 NA subtypes have been found in wild aquatic wild

birds, which are considered primary hosts for FLUAVs (18).

Virion structure and organization

Virions are pleomorphic particles with a mixture of spherical (~100 nm in diameter)
and filamentous (up to 300 nm in length) forms, protecting a segmented, negative, single
stranded RNA genome of ~13.6kb. The virions consist of a host-derived lipid bilayer
envelope with two main glycoproteins, HA and NA, protruding from the viral surface, in
a ratio of four to one (19). And additional surface protein is also present, the ion channel
protein (M2), in a ratio of one M2 channel per 101-102 HA molecules (20). Underneath

the viral bilayer, the M1 protein forms a matrix holding the nuclear export protein (NEP)
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and the viral ribonucleoproteins (VRNPs). Each VRNA is looped and wrapped around
multiple copies the NP molecules (nucleoprotein) in a rod-like structure (21). The end of
each VRNP is bounded by the viral polymerase proteins, composed of two “polymerase
basic” and one “polymerase acidic” subunits (PB1, PB2, and PA) located at the end of
the nucleocapsids (18). The VRNA have 15 nucleotides at the 3’ end and 16 nucleotides at
the 5’ end that are complementary between the 5 and 3’ ends. These conserved VRNA
ends form a “corkscrew” RNA structure that interacts with the viral polymerase (22),
which is required for transcription, replication, and packaging of the genome (23, 24).

The virus genome is composed of 8 segments numbered in order of decreasing
length (Table 1.1). Segments 4, 5, and 6 encode a single protein, HA, NP, and NA,
respectively. Segments 1, 2, 3, 7, and 8 encode at least two proteins produced from
different open reading frames (ORF) by multiple mechanisms, described below.

The HA is encoded in segment 4 which varies in length with 1728-1778
nucleotides, depending on the subtype. HA is an integral membrane glycoprotein
responsible for binding of virions to host cell sialic acid (SA) receptors, and mediating
fusion between the viral and host cell membranes (further details of these receptors are
presented in the following sections). HA is a homotrimer, composed of three identical
subunits associated by noncovalent interactions. Each monomer is produced as a single
polypeptide from a single ORF, and consist of two subunits HA1 and HA2, attached by a
disulfide bond. These two subunits are cleaved by host-produced trypsin-like proteases
from its precursor (HAO), a step required for viral infectivity. The HA molecule is
composed of a globular head (HAL subunits) that contains the receptor-binding site

(RBS), as well as antigenic sites, and a stalk (HA2 subunits) (18).



Segment 6 also varies in length with 1453-1470 nucleotides, and codifies the NA
protein, the second major surface antigen of FLUAVS. NA is an integral membrane
glycoprotein responsible for cleavage the surface sialic-acid receptors to release new viral
particles after budding from the cell (25), allowing viral particles to escape from the cell.

Segments 1 and 2 are longest segments, consisting of 2,341 nucleotides each.
Segment 1 encodes the PB2 protein, but additionally recent studies showed that a novel
protein is also encoded: PB2-S1, corresponding to nucleotides 1513 to 1894 of the PB2
MRNA. The function of this accessory protein is not yet well understood, but it might be
implicated in a role for PB2 within the mitochondrial matrix (26, 27). Segment 2 encodes
for the PB1 protein, but some strains may encode an 87 amino acid accessory protein
(PB1-F2) in a +1 alternate reading frame (28). Segment 3 consists of 2,233 nucleotides
and codifies for both PA and the fusion protein PA-X through ribosomal frameshifting
(29). Segment 5 consists of 1565 nucleotides and codifies for the NP (nucleoprotein) that
has a primary structural role, but also interacts with cellular polypeptides, including actin,
components of the nuclear import and export apparatus and a nuclear RNA helicase (30).
Segment 7 codifies for the M1 matrix protein, along with the M2 ion channel via mRNA
splicing (31). Also, through mRNA splicing, segment 8 codifies the NS1 and NEP
proteins (29). At the 3" and 5’ ends, all segments are flanked by segment-specific
untranslated regions (UTR) that contain unique “packing signals” and play a role in

transcription, polyadenylation, and segment replication (32, 33).



Table 1.1 Summary of FLUAV segments and protein functions®

Segment Protein Size Size Function
(nucleotides) (nucleotides)
1 PB2 2341 759 Cap-binding protein
2 PB1 2341 757 Replicase/Transcriptase
PB1-F2 87 Pro-apoptotic activity
3 PA 2233 716 Endonuclease
PA-X Virulence Factor/Host
cell protein shut off
4 HA 1728-1778 539-550 Receptor binding
Membrane fusion
5 NP 1565 498 RNA binding protein
6 NA 1453-1470 454-468 Receptor cleavage
7 M1 1027 252 Capsid protein
M2 97 lon-channel,
Unidirectional proton
pump
8 NS1 890 230 Interferon antagonist
NEP 121 viral RNP export from

the host cell nucleus

Modified from Bouvier and Palese, 2007 (19).

Replication cycle

Virus attachment: FLUAV binds to terminal sialic acid or SA moieties in

glycoprotein or glycolipid receptors on the host cell surface. The most common SA is N-
acetylneuraminic acid (Neu5Ac), which is nine-carbon acidic monosaccharides (34). The
carbon-2 of the terminal SA can bind to the carbon-3 or carbon-6 of galactose, forming a-
2,3- or 02,6-linkages. The HA spikes of FLUAVS can recognize either a-2,3 SA or a-2,6
SA conformations. In mammals, a-2,6 SA are predominant in tracheal epithelial cells, but
also a-2,3 SA are present in less abundance the in human respiratory epithelium. In
contrast, a-2,3 SA are predominant in the gut epithelium and respiratory track from avian
species (35). Distribution of a-2,3 and a-2,6 SA in different host is an important

determinant for FLUAV host range, as described in the next section. The HA protein is
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present on the virus’ surface as trimers of identical subunits. The HA is responsible for
the viral entry and fusion to the host cell. The HA recognizes terminal SA on
glycoproteins and glycolipids on the cell surface that serve as anchors from which the
virus is internalized via endocytosis.

Virus entry: Following attachment of the influenza virus HA protein to sialic acid, the
virus is endocytosed. Acidification by the fusion of the endocytic vesicle and a lysosome,
leads to structural changes on the HA trimers that expose the fusion peptides via a spring-
loaded mechanism resulting in the fusion of the viral and endosomal membranes.
Endosome acidification activates also the M2 ion channel protein pump hydrogen ions
from the endosome into the virus particle, disrupting protein-protein interactions, and
thus, causing the matrix proteins to detach from the vRNPs (36). During virus replication,
the HA protein is cleaved by host proteases forming the HAL1 and HA2 subunits. The
HAZ2 portion is thought to mediate the fusion of virus envelope with cell membranes. The
pores produced during HA fusion allow the VRNPs to flow freely to the cell cytoplasm,
completing the uncoating process (36, 37). The VRNPs are taken up by karyopherin
proteins via protein-protein interactions (proteins in the P-complex and NP contain
nuclear localization signals, NLS) and transported to the nucleus, the site of FLUAV
transcription and replication.

Transcription and replication of the viral genome: The VRNPs serve as templates

for two +sense RNAs: viral mMRNAs and complementary. FLUAV mRNAs are capped
and polyadenylated, whereas cRNAs represent full-length copies of the VRNAS. The
FLUAV RNA-dependent RNA polymerase (RdRp, composed of the PB2, PB1, and PA

subunits) primes viral MRNA synthesis via a cap-snatching mechanism utilizing capped
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5’ ends (~12 nts) derived from host mRNAs. Polyadenylation of the viral mMRNAs occurs
due to a stuttering mechanism, whereby the RdRp moves back and forth over this stretch
of U residues, leading to the formation of a poly(A) tail (38). Additional co- and post-
transcription modifications occur (for instance, frameshift to generate PA-X mRNA or
splicing in mMRNAs from segments 7 and 8 to M2 and NEP mRNAs, respectively). The
viral mMRNAs are transported to the cytoplasm for translation into the corresponding viral
protein products. Some of the early viral protein products include those with the ability to
interferes with host mMRNA translation (NS1, PA-X) and/or antagonize the host’s innate
immune mechanisms (NS1). The HA, NA and M2 mRNAs are translated by ribosomes
associated to the endoplasmic reticulum (ER) and their products transported by the
secretory pathway. All other mRNAs are translated by ribosomes in the cytoplasm.
Newly synthesized PB2, PB1, PA, and NP are imported into the nucleus for
unprimed/uncapped/non-polyadenylated cRNA synthesis. Later in the infection cycle,
newly synthesized M1 and NEP migrate to the nucleus, bind to progeny VRNPs, and
together migrate back to the cytoplasm for virion assembly.

Assembly and release. The HA, NA and M2 envelope proteins are transported to the

plasma membrane via the Golgi apparatus. Signals at the 5’ and 3’ ends of the each
VRNA spanning non-coding and coding regions dictate packaging into virions (39). The
VRNP/M1/NEP complexes are transported cytoplasm where additional copies of M1
provide the milieu for virion assembly through network of protein-protein interactions
that involve M1, vRNPs and the cytoplasmic tails of HA and NA. Assembly is completed
at this location by budding from the plasma membrane. The release of discrete virus

particles from viral aggregates from the host cell is mediated by the NA protein via
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cleavage of sialic acid residues from HA trimers and other glycostructures (40). Once
these particles reach the lumen of extracellular compartments, the HA protein undergoes
proteolytic cleavage by host proteases from the HAO precursor into the covalently linked

subunits HA1 and HA2, allowing the virus to start a new replication cycle (41).

Determinants of host range

Although the host range of FLUAVS is considered a polygenic trait, the
specificity and affinity of HA for sialic acid (SA) receptors binding through the receptor
binding site (RBS) are key determinants. RBS The head of the HA contains the sialic acid
receptor-binding site as described previously, which is surrounded by the five predicted
antigenic sites (Sa, Sh, Cal, Ca2, and Cb in the H1 subtype) (19). The RBS forms a
shallow pocket at the distal tip of the HA1 head creating three important secondary
elements (130-loop, 190-helix, and 220-loop) with four highly conserved residues (Y98,
W153, H183 and Y195) that contribute to receptor binding via van der Waals
interactions. Avian a2,3 SA receptors interact with the 220-loop of HA, whereas human
a2,6-linked SA receptors interact with the 190-helix (42).

The HA protein recognizes terminal sialic acid (SA) moieties present on
glycoproteins and glycolipids on the surface of host cell membranes. In broad terms, the
HA of FLUAVS recognize SAs in two conformations depending on its linkage (described
in the previous sections) to the adjacent galactose: a-2,3 SA and a-2,6 SA (43). Although
perhaps an oversimplification on the intricacies that modulate SA recognition by
FLAUYV, it is consistent with the relative expression of terminal SAs and tissue tropism

of these viruses in various hosts. In wild aquatic birds, FLUAV replicates predominantly
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in epithelial cells of the intestinal tract which are rich in a-2,3 SA. In contrast, in humans
FLUAVS replicate in epithelial cells of the respiratory tract which mostly express o-2,6
SA receptors. Thus, FLUAVs from wild birds preferentially recognize a-2,3 SA, whereas
those from humans prefer a-2,6 SA receptors. It is commonly accepted that a transition
from a-2,3 SA to a-2,6 SA recognition is needed for FLUAVs to spread among humans.
Intermediary and/or accidental hosts with alternative expression patterns of SA receptors
are thought to provide an environment for FLUAVS to mutate and thus change receptor
preference. Humans themselves have low levels of a-2,3 SA expression in the lower
respiratory tract that could provide such environment. However, pigs have been long
regarded as a potential mixing vessel for the emergence of novel FLUAYV strains with a-
2,6 SA due to their susceptibility to FLUAVS of avian and human origin consistent with
the relatively high expression of both a-2,3 SA and a-2,6 SA in their respiratory tract
(44-46). In ferrets, 02-6 SAs are also prevalent in the respiratory tract (47), by contrast to
non-human primates, mice and dogs show higher expression of 02-3 SA (48-50).
Mutations on the HA have a direct impact on the FLUAV host range. For
instance, the HA of the H1 subtype of avian origin usually presents the E190/G225,
E190/D225, or D190/G225 combinations in the RBS, whereas H1 strains of human origin
have transitioned to D190/D225 or D190/E225 combinations (51, 52). These amino acid
transitions have recently in strains that went to almost strict a-2,3 SA binding to almost
strict 0-2,6 binding. Likewise, mutations in the HA of H3 and H9 viruses are critical for
receptor specificity, including those present in position 226 and 228. Avian viruses
usually present mutations Q226/G228 that confers dual-binding or 02,3-SA preference, in

contrast to Q226L/G228S that confers a2,6-SA preference (50). The NA plays the
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opposite function of the HA. While the HA attaches to the SA receptors, the NA removes
the SA residues to release the viral progeny. Therefore, a coordination of the HA-NA
specificity seems to be an important factor for viral adaptation in other hosts (53).
Besides the HA and NA, mutations in other gene segments shown to be a critical
determinant of the host range. Mutations in PB2 may impact the replication in different
host cells and at different temperatures. A change in the position of E627K in PB2 has
resulted in increased virus replication and transmission in mammals (54). Additionally,
M gene segment appears to play an important role for enhancing viral transmission as
observed in the 2009 pandemic virus, where the M gene segment was a critical factor in

the spread of the virus in humans (55).

FLUAYV evolution

FLUAVs have high evolutionary rates, estimated at ~10—3 nucleotide
substitutions per site per year (56). However, each gene segment evolves differently
depending on specific selective pressures and evolutionary constraints. FLUAVs display
remarkable diversity due to two major mechanisms that drive influenza evolution:
antigenic drift and antigenic shift. Antigenic drift arises when mutations are accumulated
over time particularly in the HA, due to copying errors during viral replication caused by
the lack of viral RNA polymerase proofreading activity. Such mutations alter the viral
antigenic features and thus, the host immune system cannot longer neutralize it.
Antigenic drift can also be observed on the NA with a slower mutation rate. Additionally,
mutations can also occur on the internal genes having an impact particularly in the viral

replication. Antigenic drift is a slow virus evolution event. For example, H3N2 FLUAV
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subtypes that circulate seasonally in humans evolve from their precursor rising new
antigenic strains every 3-5 years, whereas seasonal HLN1 viruses every 3-8 years (57).
Emerged virus variants can arise as a specific clade, as a consequence of sporadic
outbreaks (58-60) that eventually may replace the original strain through time (60).
Another major evolutionary mechanism that promotes natural FLUAYV diversity is
the exchange of gene segment of reassortment. Due to the segmented nature of the
FLUAYV genome, gene segments are exchanged in the new viral progeny during mixed
infections, and thus new variants can arise with alternative HA and NA combinations.
Reassortment involves rapid changes in the FLUAYV genome. Antigenic shift occurs
when reassortment rises new viruses with novel HA subtypes that are introduced and
spread into a naive population. These viruses are characterized by major phenotypic
jumps from their ancestors arising as diverging lineages that proliferate and persist over
time (61). Reassortment events between animal-origin and human-origin FLUAVS have
played a major role in the past FLUAV pandemics. During the “Spanish flu” in 1918, an
H1N1 that contain gene segments of avian-origin virus was transmitted to the naive
human population (8). The 1957 pandemic was caused by a H2N2 subtype virus that
contained novel HA, NA and PB1 gene segments of an avian-origin virus from the
previous seasonal lineage (9). The pandemic strain from 1968 was a reassortant of the
H2N2 virus that acquired novel avian-origin H3 and PB1 gene segments, followed by a
re-emergence of the human 1957 HIN1 virus in 1977. Lastly, the most recent 2009
pandemic virus originated from multiple reassortment events from viruses that had been

circulating in pigs for many years [8], as detailed in the following sections.
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Geographic separation of host species in nature is a major driver of FLUAV
evolution. Certain subtypes of FLUAV predominate in wild ducks, determined by the
geographical separation and migratory patterns of the bird species, resulting in the
independent evolution of lineages. Phylogenetic studies show a clear separation between
the North American and Eurasian lineages (62), but other independent lineages from
Australia, Antarctica and more recently from South America have been also documented

(63-65).

FLUAYV in avian species

In birds, FLUAVs have been isolated from about 100 species of wild birds from 12 of
the 50 orders, mainly from the orders Anseriformes (ducks, geese, and swans) and
Charadriiformes (shorebirds, auks, gulls, among others) (5) reaching FLUAV prevalence
levels >20% in the autumn migration season (66). These avian species are widely
distributed, and many species can perform long migrations across different locations,
allowing the movement and spread of FLUAV from distant regions around the world (67,
68). Aquatic wild birds show the greatest diversity of FLUAV, therefore they are
recognized as the main natural virus reservoirs (1). They play an important role for the
virus perpetuation in nature, since from the 18 HA (H1-H18) and 11 NA (N1-N11)
described subtypes, H1-H16 and N1-N9 have been isolated from wild birds (2-4). In
theory, all 144 HA-NA subtype combinations are possible, but some subtype
combinations have been never reported in nature.

Replication of FLUAVs in aquatic wild birds and shorebirds occurs primarily in the

intestinal tract, and sometimes in the respiratory tract (69-72). The main route of
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transmission is fecal-oral transmission since FLUAYV is secreted in high concentration in
the feces, but the movement of animals also plays an important role in its dispersal in
nature (71-73). Transmission by fecal material in the water is a common way of FLUAV
dispersal to other waterfowl and other domestic avian species. Rates of FLUAV in wild
birds in the western hemisphere is higher in August to September, where juvenile birds
are infected as they congregate prior to migration, likely due to immunologically naive
population of juvenile birds (68). During migration, they continue to shed virus, but the
positivity FLUAYV rates decrease, possible to increase of natural population immunity
(66). During migration, most of the bird species make multiple stops before arriving to
their wintering grounds. This behavior may allow the congregation of birds from
different species and flyways, and thus increasing the chance of FLUAV transmission
and reassortment, originating new viruses than can be spread as birds continue its
migration (74).

FLUAV have been sporadically isolated from shorebirds (Charadriiformes) differing
in the HA and NA subtypes found in ducks. H4, H9, H11, H13 and H16 are predominant
subtypes found in shorebirds and gulls (75, 76), in contrast to H3 and H6 found in ducks
(77), suggesting a different pool of viruses among these two orders.

Even though several FLUAYV subtypes have been isolated from wild birds, only H5
and H7 have become economically and agriculturally important due to their potential to
become highly pathogenic when infecting poultry (6); however viral infections caused by
any virus subtype may be aggravated by secondary infections or environmental

conditions. FLUAV can cause asymptomatic infection in avian species, but chickens and
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turkeys are the most susceptible species to present mild to fatal diseases varying
considerably with the strain of the virus.

In poultry, FLUAYV can be classified as low pathogenicity (LPAI) and high
pathogenicity (HPAI) avian influenza viruses based on the severity of the disease. HPAI
viruses originate from LPAI avirulent precursors, but HPAI are associated to the insertion
of a polybasic amino acid sequence, typically a Lysine or Arginine at the cleavage site of
H5 and H7 viruses (78-80). This insertion allows different ubiquitously-expressed
proteases in the intracellular and extracellular environments to cleave HA protein into the
HA1 and HA2 subunits, expanding the range of tissue that the virus can replicate, and
being able to cause fatal infection in poultry (81). Signs of HPAI in poultry can include
sudden death, as well as lack of energy, purple discoloration or swelling, diarrhea, nasal
discharge, coughing, sneezing, and reduced egg production.

HPAI viruses may cause outbreaks with high mortality rates ranging from 75% to
100% (82, 83), and therefore causing important economic loses in the poultry industry. In
areas where there is high contact between domestic influenza hosts with wild birds may
be a risk factor for virus introduction in domestic hosts as LPAI present in migratory
birds may become virulent through the passage in poultry (6).

HPALI viruses are not only a threat the poultry industry, but they are also representing
an increasing threat to humans. Since 2004, the HPAI H5N1 virus has spread to many
countries worldwide and has been responsible for the destruction of many millions of
birds. To date, 18 countries worldwide have reported outbreaks of avian H5N1 in poultry

(84) and from 2003 to January 2020, 861 confirmed human cases of infection with avian
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influenza H5N1 virus from 17 countries with a 53% case-fatality rate were reported to

WHO (85).

FLUAYV in Blue-winged Teals

Although mallards (Anas platyrhynchos) and northern shovelers (Anas clypeata) are
two of the duck species with the highest prevalence of FLUAV in North America (86-
89), Blue-winged teals (BWTE) represent an important FLUAYV host species, particularly
in the wintering grounds. The BWTE may be a potential key host for virus dispersal

given due to its long-distance migration (68, 74).

The Blue-winged Teal (BWTE, Anas discors), belong to the Order Anseriformes
(family Anatidae, along with other species of ducks, geese, and swans). It is one of the
most abundant species of dabbling ducks that breed at high densities in the northcentral
states of the US and provinces of central Canada. It has a widespread distribution during
winter from several southern states of US (including California, Texas and Louisiana)
throughout the northern Neotropics (Mexico, Central America, the Caribbean, and
northern South America) (90, 91). It is one of the first waterfowl species to migrate
southward in fall, and one of the last to migrate northward in spring. Males begin fall
migration earlier than females and immatures (92). The long-distance behavior (68, 93,
94), and the diversity of viruses found in BWTE, suggest that this bird species could be a

candidate for targeted FLUAV surveillance in the Neotropics.

BWTE has been recognized as an important FLUAYV reservoir (95), harboring a
high diversity of virus subtypes at the wintering grounds, particularly in areas in the

Mississippi and Central migration flyways (77, 89, 96-98). Studies at the wintering
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grounds in North America and Europe showed that FLUAV prevalence in BWTE and
waterfowl species tend to be lower in the wintering grounds, compared to those observed
at the breeding grounds. Prevalence of FLUAV in BWTE is driven by host density and
population immunity (77). Early migration suggests that BWTE migrates before periods
of high FLUAYV prevalence (89). Susceptible birds resulting from early migration could
get infected later in the season during migration (89). A decreasing trend of the FLUAV
prevalence toward the end of each migratory season has been observed in wintering
grounds, including Guatemala, California and Texas (96, 97, 99, 100), likely to the
accumulation of natural population immunity (66), as mentioned in the previous section.
Studies performed at breeding and wintering grounds show a distinctive seasonal
pattern in the relative abundance of FLUAYV subtypes. According to publicly available
data from the Influenza Research Database (IRD), up to June 2022, 1,156 HA sequences
have been published from BWTE from 1974 to 2020. These sequences are reported
mainly from North America (US=840, Canada=183 and Mexico=3) and Central America
(Guatemala=126), Caribbean (Barbados=1) and other regions (Hong Kong=1,
Singapore=1 and Egypt=1). For the breeding grounds (northern states of the US and
Canada) 636 (55%) records have been published, and 516 (45%) for the wintering
grounds (California, Florida, Texas, Louisiana, Mexico, Guatemala, and Barbados). In
the breeding grounds, the most common subtypes were H3 and H4, as well as N6 and N8
during the summer/fall season and H7 during the spring season, with around 6% of mixed
infections, consistent with previous observations (77). Information of wintering grounds
is limited and largely bias to regions from North America, where H3, H4, H7, N6 and N8

are the most common subtypes, also consistent with previous reports (77). Guatemala is
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the only country in Central America consistently reporting sequences from BWTE,
describing a different scenario of circulating subtypes that includes H14, H3, H5, N3 and
N2 (99, 101). According to IRD data, in the wintering grounds, the percentage of mixed

infections reported in BWTE is around 12%.

FLUAYV in wild birds in Guatemala

In Guatemala, BWTE are present in a relative high abundance, particularly on the
Pacific coast of Guatemala, with reports over counts >10,000 individuals, whereas other
FLUAV host species (Northern Pintails, American Wigeons, Northern Shovelers, Green-
winged Teals and Cinnamon Teals) are less frequently reported (counts < 250) (102).
Central America’s unique location provides a site where hundreds of different migratory
bird populations converge yearly, increasing the likelihood of interspecies virus
transmission, and thus have the potential to contribute to virus diversity and the exchange
of gene lineages from different continents (103). The majority of aquatic bird species
found in Guatemala are migratory birds, including some of the main FLUAYV reservoirs

also found in North America (102).

In Guatemala, prevalence data of FLUAYV is not available for poultry or other animal
species, although the presence of HSN2 LPAI was first confirmed in poultry in 2000
(104). Since 2006, cloacal and tracheal swabs from aquatic birds have been collected to
detect FLUAYV and identify the subtypes circulating at different sites on the Pacific and
Atlantic coasts of Guatemala (105). Multiple FLUAV subtypes and high genetic diversity

in migratory and resident birds in Guatemala were detected, including subtypes that are
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rarely detected globally like H14 (105). FLUAV prevalence detected by RRT-PCR
ranged from 5% to 38%; with a decreasing trend in monthly prevalence within a
migration season (99). Previous phylogenetic analysis indicates that these viruses are
highly similar to those from North America (101, 105, 106). However, a depth
phylogenetic analysis of FLUAYV that circulates in Guatemala during 2010 to 2013
revealed a Eurasian virus PA segment introduced into the Americas in the early 2000s
disseminated to Guatemala from ~2007 to 2010, most likely via the pacific flyway (103).
Based on phylogenetic analyses of the many different FLUAV subtypes obtained in the
country, Guatemala (and perhaps other areas of Central America) may behave as a
bottleneck where FLUAVs from the Atlantic/Central flyways can mix with those from
the Pacific flyway (103). Although some viruses detected in Guatemala were closely
related to viruses detected in South America, viruses from the South American lineage

have not yet been detected in Guatemala (103).

FLUAV in swine

Swine were considered as “mixing vessels” for influenza transmission due to its
susceptibility with both human-origin and avian-origin FLUAV, and their potential for
generating novel progeny viruses capable of replicating and spreading among humans
(107, 108). The main explanation of the “mixing vessel” theory is that although FLUAV
replication is specie- restricted, both avian and human viruses replicate well in swine due
to the presence and distribution of a-2,3 and a-2,6 SA virus receptors in the respiratory
mucosa of swine, as described before. These characteristics provide a favorable

environment for reassortment of viruses with different receptor specificities during co-
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infections. However, in recent years, new evidence came to light where the role of swine
in the emergence of strains with pandemic potential is not that critical. The distribution of
a-2,3 SA and a-2,6 SA in swine is like those of the human respiratory tract (46, 47, 109),
suggesting that both species (swine and humans) are equally prone to avian-origin virus
infections. Despite the questionable role of swine as true “mixing vessels”, they are an
important host for FLUAV as demonstrated in the HIN1 pdm2009, where the pandemic
precursor virus circulated in the swine population for more than 10 years before it was

detected in humans(110).

Multiple human and avian-origin viruses introduction events into swine population
have been recorded worldwide (111), resulting in independent FLUAV evolution from a
diverse pool of co-circulating viruses (112). These viruses are characterized by major
phenotypic jumps from their ancestors arising as diverging lineages that proliferate and
persist over time (61). In North America, in the 90"s, a HIN1 pdm2009 precursor virus
denominated “classical swine HINT (csH1N1)” was epidemiological stable until late
1990s, when reassorted with a human seasonal H3N2 containing avian like segments,
arising the “H3N2 triple reassortment virus or TRIG”. This novel H3N2 contained
segments from swine-origin (NP, M, and NS), human-origin (NP, M, and NS) and avian-
origin (PB2 and PA) viruses (113), became established in the swine population and
further evolve into four H3 clusters (cluster I to cluster 1V) (112). The H3N2 TRIG virus
resorted again with the classical swine HLN1, generating novel HIN1 and H1N2 viruses,
which continued evolving to H1-a, H1-f, H1-y clades, and further to H1-y1 and H1-y2
clades (114). Another reassortment event occurred between the H3N2 TRIG virus and H1

and N2 human seasonal viruses, generating two additional clades (H1-61 and H1-62 viral

24



lineages) (115). Finally in 2009, the HLIN1pdmO09 emerged from the H1 triple
reassortment subtype (circulating in North America) and a HLIN1 avian-like virus

(circulating in Europe) (110) and became a divergent lineage from its ancestors.

In 1979 in Europe, an avian-origin HIN1 (termed European “avian-like” HIN1 or
H1lavN1) caused outbreaks in Germany and Belgium, and rapidly spread and became
predominant in Europe (116, 117). During the 1980's in Europe, a human-origin H3N2
virus descendent from the 1968 pandemic virus was introduced and after its reassortment
with the HlavN1 became established widespread throughout Europe and remains
endemic to date (116, 118). Another reassortment event occurred in the mid-1990s, when
H3N2 viruses reassorted with a human-seasonal HIN1 virus, generating a HIN2 (or
“H1huN2”) virus lineage (119). These three major lineages co-circulated in Europe until
the HIN1 pdmQ9 strain became established, and the HIN1 2009 pdm internal cassette

became the dominant backbone in the region (120).

In Asia, human-like viruses of the H3N2 subtype have been documented in pigs since
the 1970s (121). Due to pig importations from other regions, the European HlavN1 and
H3N2, and North American TRIG lineage viruses were introduced. After, 2010, the
H1N1 pdm09 strain became established and reassorted with endemic strains leading to a
diverse pool of viruses (122-124). Less information is available for South America due to
the limited surveillance in animals(125). However, genetically and antigenically different
human derived HIN1, HIN2, and H3N2 lineages, as well as the HIN1 pdm09 have been

reported in Chile, Argentina and Brazil (125-129).

Multiple introductions of human-origin viruses into swine, as well as documentation

of reverse zoonotic transmission in different geographical regions are recognized to be
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important in the generation of novel reassortants strains with the potential to spread not
only in humans but also in swine populations (130-132), and thus, underscoring the

importance of understanding how FLUAV evolves in these hosts.

Swine and FLUAYV interspecies transmission

Zoonotic infections with swine-origin FLUAYV are reported sporadically (131). These
infections are usually associated with exposure to infected swine and do not usually result
in the person-to-person spread. However, recent studies revealed that as a consequence of
the increased FLUAYV surveillance efforts in swine after the 2009 pandemic, FLUAV
reverse zoonosis (transmission from humans to swine) is more frequent than swine to
human zoonosis (133). The introduction of human viruses into swine affects the ecology
of FLUAVs circulating in swine globally and the genetic diversity of swine FLUAV has
been increased (133, 134). Moreover, studies suggest that the introduction of human
viruses into swine affects the ecology of FLUAVs circulating in swine globally (134),
maybe be a major driver in the evolution of FLUAV lineages that are exclusive to Latin
America (111).

Some environments with high animal density, provide an environment for close
contact between animals and humans. Such environment allows the virus to acquire
mutations that help overcome natural barriers in the new host, and thus, facilitate the
initial spillover between species and transmission. Interspecies transmission events of
FLUAVSs between humans and pigs play a significant role in the generation of novel

reassortant strains that transmit among humans and/or swine populations.
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In swine commercial farms, contact with animals susceptible to influenza may also
increase the risk for influenza transmission since studies have demonstrated that
individuals who work with swine (farmers, meat processing workers, and veterinarians)
develop antibodies against influenza virus strains that typically circulate in pigs (135,
136), and are at increased risk of swine FLUAV infection (137). Most of the world’s pork
is produced in modern swine production systems with tens of thousands of susceptible
animals concentrated in a small area, with intense contact between animals and swine
workers. Thus, swine production farms provide a unique system to study how FLUAVs
may jump and adapt at the human-animal interface. Interspecies transmission of FLUAVS
between humans and swine plays a significant role in the generation of novel viral strains
that may become established in the new host population. In addition, prolonged direct
animal contact may result in bi-directional transmission of different influenza strains,
circulating in both human and swine. Increased occupational exposure to swine, as well
as a high degree of connection between migrating waterfowl, domestic, and swine
highlight the important role of swine as a key species for virus adaptative evolution of
FLUAYV interspecies transmission (138). This occupational exposure to swine influenza
viruses, may represent a potential source of introduction of new reassortant viruses,
increasing the viral gene pool circulating in both populations. As an example, the
introduction of the HIN1 pdmQ9 virus into humans in 2009 (110) has led to the
replacement of the previously circulating seasonal HIN1 virus and changed the

epidemiology of FLUAV circulating in humans.
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Swine FLUAYV in Guatemala

In Central America, Guatemala is the country with the largest swine industry. Since
2009, increased efforts have been made to establish the prevalence of FLUAVS in the
swine population in the country, identifying the circulation of the classical swine HIN1,
swine H3NZ2, as well as viruses closely related to the human seasonal H3N2 and human
HIN1 pdm09(139). The reported serological prevalence in 2010 for the classical swine
H1N1 and swine H3N2 FLUAYV subtypes were 20% and 7% in commercial swine farms
and 41% and 17% for backyard swine productions, respectively (139). Additionally,
further studies performed by our group showed that viruses isolated from Guatemalan
swine are closely related to human seasonal strains (H3N2) and the HLIN1 pdm2009,
which indicates transmission from humans to swine. Positivity rates in swine for FLUAV
by RRT-PCR ranged from 12% to 16% in 2010 and 2011 respectively (140).
Interestingly, positive farms tended to cluster in areas where FLUAVS have been detected
from wild birds, bats, or humans (3, 105, 141), underscoring the potential role of swine in

the interspecies transmission of FLUAV.

FLUAV in other hosts in Guatemala

Studies conducted on the Pacific coast of Guatemala have found in fruit bats
(Sturnira lilium) hosting a novel subtype (H17N10) of FLUAV (3). Distinguished HA-
like (HL) and NA-like (NL) proteins, as well as phylogenetic analysis show that this
novel subtype, as well as H18N11 found in bats from Peru (4), are likely an ancient
reservoir for a diverse group of influenza viruses, and thus a potentially important source

of genetic variation (142). Seroprevalence studies indicate widespread circulation of
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these two and perhaps additional bat FLUAV subtypes in several bat species (143).
Interestingly, the bat H17N10 was discovered in nearby regions where FLUAV has been

detected in other hosts, including humans, swine and wild birds (103, 105, 140).

Next-generation sequencing technologies in FLUAV surveillance

Next-generation sequencing (NGS) technologies allow massive parallel
sequencing of both DNA and RNA in a relative short period of time. The main
characteristic is that hundreds or thousands of targets can be analyzed at the same time,
avoiding the need of multiple assays. In the last decade, NGS techniques have been
incorporated to FLUAYV genomic surveillance. Traditional surveillance is based on
collection, analysis, and interpretation of data. Usually, the information provided consists
in epidemiological data related to a certain pathogen or disease (144). Genomic
surveillance is the generation of large amount of sequencing data shared among
institutions (by open access sequence repositories), in order to establish the transmission
routes of outbreaks and track mutations/variants of concern, as they arise at national and
international levels (145). The most notorious example of the use of genomic surveillance
data for FLUAYV is Flunet, a global platform for monitoring FLUAV movement and
interpreting the epidemiological data, critical for identifying FLUAV vaccines yearly
(146).

New NGS technology have been used to improve the genomic characterization of
traditional surveillance. Traditionally, after a real time PCR to screen FLAUV positive
samples obtained during surveillance, all FLUAV-positive samples are subject to virus

isolation and obtained isolated is later sequenced. However, during studies performed in
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Guatemala using this approach less than 30% of IAV-positive samples could be isolated
and later sequenced (99, 101, 140). New NGS-based approaches allow sequence
FLAUV-positive samples directly from swabs, avoiding the need of virus isolation and
increasing the number of sequenced samples (101). By combining the two approaches
(first sequencing FLUAV-positive swabs and isolate and sequence only those that yielded
incomplete genomes) the number of samples with complete genomes around two times

greater, and additionally results are obtained in a shorter period of time (101).
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CHAPTER 3

MATERIAL AND METHODS

Tracheal and cloacal swabs from wild birds

Tracheal and cloacal swabs were collected from hunter-harvested ducks during the
winter migration season 2013-2019 on the Pacific coast of Guatemala. Samples were
preserved in 1 mL of virus transport medium (VTM, Medium 199 with Hanks balanced salt
solution, 2mM I-glutamine, 0.5% bovine serum albumin, 0.35g/L sodium bicarbonate,
2x106 IU/L penicillin, 200 mg/L streptomycin, 2x106 1U/L polymyxin B, 250 mg/L
gentamycin, 0.5x106 IU/L nystatin, 60 mg/L ofloxacin, and 0.2g/L sulfamethoxazole) as
previously described (105) and transported to the laboratory on ice and stored at —70°C until
used. Permits for sampling bird species at sampling sites were obtained from the Center for

Conservation Studies (CECON) and the National Council of Protected Areas (CONAP).

Nasal swabs from swine

Nasal swabs from fattening swine and sows with respiratory signs were collected
from May 2016 to April 2018 on a swine farm located at Palin, Escuintla,
Guatemala. No vaccination was performed prior and during the study. Pigs were
identified and sampled twice per week by farmworkers when animals presented with
signs of respiratory disease, including coughing, sneezing nasal and/or ocular discharges.
A minimum of 32 nasal swabs were collected monthly to detect at least 1 positive sample

based on a prevalence of 10% or higher, with a 95% confidence and in a group size n >
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600 (147). Swine were tattooed with a unique identifier to avoid resampling. Rectal
temperature, sex, respiratory signs, and pen’s density of each animal was recorded at the
time of sampling. Nasal swabs were collected and preserved in 3 mL of VTM with
antibiotics and antimycotics as described above (140). Animal sampling was conducted
under approved animal use protocols from the Ministry of Agriculture, Livestock, and
Food of Guatemala (MAGA), and the protocols were reviewed and approved by the

Institutional Animal Use and Care Committee of the University del Valle de Guatemala.

RNA extraction

Viral RNA from tracheal swabs was extracted from 200 uL of supernatant using
the QIAamp viral RNA kit (QIAGEN, Valencia, CA) according to the manufacturer’s
instructions and eluted in 60 pL of elution buffer. Viral RNA from cloacal swabs was
extracted from 250 pL of supernatant with Trizol LS reagent (Invitrogen, Carlsbad,
CA) using an organic extraction protocol described previously (148). Extracted RNA was
resuspended in 100 pL of DEPC treated water. Viral RNA from nasal swabs was
extracted with the MagMAX-96 AI/ND Viral RNA Isolation Kit (Ambion, Austin, TX)
according to the manufacturer's instructions and eluted in a final volume of 50 pL. All

extracted RNA was stored at —70°C until use.

FLUAYV detection by RRT-PCR

Swabs were screened in duplicates for FLUAV by real-time reverse-transcriptase
polymerase chain reaction (RRT-PCR) targeting the matrix gene, as described previously
(140, 149, 150). Briefly, QuantiTect Probe RT-PCR (reverse transcription polymerase
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chain reaction) Kit (QIAGEN, Hilden, Germany) was used to perform RRT-PCR
reactions in the ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City,
CA). Each reaction contained 12.5 pL of kit-supplied 2X RT-PCR Master mix, 10 pmol
of each primer, 0.3 uM probe, 0.25 uL of kit-supplied enzyme mix, 6.5U RNase inhibitor
and 8 pL of RNA template. Thermal cycling conditions were as follows: 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 1s and combined annealing and extension at 60°C for 27s.
Fluorescence signals were obtained at the end of each cycle after the annealing/extension
step. Primer and probe sequences are described in Table 3.1. Swabs showing Ct values

<40 were considered positives.

Multi-Segment amplification (MS-RTPCR)

Multi-Segment amplification of FLUAV genes (MS-RTPCR) was performed in
all FLUAV-positive swabs regardless of whether they were of swine or avian origin. MS-
RTPCR was performed as described previously (24) with minor modifications. Briefly,
2.5 uL of extracted RNA were used as a template in a 25 uL MS-RTPCR reaction
(Superscript I high-fidelity RT-PCR kit, ThermoFisher, Waltham, MA); using Optil-F1
(0.06 uM), Optil-F2 (0.14 uM) and Optil-R1 (0.2 uM) primers (101). The cycling
conditions were as: 55°C for 2 minutes, 42°C for 1 hour, 5 cycles (94°C for 30 seconds,
44°C for 30 seconds, 68°C for 3 minutes), followed by 31 cycles (94°C for 30 seconds,
57°C for 30 seconds, 68°C for 3 minutes). Final extension at 68°C for 10 minutes. MS-
RTPCR final product was analyzed in 1% agarose gel to corroborate whole genome

amplification. Swabs from avian samples that tested negative for MS-RTPCR or
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produced incomplete genomes during NGS were later isolated (see next section) and

amplified again by MS-RT-PCR. (15, 24, 101).

Virus isolation from wild bird samples

Virus isolation was attempted in triplicate from samples that tested positive by
RRT-PCR FLUAYV. From each positive bird sample, a pool of the tracheal/cloacal swab
sample (200 pL) was of inoculated into the allantoic cavity of 9-day-old Specific-
Pathogen-Free (SPF) embryonated chicken eggs following the protocol described in the
World Health Organization’s Manual on Animal Influenza Diagnosis and Surveillance
(151). Collected allantoic fluids were tested by hemagglutination assay to assess for the
presence of FLUAV. Allantoic fluids that tested negative were diluted 1:2 with sterile
phosphate-buffered saline (pH 7.4) with 1X Antibiotic and Antimycotic solution and
inoculated in a new batch of three SPF eggs. The process was repeated three times as
needed. Samples were considered negative for the presence of viable virus if no FLUAV
growth was detected after three serial passages. FLUAV-positive allantoic fluid was

aliquoted and stored at —70°C until later use.

Sequencing and genome assembly

MS-RTPCR products were sequenced using the Illumina platform as described
previously (101) with minor modifications. Briefly, amplicons from MS-RTPCR
reactions were cleaned by 0.45X of Agencourt AMPure XP Magnetic Beads (Beckman
Coulter, Brea, CA) according to the manufacturer’s protocol and eluted in 30uL of

HyClone molecular biology water (Genesee Scientific, San Diego, CA). Amplicons were
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quantified using Qubit buffer kit (ThermoFisher, Waltham, MA) in Qubit 3.0 fluorometer
(ThermoFisher, Waltham, MA) and normalized to 0.2 ng/ul. Adaptors were added by
tagmentation using the Nextera XT DNA library preparation kit (Illumina, San Diego
Ca). The reaction was set as 60% of the suggested final volume. Samples were purified
using 0.7X of Agencourt AMPure XP Magnetic Beads and analyzed on a Bioanalyzer
using High Sensitivity DNA kit (Agilent, Santa Clara, CA) to determine the distribution
of fragment size. Libraries were pooled and normalized to 1-4nM. After denaturation, the
final loading concentration of the pooled libraries was 14pM. Libraries were sequenced
using MiSeq Reagent Kit V2 300 cycles (lllumina, San Diego, CA). Genome assembly
was performed using a customized pipeline developed at the Icahn School of Medicine at
Mount Sinai Genome assembly was performed using a pipeline previously described
(15). Briefly, adapters were removed by Cutadapt (152) and reads were mapped against
reference sequences in the NCBI's Influenza Virus Resource at GenBank, and de novo
assembly was performed using Trinity (153). Final consensus sequences were generated

using the Burrows-Wheelereler alignment tool (BWA) (154) to map reads to contigs.

Minor variants detection

Variant calling was performed as described previously (155) using LoFreq 2.1.3.1
(156) following the Genome Analysis Toolkit best practices (157). The cutoff for minor
variant analysis was arbitrarily set at 1,000 based on a similar analysis found in the
literature (158, 159) with a minimum depth of coverage of 400 and a central base quality

score of Q30 or higher.
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Statistical analysis

For wild birds, the prevalence of FLUAV was calculated as the total number of
positive samples detected by RRT-PCR by the total number of collected samples of the
same species. All analyses were performed using GraphPad Prism v.9.1.0. Differences in
prevalence among seasons were analyzed with y2 assuming a two-sided alternative
hypothesis was assumed with p-values <0.05 considered significant. To assess viral
subtypes, the Simpson’s diversity index and their respective confidence intervals within
each season were calculated based on the number of different subtype combinations as
previously described (160, 161). Seasons with the highest viral diversity based on the

Simpson diversity index were compared using the Sgrensen-Dice coefficient (162, 163).

For swine, the percentages of positive pigs detected by RRT-PCR were calculated
by week, as the total number of positive detected by RRT-PCR by the total number of
collected samples per week. To analyze the risk of IAV infection, odds ratios (ORS) were

estimated using Stata 15.1 and GraphPad Prism v.9.1.0

Phylogenetic analysis

Independent phylogenetic analyses were performed for the surface genes (HA and
NA) and internal genes (PB2, PB1, PA, NS, NP, and MP) of the sequenced viruses. The
Additional FLUAV genome sequences from human- and swine-origin HIN1 pdmO09-like
viruses (from 2009 to 2019) from the Americas and avian-origin were downloaded from
the Global Initiative on Sharing All Influenza Data (GISAID, http://platform.gisaid.org)
and the Influenza Research Database (IRD, http://www.fludb.org). Sequences were

aligned with MUSCLE 5.1 (164) and manually trimmed to keep the open reading frame
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(ORF) of the gene of interest. Background sequences were subsampled to remove
identical sequences and those sequences with less than 80% of the total length of the
ORF using SegKit 0.16.1 bioinformatic tool. Representative sequences were randomly
selected by region and host. Best hit blasts were included in the final tree. The best-fit
model of nucleotide substitution was determined for each gene using the Bayesian
information criterion (BIC) obtained using jModelTest 2.1.10 (165). For the internal gene
segments, phylogenetic trees were constructed using maximum-likelihood (ML)
inference methods, using RAXML 8.2.12 (166) under the general time reversible
GTR+G+I nucleotide substitution model with 1,000 bootstrap replicates. Trees were run
at least twice to confirm topology. Surface gene phylogenies were inferred by time-scaled
phylogenetic analysis using the Bayesian Markov chain Monte Carlo (MCMC) approach
as implemented in BEAST 1.10.4. The final model of each gene was chosen based on the
marginal likelihood estimators obtained in BEAST from several tested models of each
dataset. Three independent analyses of 50 million generations were performed to ensure
convergence, sampling every 1,000 states. The burn-in percentage of each dataset was
identified using Tracer v1.7.1 and after its removal, results were combined using
LogCombiner v1.10.4. The MCC trees were annotated using TreeAnnotator v1.10.4.
Outlier sequences were identified using TemEst V1.5.3. When necessary, outlier
sequences were removed, and the datasets were run again as described above. Nucleotide
alignment, background sequences subsampling, BIC, and phylogenetic analyses (RaxML
and Beast) were performed using the computational resources Sapelo2 available at The
University of Georgia. The resulting trees were visualized in Figtree 1.4.4 and

aesthetically modified using Inkscape v0.48.1 (https://inkscape.org). Gene lineages and
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genotype assignments were performed based on the phylogenetic trees as described
previously. Briefly, FLUAV genes with >96% nucleotide identity was classified in the
same phylogenetic clade, whereas with >90% nucleotide identity within the same linage.
Gene constellations of genes were defined as unique genotypes at the level of clades

(167).

Amino acid sequence analysis

Nucleotide sequences were translated using SegKit 0.16.1 bioinformatic tool as
described in the previous section and visualized on Geneious Prime 2021.2.2. The
resulting amino acid sequences were compared to prototypic reference sequences to
calculate the frequency of phenotypic markers for mammalian transmission/pathogenicity

and identify specific motifs in the sequence.

A complete list of reagents/supplies used for this study can be found at the Appendix.
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Table 3.1 List of primer/probes used for this research work

Primer Name Purification Sequence (5°- 3") Purpose
M+25 STD AGATGAGTCTTCTAACCGAGGTCG RRT-PCR!?
M-124 STD TGCAAAAACATCTTCAAGTCTCTG RRT-PCR!
M+64 HPLC 56-FAM/TCA GGC CCC CTC AAA GCC GA/36-TAMSp RRT-PCR!

Opti-F1 HPLC GTTACGCGCCAGTAGAAACAAGG MS-RTPCR?
Opti-F2 HPLC GTTACGCGCCAGCGAAAGCAGG MS-RTPCR?
Opti-R2 HPLC GTTACGCGCCAGTAGAAACAAGG MS-RTPCR?

!Real-time Reverse Transcription—polymerase chain reaction; > Multi-Segment Reverse Transcription Polymerase Chain Reaction
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Abstract

Influenza A viruses (FLUAVS) are highly diverse and such diversity is
perpetuated in wild aquatic bird species, considered the natural hosts. Most of what is
known about the ecology and transmission of FLUAYV is due to long-standing
surveillance efforts in North America and Eurasia. Our understanding of FLUAV ecology
in natural hosts in other parts of the world, including Latin America, is still limited. Prior
studies showed that Central America provides a site for the congregation and interaction
of aquatic birds from different flyways, serving as hotspot for FLUAV. Gaps remain in
the understanding of genetic information flow among FLUAYV populations and whether
there is seasonality of FLUAV transmission at the wintering grounds in the region. We
conducted active FLUAV surveillance over 6 consecutive migrating seasons from 2013
to 2019. This effort resulted in the collection of 3,109 paired cloacal and tracheal samples
from hunter-harvested aquatic birds. The overall percentage of RRT-PCR FLUAV-
positive samples was 10.0% (95% CI: 10.00% — 11.11%). Most of the samples were
collected from Anas discors (blue-winged teal) that showed a decreasing trend for RRT-
PCR FLUAV-positivity at the end of each migration season. FLUAVS representing 12
HA and 8 NA subtypes in 26 different combinations were identified. The typically
elusive H14 and other uncommon subtypes such as H12 and H8, typically uncommon for
other parts of the world, were among the most common subtypes found in Guatemala.
None of the subtype combinations were consistently found in all seasons; but subtype
combinations H3N2, H8N4, and H11N3 were identified in at least four seasons.

Phylogenetic analyses revealed repeated introductions of Eurasia lineage viruses.

Low pathogenicity avian influenza H7 subtype viruses identified in Guatemala were
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related to sequences identified in H7 highly pathogenic avian influenza outbreaks in the
US and Mexico in 2017. By comparing the phylogenetic topologies of each gene segment
from 2007-2019, 127 unique genotypes were identified, and 59 gene constellations were
found out of 205 full genome sequences. The more diverse genes among Guatemalan
FLUAVs were PB2, PA and NP gene segments based on assignments to diversity of
clades. In contrast, M1 and NS1 gene segments presented the lowest number of clades.
However, we could trace the circulation of two M1 and NS1 gene segments from 2008-
2009 within the Pacific flyway, suggesting their persistence for at least a decade.
Combined with our previous studies, we provide the largest data set of FLUAV genomes

from wild birds in Central America to date.
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Introduction

Influenza A viruses (FLUAVS) belong to the family Orthomyxoviridae. FLUAV
genomes are composed of 8 segments of negative single-stranded RNA corresponding to
6 internal gene segments (PB2, PB1, PA, NP, M, and NS) and 2 surface gene segments
(HA and NA). FLUAVs are diverse, divided into subtypes, and widely distributed in wild
avian species (1). Subtype classification is based on the antigenic properties of the
surface glycoproteins. Up to date, 18 HA (H1-H18) and 11 NA (N1-N11) subtypes have
been described, from which H1-H16 and N1-N9 have been isolated from wild birds (2-4).
At least 90 species of wild birds from 12 of the 50 orders, from aquatic orders
Anseriformes and Charadriiformes have been identified as harboring FLUAV (5). These
species play a key role in FLUAYV introduction, and maintenance (1), and occasionally
can be a source of FLUAVs that cross over to poultry and mammals, causing outbreaks
associated from mild to severe disease (83, 168, 169). In poultry, FLUAVS are classified
as low pathogenicity avian influenza viruses (LPAIV) or high pathogenicity avian
influenza viruses (HPAIV) (6). HPAIVs outbreaks are typically associated with high
mortality in poultry. Typical HPAIV outbreaks are dealt with massive depopulation
campaigns that threaten food security and incur in significant economic losses. For
instance, the ongoing 2022 H5N1 epizootic of Eurasian origin H5N1 in the US has been
detected in at least 35 states with over 40M affected birds states and whose total cost it is
still to be determined (170). In China, the H7N9 LPAIV/HPALIV outbreak in 2013 led to
an estimated loss of $ 1.24 billion into the poultry industry in ten provinces (171). From

a public health perspective, both LPAIV and HPAIV of Asian origin have shown a
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propensity for enhanced zoonotic profiles resulting in significant human infections and
mortality (172).

Intensive efforts in FLUAV surveillance in wild birds, especially in North
America and Eurasia, have shown the importance of wild bird movements in spreading
genetically diverse viruses between locations. Wild bird species have been implicated in
the emergence of novel strains, most notably those with the capacity to infect poultry,
swine, and humans (173). In other parts of the world, including Latin America,
surveillance for FLUAV remains underperformed, and it is implemented mostly in
response to disease outbreaks (106, 174, 175). Avian FLUAVSs are usually genetically
separated by geographical barriers, resulting in the independent evolution of lineages.
The North American and Eurasian lineages are widely described (62), but other
independent lineages from Australia and Antarctica have been documented (63, 64).
Recently, a distinct FLUAV genetic lineage was described in South America, providing
evidence of the divergent evolution of these viruses in the Southern Hemisphere. Overall,
these observations implicate, geographic barriers and migratory routes of a plethora of
avian species as major drivers in the evolution and diversity of FLUAVSs (65).

Central America is located at an intersection point between Northern and
Southern migratory bird routes, as well as Atlantic and Pacific flyways in the Americas.
The majority of the aquatic bird species found in this area are migratory birds, including
some of the main FLUAYV reservoirs found in North America [northern shovelers (Anas
clypeata), northern pintails (Anas acuta), blue-winged teals (Anas discors), and American
wigeons (Anas americana)] (102). Previous studies show that Central America’s unique

location provides a site where hundreds of different migratory bird populations converge
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yearly, increasing the likelihood of interspecies transmission and gene segment
exchanged among FLUAVS, and thus contribute to virus diversity (103).

No FLUAYV outbreaks in poultry have been reported in Central America. However,
circulation of LPAIV in this area was confirmed with the isolation of an HSN2 Mexican
lineage from poultry in 2000 (104). Phylogenetic analysis of the HPAIV H7N3 strain
isolated from the outbreak in Mexico in 2012 strongly suggests its relatedness to LPAIV
H7 strains isolated from wild birds circulating at that time in North and Central American
regions. Interestingly, the Mexican HPAIV H7 strains cluster within the same group of
Guatemalan LPAIV H7 viruses identified during 2010-2013 (103, 176, 177). No
evidence of the introduction of FLUAVSs of the South American lineage has been
observed in Guatemala. In contrast, introductions of FLUAV gene segments from
Eurasian lineage are detected in Guatemala (103). The sizable number of circulating
subtypes (including H5 and H7) and the wide diversity of gene segment constellations is
consistent with the convergence of multiple bird migration routes at wintering grounds in

Guatemala (103).

Although previous surveillance in studies in Guatemala performed during 2008-
2013 have generated viral sequence data, efforts have been directed to address the
phylogenetic relations of circulating strains. There are still gaps in the knowledge of the
genetic structure of avian FLUAV populations and the seasonality of influenza
transmission at the wintering grounds in the region. The results published to date on this
topic are limited. This information however is useful to determine the current level of
FLUAYV gene flow and patterns of transmission in a region that could contribute help to

prevent the spread of the disease. This study aims to investigate long-term patterns in AV
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prevalence, and subtype variation, as well as define in more detail the genetic structure of
the FLUAV population from wild birds in Guatemala. Previously published viral
sequences from 2007 to 2013 from Guatemala, together with newly generated sequencing
data obtained during this study, represent the largest data set of FLUAV genomes compiled
to date for this region. It may provide a broader picture of the spread of FLAUV which
could be used to early detect FLUAYV strains with pandemic concern to animal and human

health.

Materials and Methods

Methods used for this Chapter are described in detail in Chapter 3.

Results
FLUAYV prevalence in Guatemala decreases at the end of each migration season

From November 2013 to March 2019, 3,109 paired cloacal and tracheal samples were
collected from at least twenty species different species of aquatic birds, which were
distributed in seven locations from three departments (Escuintla, Santa Rosa, and Jutiapa)
located on the Pacific coast of Guatemala near the border with El Salvador (Table 4.1 and
Figures 4.1 and 4.2A). Only 2 sites (La Gomera, Escuintla, and El Pumpo, Santa Rosa)
out of 7 collection sites were sampled consecutively every season. The number of aquatic
bird samples per season ranged from 206 to 999. More than 95% of collected samples
(2,967/3,109) came from blue-winged teals (n=2,967), ranging from 201 to 973 per
season. The overall percentage of RRT-PCR FLUAV-positive samples was 10.0% (95%

Cl: 10.00% — 11.11%); corresponding to 311 FLUAV-positive samples, with Ct values
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ranging from 21.6 to 38.3. The detection of positive samples occurred mostly among
members of the Anatidae family (Figure 4.2 A) with the highest number of positive
samples in 2014-2015 (p<0.0001, x2=104.0, df=5) with 27.36% (95% CI: 21.67% —
33.91%) (Figure 4.2 B). FLUAV-positive samples were identified in green-winged teals
[Anas crecca, 40.0% (95% CI: 11.76% — 76.93%), n=5], blue-winged teals [Anas discors,
10.35%, (95% CI: 9.30% — 11.49%), n=2,967], black-bellied whistling ducks
[Dendrocygna autumnalis, 7.14%, (95% CI: 1.27% — 31.47%), n=14)], and northern
shovelers [Anas clypeata, 1.52%, (95% CI: 0.27% — 8.10%), n=66). Only data from
samples collected from blue-winged teals were used to estimate prevalence and seasonal
variation since it represented the largest number. The low number of FLUAV positive
samples from green-winged teals (n=2), black-bellied whistling ducks (n=1), and
northern shovelers (n=1), led to their exclusion from analyses of FLUAV prevalence.
Based on blue-winged teal FLUAV positive data, monthly prevalence (as determined by
the total number of positive detected by RRT-PCR by the total number of collected
samples of the same species) was statistically different in 5 out of 6 seasons: 2013-14
(p<0.0001, ¥2=28.57, df=4), 2014-15 (p<0.0001 using Fisher's exact test), 2016-17
(p<0.0001, ¥2=6.443, df=2), 2017-18 (p<0.0001, ¥2=88.15, df=4) and 2018-19
(p<0.0001, x2=52.53, df=3). The exception was observed for the 2015-16 season (p not

significant) (Figure 4.3).

Significant FLUAV subtype diversity in blue-winged teal samples from Guatemala.
Whole virus genome sequences were obtained from 123 out of 311 FLUAV-positive

samples (38.2%) either from the swab material (n=59) or virus isolate (n=63), following
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the approach described by Ferreri et al (101). The HA and NA gene segments were
successfully sequenced from an additional 13 swab samples that produced incomplete
internal gene segment sequences. And from 17 additional swab samples at least one gene
segment was sequenced; overall, 153 samples produced at least one complete gene
segment. Of these sequences, only one sequence set corresponds to a virus isolate from a
northern shoveler (H3N2) in the 2014-2015 season, whereas the rest of the set
corresponds to samples obtained from blue-winged teal distributed among the 6 sampling
seasons. FLUAYV sequences from blue-winged teal samples included 12 HA and 8 NA
subtypes in 26 different combinations (Figure 4.4). The H14 (n=25) subtype was detected
with highest frequency, followed by H12 (n=20), H3 (n=18), H5 (n=14) and H11 (n=11)
(Figure 4.4). The highest frequency of H14 was identified in the 2013-14 and, 2014-15,
consistent with previous observations as previously described (99, 103, 105). The 2013-
14 and 2014-15 seasons also produced also the uncommon H8, H10, in all 6 all seasons,
H8 and H11 were found in all seasons except 2015-16, whereas H2 (2013-14) was
identified only in a single season (Figure 4.4). H5 subtype viruses (n=14) were identified
in seasons 2014-15 (n=8), 2015-16, (n=1), 2017-18 (n=5), and 2018-19; as well as seven
H7 subtype strains (n=12) were detected in the 2013-14 (n=2), 2016-17 (n=3) and 2018-
19 (n=7). The HA of H5 and H7 viruses had motifs consistent with LPAIV (H5 motif
PQRETR*GLF and H7 motif PENPKTR*GLF, respectively). Among NA subtypes, N3
(n=75) was the most common, followed by N4 (n=30) and N2 (n=19) (Figure 4.4).

The most frequent FLUAV subtype combinations included H14N3 (n=14), H5N3
(n=10), H8N4 (n=10), and H7N3 (n=8), as well as uncommon subtype combinations in

blue-winged teals (recovered <10 times in North America) (95) included H12N3 (n=5),
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H12N4 (n=6), H12N7 (n=5) and mixed infections (n=20) described on Table 4.2. Finally,
17 blue-winged teal FLUAV positive samples (14%) could not be fully subtyped due to
lack of amplification of HA and/or NA gene segments. No subtype combination was
found in all 6 sampling seasons; but subtypes H3N2 (2013-14, 2014-15, 2015-16, 2017-
18), H8N4 (2013-14, 2014-15, 2016-17, 2018-19), and H11N3 (2013-14, 2016-17, 2017-
18, 208-19) were identified in at least four seasons. Subtypes HIN1 (2018-19), H2N2
(2013-14), H2N9 (2013-14), H5N2 (2013-14), H6N5 (2014-15), H7N7 (2013-14),
H12N7 (2013-14), and H14N5 (2013-14) were found sporadically in a single season.

The co-circulation of various subtypes combinations over time was readily observed
(Figure 4.5). The 2013-14 season presented the highest number of distinct subtype
combinations (n=18) followed by the 2018-19 (n=11) and 2014-15 (n=10) seasons. The
estimated Simpson diversity index (1-D) for each season is shown in Table 4.3,
suggesting high diversity within each season. The Sgrensen-Dice coefficient (from 0 tol,
none to perfect overlap, respectively) was used to compare differences in the composition
of virus populations between 2013-14 and 2018-19, and between 2013-14 and 2014-16
(seasons with the highest number of subtype combinations). The resulting values indicate
high diversity of subtypes among the compared seasons (Table 4.4). Overall, high
FLUAYV diversity was found in blue-winged teal samples during all seasons as indicated

by these indexes.
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Evidence of multiple introductions of uncommon subtypes in Guatemala and
reassortment with Eurasian origin FLAUVS.

To establish the phylogenetic relationships among the sequenced viruses, we used
the predicted major ORF for each segment to construct phylogenetic trees by the
maximum likelihood (ML) method. Among the HA gene, H5 and H7 viruses clustered
with contemporary North American isolates from ducks. However, the HA of two of the
Guatemalan H7 viruses (H7N3 and H7 mixed) clustered and shared 97% similarity with
AJchicken/Tennessee/17-008279-4/2017(H7N3) isolated in the US during an HPAI
outbreak in 2017 (178) (Figure 4.6). Molecular clock analyses of uncommon subtypes
showed repeated introductions from the North American lineage viruses (Figure 4.7). The
H8 viruses appeared to have been introduced in Guatemala once between 2014.3-2018.3
with closest relatives from the Pacific and Mississippi flyways. In contrast, the H10
viruses had 2 introductions in 2013.2-2015.9 and 2015.4-2016.3 with closest relatives in
all 4 major North American flyways. Likewise, H12 viruses were introduced twice, in
2012.0-2015.0, and in 2012.7-2013.1 sharing phylogenies phylogenetic characteristics
with viruses from the Atlantic and Mississippi flyways. These observations suggests that
that Guatemala can serve as a re-distribution center location for FLUAVSs from multiple
flyways.

Regarding the NA subtype (Figure 4.8), all N2 gene segments clustered on an ancient
divergent clade within the main North American lineage. N3 and N4 gene segments
clustered in the main North American lineage interspersed with other North American

and Guatemalan viruses previously reported (103).
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The internal gene segments (PB2, PB1, PA, NP, M1, NS1) clustered by season
together with other viruses isolated in Guatemala during 2010-2013 (Figures 4.9 and
4.10). These gene segments tended to cluster with those from the North American
lineage, in agreement with previous observations (101, 103, 105). However, the PA, NP,
NS1 gene segments from A/ BWTE/GT/CIP049H152-13/2017(H3N2),
A/BWTE/GT/CIP049H116-22/2013(H5N3) and A/BWTE/GT/CIP049H151-
22/2013(HxNX) clustered with strains of Eurasian lineage. Evidence of repeated
introductions of Eurasian lineage gene segments was also apparent in FLAUV sequences
from previous seasons (2010-213) (103). The PB2 gene segment of three viruses from
Guatemala [A/BWTE/GT/CIP049H123-54/2014(H6N2), A/IBWTE/GT/CIP049H125-
108/2013(H14N4) and A/IBWTE/GT/CIP049H134-61/2017(H12N4)] , and the HPAIV
AJchicken/Jalisco/PAVX17170/2017(H7N3) isolated in Mexico in 2017 (179), clustered
within the same clade within the North American lineage and shared >94% similarity.
Likewise, the NP gene segment of one virus of these viruses
[A/BWTE/GT/CIP049H125-108/2013(H14N4)] and the HPAIV
A/chicken/Jalisco/716/2017(H7N3) isolated in Mexico in 2017 (179), clustered within
the same clade with >94% similarity. In addition, for the NP gene segments, one samples
[A/blue-winged teal/Guatemala/CIP049H151-22/2013(HxNXx)] clustered within a
separate minor lineage along other North American isolates and other Guatemalan
viruses identified during 2012-2013. These basal lineages diverged more than a century
ago from its their ancestor and have evolved as a separate lineage since then (180). Six
samples [A/BWTE/GT/CIP049H147-10/2017(H5N3), A/IBWTE/GT/CIP049H189-

41/2019(mixed), A/ BWTE/GT/CIP049H116-84/2013(H6N2),
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A/BWTE/GT/CIP049H123-21/2014(mixed), A/ BWTE/GT/CIP049H123-
63/2014(H6N2), and BWTE/GT/CIP049H125-23/2015(H14N4)] carry an allele B NS1
gene segments, whereas the rest carry an allele A, both within the North American

lineage.

Mixed infections and internal gene segment constellations suggest multiple reassortment
events.

At least 20 mixed viral infections were identified. H3N2/N4 and H10N4/N7 were
observed twice during the study, while the rest were observed only once. Three viruses
presented a HA (H3, H7) in combination with two NA (N2, N3). Likewise, nine viruses
had one HA (H3, H4, H5, H8, H10, H12, H14) in combination with two NA (N3, N4,
N5, N7, N8). Additionally, eight viruses had two of both HA (H3, H4, H5, H6, H8,
H10, H11, H12) and NA (N3, N4, N5) (Table 4.4).

Whole virus genome sequences (n=123) were used to determine the internal gene
constellations of FLUAVs identified in Guatemala. Gene constellations were defined as
unique gene combination (genotype) at the level of clades. Gene segments were divided
into sub-lineages based on the topology of the phylogenetic trees and identity <90%, and
further divided into clades based on >96% identity. These gene segments were also
compared with other Guatemalan viruses previously published (for a total of 205
additional gene segment sequences). These analyses showed 59 unique genotypes and
127 gene constellations (Figure 4.11). The PB2, PA and NP segments were associated
with 2 sub-lineages within the North American lineage, while PB1, M1 and NS1 with

only one sub-lineage. Likewise, the PA, NP and NS1 were also associated with the
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Eurasian lineage. NS1 presented both forms of the NS1 alleles (A and B), both within the
North American lineage.

Overall, the Polymerase gene segments (PB2, PB1 and PA), as well as the NP gene
segments were more diverse in terms of clade classification, being classified in 16, 17
and 14 respectively (including all lineages). M1 and NS1 presented the lowest number of
clades with 5 and 7 respectively (including all lineages).

The main North American sub-lineage was divided ion clades (PB2=15, PB1=11,
PA=6, NP=11, M1=6 and NS1=5). Minor and basal North American lineages, as well as
the Eurasian lineage and NS1 allele B presented only one clade of each segment, except
for the minor PA North American sub-lineage that were associated with 10 clades.

In general, gene constellations varied from season to season. However, two were
detected over three consecutive seasons (one to 2012-13 to 2016-17 and 2014-15 to
2018-19). PB2, PB1, PA and NP gene segments of these two gene constellations were
identified by BLAST (>99% identical) in North America circulating in different flyways
during the time of collection of the Guatemalan isolates. However, the M1 and NS1 gene
segments were traced to 2009 and 2008 respectively in viruses from diving ducks in the

Pacific flyaway (Alaska and California), suggesting their persistence for at least a decade.

Molecular analysis shows markers for antivirus resistance and PB1-F2 N66S marker
associated with increased virulence in mammals.

No mammalian-associated virulence markers in PB2 (E627K and D701N) (181-184),
PA (S409N) (185), or NS1 protein (T92E) (186) were found for any of the viruses. One

sample carried mutations correlated with for antivirus resistance (V27A and S31N on
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M2) along with the PB1-F2 N66S marker, also associated to with increased virulence in
mammals (187-189). Additionally, 15 samples presented two different lengths of the

PB1-F2 protein (87 and 90 amino acids), both already described previously (189).

Discussion

Aquatic wild birds, particularly ducks are the major reservoir for FLUAYV diversity
and play a key role in their maintenance and dissemination (1). Surveillance in these
species serves as an early warning for the detection of emergent influenza strains with
potential implications for animal and/or human health. This study summarizes the results
of FLUAYV surveillance efforts performed during six migratory bird seasons (2013-2019)
in Guatemala, a stopover site with multiple overlapping flyways, during six migratory
bird seasons (2013-2019). Guatemala is one of the most biodiverse regions of the world
and has vast regions of tropical rainforest. The Pacific coast supports the highest
abundance of aquatic birds in Guatemala, especially migratory bird populations. It is one
of the hot spots for migrating waterfowl, with more than 4,400 ducks counted in one
season (190). Due to the interactions between aquatic birds, farming practices and human
settlements, this region is candidate may potentiate gene segment exchange among
FLAUV strains derived from different animal species. Initiated in 2007, the surveillance
efforts in Guatemala have resulted in full genome characterization of 205 FLUAVS, 88 of
which are newly to this reported here. Our efforts were biased towards blue-winged teal
samples since those were the most common samples obtained from hunter-harvested
birds. Nevertheless, such sampling provided an opportunity to realize the diverse FLUAV

population in a rather small region near the Southern Pacific coast of Guatemala. We
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used a workflow in which FLUAV-positive samples were sequenced directly from the
swab samples, and only those that failed or yielded incomplete genomes were subjected
to virus isolation and re-sequencing. The approach allowed us to improve the number of
samples sequenced and reduce potential selection bias introduced by virus isolation prior
to sequencing. Overall, we were able to obtain full-length genomes in ~40% of FLUAV-
positive samples, which is about twice as high compared to previous studies using the
conventional approach of virus isolation (99, 103, 105). A decreasing trend of FLUAV-
prevalence in blue-winged teal was found in 5 out 6 migratory seasons consistent with
previous reports (77, 95, 99, 100) likely due to development of natural immunity in the
host population towards the end of each season (66). The exception was in the in 2015-
16 season perhaps due to the limited number of samples collected. Similarly, previous
studies performed over two consecutive seasons (2010-2013) found significant FLUAV
diversity, in terms of subtype combinations and frequency of detection of viruses that are
rarely found at the breeding grounds in North America. These previous studies also
revealed unique phylogenetic characteristics in the Guatemalan viruses providing
evidence that Guatemala (and perhaps other areas of Central America) can serve as a
major geographic bottleneck that results in several bird species comingling in a small
area, allowing FLUAVs from multiple North American migratory flyways to converge
and exchange gene segments (103). Consistent with this notion, during 2013-2019
sampling period, we identified substantial genetic and subtype diversity of FLUAVS
circulating in wild birds on the Pacific Coast in Guatemala. We frequently found >10 co-
circulating subtypes during the same season, in a relatively small area, almost all from

blue-winged teals, suggesting that this avian species could play a key role in maintaining
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natural FLUAYV diversity in Guatemala. Sequencing directly from swabs showed
significant mixed infections (~20% of subtyped isolates), further supporting evidence that
the wintering grounds in Guatemala provides an ideal environment for FLUAVS to
reassort. Overall, the most common HA subtype found was H14 (discussed in chapter 5),
followed by H12 and H8, which have been found in low frequencies in North America
(95, 191). By contrast, H3, H4 and H6, commonly found in North America, showed with
less frequency in blue winged teal samples of in Guatemala. High frequency of
uncommon subtypes has been described in other regions (191), probably maintained
during non-migration periods in other FLUAV-susceptible bird species. During
migration, FLUAYV spills overs to migratory birds in wintering grounds. Evidence of
multiple HA subtype introductions in many internal gene segment constellations supports
this observation. Additionally, identification of H5 and H7 subtypes was common in
Guatemala. These virus subtypes pose a risk of spillover to poultry and other domestic
animals, that can later lead to HPAI outbreaks. Our data showed LPAIV H7 strains from
Guatemala were closely related to the HPAIV H7N3 strains isolated from poultry in the
US in 2017.

Maintaining appropriate FLUAYV surveillance in natural hosts can potentially help
identify early warning signs for the presence of high consequence pathogens or their
precursors. Our data, however, cannot be used to establish whether blue-winged teals
serve as hosts for persistence of H5 and H7 FLUAVS, but close monitoring of this species
is warranted. Interestingly, the N3 subtype was the most single dominant NA subtype in

Guatemala in combination with a myriad of HA subtypes. It remains to be determined,
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whether in Guatemala all these observations are a true representation of subtype
prevalence in all bird species or just blue-winged teals.

The FLUAYV sequences obtained during this study are positioned in multiple clades
interspersed with North American origin FLUAVS. However, evidence of reassortment
with Eurasian origin strains was also detected. In contrast, we found no evidence of
reassortment with viruses from the South American lineage. Our data does not allow us
to determine whether these intercontinental lineage FLUAV reassortants emerged in
Guatemala or if they were introduced as such from other sources. Nevertheless,
Guatemala is likely promoting further virus reassortment as observed by the 127 internal
gene constellations detected within and/or across multiple seasons.

Two recurrent internal gene constellations were found at least in five seasons. The
M1 and NS gene segments of these constellation were circulating in wild birds in other
regions for more than a decade. Maintenance of M and NS gene segments for prolonged
time was also observed in FLUAV from ducks of the Atlantic flyway of North America
(192), most likely due to the lowest nucleotide substitution rates of these genes (193).
Perpetuation of certain FLUAV genes in natural reservoirs in settings regions such as
Alaska is explained in part from the environmental conditions. In these settings, the
viruses might be preserved in frozen lake water while ducks are absent and transmitted
during the next migratory season (194). However, such factors are different in
Guatemala, where temperatures can reach the threshold throughout most of the year to
would prevent perpetuation of FLUAV in the environment (195). Rather, these subtypes
might be maintained by alternative FLUAYV susceptible hosts. For instance, within same

areas in other regions H8 has been detected frequently in poultry in other regions but it is
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almost absent in wild birds (196) within the same areas. Nevertheless, even though our
study may describe perhaps only a fraction of the potential FLUAV diversity found in
Guatemala since due to sampling was biased towards blue-winged teals. However, such
fraction provided a significant set example of FLUAV diversity comparable compared to
other parts of the world considered host spots of FLUAV activity. Our study contributes
to a better understanding of the ecology and potential reassortment dynamics of FLUAVs

in a natural host in an understudied region in Central America.
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Figure 4.1. Location of collection sites on the Pacific Coast in Guatemala.

Geographic coordinates are described in detail in Table 4.1.
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Figure 4.2. Distribution of collected and FLUAV-positive samples in different
species of aquatic birds during 2013-2019 on the Pacific Coast in Guatemala. A)
Distribution by species sampled during this study. Members of the Anatidae family are
shown in the brackets. The majority of samples were collected from Anas discors (blue-
winged teals), which is present in relatively high abundance in Guatemala. B)
Distribution by the season of collection. The percentage of RRT-PCR FLUAV-positive

samples and their 95% CI is shown for each season.
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Figure 4.3. Temporal distribution of FLUAV prevalence in blue-winged teals collected during 2013-
2019 on the Pacific Coast in Guatemala. Prevalence of FLUAYV is shown by month of collection. Monthly
prevalence was statistically different in five out six seasons: 2013-14, 2014-15, 2016-17, 2017-18 and 2018-

19 with a decreasing trend towards the end of the season.
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Figure 4.4. Virus subtype combinations identified in FLUAV-positive samples in
different species of aquatic birds, Guatemala 2013-2019. Number of subtype
combinations identified are presented at top. The gradient background color represents
the number of HA or NA identified during the study, going from the smallest number, in
dark flue, to the largest, in yellow. No detection of specific subtypes is represented a
blank cell. Number of HA and NA per season of collection are presented at bottom. The
most abundant HA and NA are shown in red (H14 and N3 respectively), follow by blue
(H12 and N4) and yellow (H8 and N5). Less abundant HA and NA are presented in

different colors.
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Figure 4.5. Variation of subtype diversity over time in FLUAV-positive samples in
different species of aquatic birds, Guatemala 2013-2019. Subtypes diversity is
presented by month of collection. The most abundant subtypes are shown in green
(mixed), follow by red (H14N3), yellow (H5N3) and blue (H8N4). Less abundant HA

and NA are presented in different colors.
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Figure 4.6. Phylogenies inferred using maximum likelihood methods for H5 and H7
from FLUAV-positive samples in different species of aquatic birds collected during
2013-2019 on the Pacific Coast in Guatemala. The tree is midpoint rooted. Scale bar on
the bottom-left indicates number of nucleotide substitutions per site. Geographic location
is indicated by color. For the H7 gene segment, Guatemalan isolates collected during
2016-2017 cluster together with A/Tennessee/17-008279-4/2017, a virus identified in

Tennessee during an HPAI outbreak in 2017.
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Figure 4.7. Time-scaled MCC trees inferred for uncommon Hemaglutinin (HA) gene found in this study
(H8, H10 and H12) from FLUAV-positive samples in different species of aquatic birds, Guatemala
2013-2019. H8 viruses from 1968 to 2019 were included, H10 from 1977 to 2019 and H12 from 1977 to
2019. The H8 viruses were introduced once from the North American linege. In contrast, the H10 viruses had

2 introductions (shown with the arrows) from the same lineage. Geographic location is indicated by color.
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Figure 4.8. Phylogenies inferred using maximum likelihood methods for the most
common Neuraminidase (NA) gene segment (N2, N3 and N4) from FLUAV-positive
samples in different species of aquatic birds collected during 2013-2019 on the
Pacific Coast in Guatemala. The tree is midpoint rooted. Scale bar on the bottom-left
indicates number of nucleotide substitutions per site. Geographic location is indicated by

color. An ancient divergent North American clade is shown in the blue box.
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Figure 4.9. Phylogenies inferred using maximum likelihood methods for the
Polymerase genes (PB2, PB1 and PA) from FLUAV-positive samples in different
species of aquatic birds collected during 2013-2019 on the Pacific Coast in
Guatemala. The tree is midpoint rooted. Scale bar on the bottom-left indicates number of
nucleotide substitutions per site. Geographic location is indicated by color. The arrow in
PA shows Guatemalan isolates collected during this study, as well as other viruses from

Guatemala collected in 2012-2013 that cluster within the Eurasian lineage.
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Figure 4.10. Phylogenies inferred using maximum likelihood methods for the
internal gene segments (NP, M1 and NS1) from FLUAV-positive samples in
different species of aquatic birds collected during 2013-2019 on the Pacific Coast in
Guatemala. The tree is midpoint rooted. Scale bar on the bottom-left indicates number of
nucleotide substitutions per site. Geographic location is indicated by color. The arrow in
NP and NS1 shows Guatemalan isolates collected during this study, as well as other
viruses from Guatemala collected in 2013 that clusters within the Eurasian lineage. For
the NP gene segment, Guatemalan isolates collected in 2010-2011 and 2015, cluster
together with A/chicken/Jalisco/716/2017, a virus identified in Mexico during an HPAI

outbreak in 2017. For NS1, alleles A and B are shown.
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Figure 4.11. Internal genes constellations of FLUAV-positive samples in different
species of aquatic birds collected in Guatemala from 2008-2019. A total of 205 viral
sequences from Guatemala collected from 2008-2019 were included in the analysis,
representing, 59 unique genotypes and 127 gene constellations. Blue, grey and green
represent the main, minor and basal North American sub-lineages respectively, and red
the Eurasian lineage described on Figures 4.6-4.7. Different clades of the North
American lineages are represented by gradient color depending on the number of clades
of each segment. The most frequent gene constellation was detected over a period of 6
years, viruses carrying this genotype are shown with an asterisk (*) symbol. Season and
number of viruses used for the analysis are shown. A complete description of Guatemalan

viruses can be found at Table 4.4.
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Table 4.1 Distribution of percentage of FLUAV RRT-PCR positive samples by location site*

Department

Escuintla

Santa Rosa

Jutiapa

Location Latitude Longitude Sampled % FLUAV RRT-PCR positive
seasons Samples
13.91756 -91.0734
La Gomera 13.9298 -91.11578 All 9% (153/1753)
13.94427778 -91.11280556
. 2017-2018
Sipacate 13.929868 -91.115819 2018-2019 8%  (4/49)
Sub-total 9% (157/1802)
La Candelaria 13.915722 -90.548917 2014-2015 16% (20/127)
Los Cerritos 13.95947 -90.2993 2015-2016 5% (1/19)
13.89935 -90.4894
El Pumpo 13.89772222 -90.49255556 All 9% (91/986)
El Zunso 13.92615 -90.61445 2017-2018 15% (8/52)
Sub-total 9.4% (100/1057)
Pasaco, Finca la Danta  13.88572222 -90.19591667 2013-2014 28% (34/123)
Sub-total 28% (34/123)
TOTAL 10.0% (311/3,109)

!|_ocation sites are shown in Figure 4.1
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Table 4.2 FLUAV mixed infections identified in blue-winged teals during 2013-2019.

Number of Source f sequencing
Subtype combination  observations Season material

H3/H6N2 1 2014-2015 swab

H7/H8N3 1 2016-2017 swab

H7/H10N3 1 2018-2019 viral isolate

H4N3/N4 1 2016-2017 swab

H5N3/N5 1 2017-2018 swab

2013-2014,

H3N2/N4 2" 2017-2018 viral isolate

H8N3/N4 1 2013-2014 swab

H4AN2/N8 1 2014-2015 viral isolate

H12N3/N5 1 2014-2015 swab

H14N3/N5 1 2014-2015 swab

H14N2/N3 1 2014-2015 swab

2014-2015,

H10N4/N7 2" 2015-2016 viral isolate
H3/HEN1/N3 1 2013-2014 viral isolate
H3/H6N1/N3 1 2013-2014 viral isolate
H5/H12N3/N5 1 2017-2018 swab
H1/H8N3/N4 1 2018-2019 swab
H11/H14/N3 1 2018-2019 viral isolate
H1/H8N1/N3 1 2018-2019 swab

“ Observed once in a single season
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Table 4.3 Number of subtype combinations identified by season and diversity indexes.

Season Number of subtype Simpson diversity Sgrensen-Dice
combinations index (95% CI) coefficient (CC)!

2013-14 18 0.888 (0.841-0.936)
2014-15 10 0.847 (0.779-0.915) 0.179
2015-16 3 0.667 (0.667-0.667)
2016-17 6 0.890 (0.748-0.870)
2017-18 7 0.827 (0.775-0.879)
2018-19 12 0.890 (0.840-0.940) 0.167

L compared with season 2013-14.
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Table 4.4 Full-genome Guatemalan virus sequences from 2007-2013 available on public

databases and newly virus sequences from 2013-2019 used for Chapter 4.

Virus number Season Strain
1 2007-10 AJ/blue-winged teal/GT/CIP049-01/2008(H7N9)
2 2007-10 AJ/blue-winged teal/GT/CIP049-02/2008(H7N9)
3 2007-10 A/blue-winged teal/GT/CIP049-10/2009(H11N2)
4 2007-10 AJ/blue-winged teal/GT/CIP049-11/2009(H11N2)
5 2007-10 AJ/blue-winged teal/GT/CIP049-03/2009(H11N2)
6 2007-10 A/blue-winged teal/GT/CIP049-04/2010(H8N4)
7 2007-10 AJ/blue-winged teal/GT/CIP049-05/2010(H3N8)
8 2007-10 AJ/blue-winged teal/GT/CIP049-06/2010(H8N4)
9 2007-10 AJ/blue-winged teal/GT/CIP049-12/2010(H5N4)
10 2007-10 AJ/blue-winged teal/GT/CIP049-13/2010(H5N4)
11 2007-10 AJ/blue-winged teal/GT/CIP049-14/2010(H8N4)
12 2007-10 AJ/blue-winged teal/GT/CIP049-07/2010(H8N4)
13 2007-10 A/blue-winged teal/GT/CIP049-08/2010(H5N3)
14 2007-10 A/blue-winged teal/GT/CIP049-15/2010(H8N4)
15 2007-10 AJ/blue-winged teal/GT/CIP049-09/2010(H5N3)
16 2010-11 A/blue-winged teal/GT/CIP049H098-32/2010(H5N3)
17 2011-12 AJ/blue-winged teal/GT/CIP049H101-24/2011(H3N8)
18 2011-12 AJ/blue-winged teal/GT/CIP049H101-29/2011(H4N2)
19 2011-12 A/blue-winged teal/GT/CIP049H101-36/2011(H4NS)
20 2011-12 AJ/blue-winged teal/GT/CIP049H102-05/2011(H4N2)
21 2011-12 A/blue-winged teal/GT/CIP049H102-08/2011(H1N3)
22 2011-12  A/blue-winged teal/GT/CIP049H102-09/2011(H3N2)
23 2011-12 AJ/blue-winged teal/GT/CIP049H102-10/2011(H3N2)
24 2011-12 A/blue-winged teal/GT/CIP049H102-11/2011((mixed)
25 2011-12 AJ/blue-winged teal/GT/CIP049H102-18/2011(H1N3)
26 2011-12  A/blue-winged teal/GT/CIP049H102-19/2011((mixed)
27 2011-12 A/blue-winged teal/GT/CIP049H102-23/2011((mixed)
28 2011-12 AJ/blue-winged teal/GT/CIP049H102-25/2011(H3N2)
29 2011-12 AJ/blue-winged teal/GT/CIP049H102-29/2011(H3N2)
30 2011-12 AJ/blue-winged teal/GT/CIP049H102-32/2011(H3N8)
31 2011-12 A/blue-winged teal/GT/CIP049H102-46/2011(H1N3)
32 2011-12  AJ/northern shoveler/GT/CIP049H103-05/2011(H1N3)
33 2011-12 AJ/blue-winged teal/GT/CIP049H103-13/2011(H3N2)
34 2011-12 AJ/blue-winged teal/GT/CIP049H103-20/2011(H3N2)
35 2011-12 A/blue-winged teal/GT/CIP049H103-27/2011((mixed)
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Virus number
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

Season
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2011-12
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13
2012-13

Strain

A/blue-winged teal/GT/CIP049H103-30/2011(H4N3)
A/blue-winged teal/GT/CIP049H103-37/2011(H4N3)
A/blue-winged teal/GT/CIP049H104-38/2011(H1N3)
A/northern shoveler/GT/CIP049H104-69/2011(H11N3)
A/blue-winged teal/GT/CIP049H104-93/2011(H3N3)
A/blue-winged teal/GT/CIP049H104-99/2011(H12N5)
A/blue-winged teal/GT/CIP049H105-01/2011(H1N3)
A/blue-winged teal/GT/CIP049H105-04/2011(H11N3)
A/blue-winged teal/GT/CIP049H105-05/2011(H5N3)
A/blue-winged teal/GT/CIP049H105-08/2011(H3N3)
A/blue-winged teal/GT/CIP049H105-15/2011(H14N3)
A/blue-winged teal/GT/CIP049H105-31/2011(H14N3)
A/blue-winged teal/GT/CIP049H105-32/2011(H1N3)
A/blue-winged teal/GT/CIP049H106-62/2011(H14N6)
A/northern shovelerGT/CIP049H107-88/2012(H7N3)
A/blue-winged teal/GT/CIP049H108-02/2012(H14N3)
A/blue-winged teal/GT/CIP049H108-04/2012(H14N3)
A/blue-winged teal/GT/CIP049H108-11/2012(H14N3)
A/blue-winged teal/GT/CIP049H108-39/2012(H4N2)
A/blue-winged teal/GT/CIP049H108-45/2012(H3N2)
A/blue-winged teal/GT/CIP049H108-53/2012(H4N2)
A/blue-winged teal/GT/CIP049H108-67/2012(H3N2)
A/blue-winged teal/GT/CIP049H109-06/2012(H4N2)
A/blue-winged teal/GT/CIP049H109-14/2012(H3N3)
A/blue-winged teal/GT/CIP049H109-15/2012(H3N2)
A/blue-winged teal/GT/CIP049H109-28/2012(H3N2)
Al/blue-winged teal/GT/CIP049H109-38/2012(H3N8)
A/blue-winged teal/GT/CIP049H109-49/2012(H14N3)
A/blue-winged teal/GT/CIP049H109-67/2012(H14N3)
Al/blue-winged teal/GT/CIP049H109-76/2012(H14N3)
A/blue-winged teal/GT/CIP049H109-86/2012(H4N2)
A/blue-winged teal/GT/CIP049H110-04/2012((mixed)
A/blue-winged teal/GT/CIP049H110-27/2012(H4NG)
A/blue-winged teal/GT/CIP049H110-31/2012(H14N3)
A/blue-winged teal/GT/CIP049H110-36/2012(H11N9)
A/blue-winged teal/GT/CIP049H110-37/2012(H11N3)
A/blue-winged teal/GT/CIP049H111-98/2012(H2N3)
AJ/American wigeon/GT/CIP049H112-03/2012(H4N2)
A/blue-winged teal/GT/CIP049H112-31/2012(H4N2)
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Virus number Season Strain

75 2012-13 A/blue-winged teal/GT/CIP049H112-60/2012(H3N2)

76 2012-13 AJ/northern shoveler/GT/CIP049HT112-79/2012(H4N2)
77 2012-13 A/blue-winged teal/GT/CIP049H113-07/2013(H14N3)
78 2012-13 AJ/blue-winged teal/GT/CIP049H113-08/2013(H14N4)
79 2012-13 AJ/blue-winged teal/GT/CIP049H113-53/2013(H5N3)

80 2012-13 A/blue-winged teal/GT/CIP049H113-74/2013(H14N3)
81 2012-13 AJ/blue-winged teal/GT/CIP049H113-76/2013(H14N4)
82 2012-13 A/blue-winged teal/GT/CIP049H114-76/2013((mixed)

83 2013-14  A/blue-winged teal/GT/CIP049-1 H115-29/2013(H3N3)
84 2013-14 A/blue-winged teal/GT/CIP049-H116-05/2013((mixed)
85 2013-14 A/blue-winged teal/GT/CIP049-H116-07/2013(H5N3)

86 2013-14 A/blue-winged teal/GT/CIP049-H116-10/2013(H5N3)
87 2013-14 A/blue-winged teal/GT/CIP049-H116-120/2013(H14N3)
88 2013-14 A/blue-winged teal/GT/CIP049-1 H116-16/2013(H3NS)
89 2013-14 A/blue-winged teal/GT/CIP049-1 H116-17/2013(H3N2)
90 2013-14 A/blue-winged teal/GT/CIP049-H116-22/2013(H5N3)

91 2013-14 A/blue-winged teal/GT/CIP049-1 H116-48/2013((mixed)
92 2013-14 A/blue-winged teal/GT/CIP049-H116-50/2013(H5N3)
93 2013-14 A/blue-winged teal/GT/CIP049-H116-51/2013(H5N3)
94 2013-14 A/blue-winged teal/GT/CIP049-1 H116-76/2013((mixed)
95 2013-14 A/blue-winged teal/GT/CIP049-1 H116-84/2013(HO6N2)
96 2013-14 A/blue-winged teal/GT/CIP049-H116-96/2013(H5N2)
97 2013-14 A/blue-winged teal/GT/CIP049-1 H116-97/2013(H4NS)
98 2013-14 A/blue-winged teal/GT/CIP049-1 H117-123/2013(H14N3)
99 2013-14 A/blue-winged teal/GT/CIP049-H117-125/2013(HIN3)
100 2013-14 A/blue-winged teal/GT/CIP049-1 H117-13/2013(H14N3)
101 2013-14 A/blue-winged teal/GT/CIP049-H117-130/2013(H2N2)
102 2013-14 A/blue-winged teal/GT/CIP049-1 H117-143/2013(H14N3)
103 2013-14 A/blue-winged teal/GT/CIP049-H117-34/2013(H14N3)
104 2013-14 A/blue-winged teal/GT/CIP049-H117-36/2013(H14N5)
105 2013-14 A/blue-winged teal/GT/CIP049-H117-38/2013(H14N5)
106 2013-14 A/blue-winged teal/GT/CIP049-H117-42/2013(H5N3)
107 2013-14 A/blue-winged teal/GT/CIP049-H117-99/2013(H14N5)
108 2013-14 A/blue-winged teal/GT/CIP049-H118-23/2014((mixed)
109 2013-14  A/blue-winged teal/GT/CIP049-1 H118-64/2014(H8N4)
110 2013-14 A/blue-winged teal/GT/CIP049-H118-81/2014(H8N4)
111 2013-14 A/blue-winged teal/GT/CIP049-H119-01/2014(H12N3)
112 2013-14 A/blue-winged teal/GT/CIP049-H119-16/2014(H12N4)
113 2013-14 A/blue-winged teal/GT/CIP049-1 H120-33/2014(H12N4)
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Virus number
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

Season
2013-14
2013-14
2013-14
2013-14
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2014-15
2015-16
2015-16
2015-16
2016-17

Strain

A/blue-winged teal/GT/CIP049-H121-01/2014(H12N7)
A/blue-winged teal/GT/CIP049-H121-09/2014(H7N7)
A/blue-winged teal/GT/CIP049-H121-14/2014(H7N7)
A/blue-winged teal/GT/CIP049-H121-36/2014(H2N9)
A/blue-winged teal/GT/CIP049H123-06/2014(H12N5)
A/blue-winged teal/GT/CIP049H123-12/2014(H6N2)
A/blue-winged teal/GT/CIP049H123-13/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-16/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-21/2014/(mixed)
A/blue-winged teal/GT/CIP049H123-32/2014(H6N5)
A/blue-winged teal/GT/CIP049H123-33/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-35/2014/(mixed)
A/blue-winged teal/GT/CIP049H123-38/2014/(mixed)
A/blue-winged teal/GT/CIP049H123-42/2014(H6N2)
A/northern shoveler/GT/CIP049H123-52/2014(H3N2)
A/blue-winged teal/GT/CIP049H123-54/2014(H6N2)
A/blue-winged teal/GT/CIP049H123-57/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-58/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-59/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-61/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-63/2014(H6N2)
A/blue-winged teal/GT/CIP049H123-65/2014/(mixed)
A/blue-winged teal/GT/CIP049H123-74/2014(H3N2)
A/blue-winged teal/GT/CIP049H123-75/2014(H14N3)
A/blue-winged teal/GT/CIP049H123-76/2014/(mixed)
A/blue-winged teal/GT/CIP049H124-27/2015(H12N5)
A/blue-winged teal/GT/CIP049H125-101/2015(H8N4)
A/blue-winged teal/GT/CIP049H125-108/2015(H14N4)
A/blue-winged teal/GT/CIP049H125-14/2015(H14N4)
A/blue-winged teal/GT/CIP049H125-23/2015(H14N4)
A/blue-winged teal/GT/CIP049H125-32/2015(H8N4)
A/blue-winged teal/GT/CIP049H125-59/2015(H14N4)
A/blue-winged teal/GT/CIP049H125-67/2015(H10N7)
A/blue-winged teal/GT/CIP049H125-82/2015(H10N7)
A/blue-winged teal/GT/CIP049H125-92/2015/(mixed)
A/blue-winged teal/GT/CIP049H126-15/2015(H3N8)
A/blue-winged teal/GT/CIP049H127-52/2016/(mixed)
A/blue-winged teal/GT/CIP049H127-88/2016(H12N5)
A/blue-winged teal/GT/CIP049H129-24/2016(H3N2)
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Virus number
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

Season
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2016-17
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2017-18
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19

Strain
A/blue-winged teal/GT/CIP049H129-27/2016(H1N3)
A/blue-winged teal/GT/CIP049H129-39/2016(H11N3)
A/blue-winged teal/GT/CIP049H129-40/2016(H8N4)
A/blue-winged teal/GT/CIP049H129-46/2016/(mixed)
A/blue-winged teal/GT/CIP049H129-50/2016/(mixed)
A/blue-winged teal/GT/CIP049H129-67/2016(H8N4)
A/blue-winged teal/GT/CIP049H130-06/2017(H1N3)
A/blue-winged teal/GT/CIP049H130-31/2017(H11N3)
A/blue-winged teal/GT/CIP049H130-52/2017(H1N3)
A/blue-winged teal/GT/CIP049H130-65/2017(H8N4)
A/blue-winged teal/GT/CIP049H134-17/2017(H7N3)
A/blue-winged teal/GT/CIP049H134-36/2017(H12N4)
A/blue-winged teal/GT/CIP049H134-61/2017(H12N4)
A/blue-winged teal/GT/CIP049H134-78/2017(H7N3)
A/blue-winged teal/GT/CIP049H147-14/2017(H3N3)
A/blue-winged teal/GT/CIP049H147-30/2017(H3N2)
A/blue-winged teal/GT/CIP049H147-31/2017(H5N3)
A/blue-winged teal/GT/CIP049H147-32/2017(H3N2)
A/blue-winged teal/GT/CIP049H147-41/2017(H5N3)
A/blue-winged teal/GT/CIP049H147-46/2017(H3N2)
A/blue-winged teal/GT/CIP049H148-12/2017/(mixed)
A/blue-winged teal/GT/CIP049H152-10/2017(H8N4)
A/blue-winged teal/GT/CIP049H152-13/2017(H3N2)
A/blue-winged teal/GT/CIP049H152-20/2017(H12N3)
A/blue-winged teal/GT/CIP049H152-33/2017(H8N4)
A/blue-winged teal/GT/CIP049H152-37/2017(H8N4)
A/blue-winged teal/GT/CIP049H152-41/2017/(mixed)
A/blue-winged teal/GT/CIP049H152-46/2017/(mixed)
A/blue-winged teal/GT/CIP049H152-66/2017(H11N3)
A/blue-winged teal/GT/CIP049H152-69/2017(H11N3)
A/blue-winged teal/GT/CIP049H152-71/2017(H12N5)
A/blue-winged teal/GT/CIP049H152-80/2017(H4NS)
A/blue-winged teal/GT/CIP049H158-26/2018(H14N3)
A/blue-winged teal/GT/CIP049H183-04/2018(H7N3)
A/blue-winged teal/GT/CIP049H183-06/2018(H10N7)
A/blue-winged teal/GT/CIP049H183-15/2018(H1N1)
A/blue-winged teal/GT/CIP049H185-18/2018(H5N3)
A/blue-winged teal/GT/CIP049H186-15/2018(H10N3)
A/blue-winged teal/GT/CIP049H186-37/2018(H11N3)
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Virus number
192
193
194
195
196
197
198
199
200
201
202
203
204
205

Season
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19
2018-19

Strain
A/blue-winged teal/GT/CIP049H186-51/2018(H1N1)
A/blue-winged teal/GT/CIP049H187-16/2019(H11N2)
A/blue-winged teal/GT/CIP049H187-26/2019(H10N3)
A/blue-winged teal/GT/CIP049H188-09/2019(H3N7)
A/blue-winged teal/GT/CIP049H188-12/2019(H3N7)
A/blue-winged teal/GT/CIP049H189-08/2019/(mixed)
A/blue-winged teal/GT/CIP049H189-11/2019(H7N3)
A/blue-winged teal/GT/CIP049H189-15/2019/(mixed)
A/blue-winged teal/GT/CIP049H189-19/2019(H14N4)
A/blue-winged teal/GT/CIP049H189-31/2019(H11N3)
A/blue-winged teal/GT/CIP049H189-32/2019(H11N3)
A/blue-winged teal/GT/CIP049H189-40/2019(H7N3)
A/blue-winged teal/GT/CIP049H189-41/2019/(mixed)
A/blue-winged teal/GT/CIP049H190-41/2019(H7N3)
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Abstract

Influenza A viruses (FLUAYV) infects a wide range of birds and mammals. Wild
aquatic birds are considered the natural hosts for in which 16 HA and 9 NA subtypes
have been detected. However, with some subtypes, such as H14, have been rarely
detected, such as H14. Since its first detection in Guatemala in 2011, it H14 became the
predominant subtype over three consecutive migration seasons leading to the largest
collection of H14 FLUAVSs from a single region. Here, genomic characteristics and gene
constellations of 16 new H14 FLUAVs full-length genome sequences are analyzed and
compared to previously published H14 sequences from Guatemala and elsewhere.

Pairwise percentage of identity suggests high degree of similarity among
Guatemalan and those of North American origin. Phylogenetic analyses revealed at least
3 independent introductions of H14 viruses from the North America lineage and its
persistence for ~4 years in the country. Overall, the 36 H14 Guatemalan FLUAVS
contained 18 unique internal gene and 21 gene constellations in blue-winged teals in
Guatemala. Interestingly, the HA of the Guatemalan H14s showed three distinct motifs at
the cleavage site, two of these containing Arginine instead of Lysine in the first and

fourth positions, respectively.
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Introduction

Influenza A viruses (FLUAV) infect a wide range of bird species and mammals,
including humans [1]. The virus genome contains 8 segments of negative single-stranded
RNA encoding 6 internal (PB2, PB1, PA, NP, M, and NS) and 2 surface (HA and NA)
gene segments. Subtype classification is based on the antigenic properties of the surface
glycoproteins. Up to date, 18 HA (H1-H18) and 11 NA (N1-N11) subtypes have been
described (2-4). Wild aquatic birds are considered the natural hosts for 16 HA (H1-16)
and 9 NA (N1-9) subtypes, playing an important role in the perpetuation of FLUAVS in
nature. H3, H4, and H6 subtypes are usually detected at high frequencies in the breeding
grounds in North America, while others such as H8, H12, H14, and H15 are rarely found
(95, 191).

The H14 subtype of the Eurasian lineage was initially detected from four virus
isolates obtained from mallard ducks and a herring gull in the former Soviet Union
(Russia and Kazakhstan) in 1982 (143). More recently, four H14 strains were published
in the GISAID and IRD databases (accessed April 11, 2022) from a garganey duck in
Ukraine in 2006, a goose in Pakistan in 2014, and two in 2019 in Russia from a sandpiper
and a common teal. In North America, H14 FLUAVS have been detected sporadically
from 2010-2018 from different species of dabbling ducks such as blue-winged-teal,
northern-shoveler, long-tailed-duck, mallards and scoter within the Pacific, Central, and
Mississippi flyways (197-200). Phylogenetic analyses indicate that the HA segment of
H14 viruses in the US was introduced from an Eurasian ancestor around 2010 (200).
Consistent with these observations, serological studies suggest H14 subtype FLUAVS

were absent in North American ducks before the initial detection in Wisconsin in 2010
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(66). Overall, the number of recovered H14 FLUAVS around the world, except
Guatemala, account for <25, of which 16 have complete genomes. In Guatemala, H14
subtype FLUAVS were first detected in 2011 from hunter-harvested blue-winged teals
(BTWE) and quickly became the most prominent subtype detected in areas of the
Southern Pacific coast of Guatemala. Since then, Guatemala has reported the highest
number of H14 subtype FLUAVSs from a single location (99, 101, 103, 105), all from
BWTE samples. From 2014 to 2019, we identified 16 new H14 FLUAVs from
Guatemala. Full-genome sequencing of these viruses was used to perform phylogenetic
analyses of the entire set of H14 virus sequences available in public databases. These
analyses indicate that Guatemalan H14 viruses were independently introduced in

Guatemala from North American viruses at least 3 times.

Materials and Methods

Methods used for this Chapter are described in detail in Chapter 3.

Results
H14 FLUAVs from Guatemala are paired to with various NA subtypes and are like
similar to those from North America.

During five seasons of avian FLUAYV surveillance in Guatemala (seasons 2014-
15, 2015-16, 2017-18, and 2018-19), 3,109 paired tracheal/cloacal swab samples were
obtained from wild aquatic birds on the Pacific Coast of Guatemala (see Chapter 4).
Following FLUAV’s matrix (M) gene screening by RRT-PCR and sequencing by NGS,

16 H14 full-length genomes were obtained, all from blue-winged teal samples. Subtype
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combinations included H14N3 (n=23), H14N4 (n=7), H14N5 (n=3), H14N6 (n=1), and
two mixed infections (H14N3/N5 and H14N2/N3). Together with the H14 sequences
already published, this new set of sequences brings the total of Guatemalan H14 strains to
accounts for 40 full H14 HA gene segment sequences, corresponding to 36 H14 full-
length virus genomes sequences. H14 FLUAVS are positioned within two major clades
based on geographic regions: Eurasian and North America (103, 198). To determine the
similarity among the Guatemalan H14 FLUAVS, pairwise percentage nucleotide
identities were established using either concatenated or single gene ORF sequences.
Genetic comparisons across the concatenated internal gene sequences (PB2, PB1, PA,
HA, NP, M1, and NS1) from the 36 full genome sequences revealed 95.5% pairwise
identity (Figure 5.1). At the individual gene level, the HA segment presented the highest
% of pairwise identity (98.1%), followed by M1 (98.0%), PB1 (96.9%), NS1 (96.6%),
NP (95.1%), PB2 (93.6%) and PA (92.9%). ldentical HA of H14 sequences were
detected within the Guatemalan blue-winged teal samples (24 out 36), most of them
identified from samples collected the same day. Pairwise comparisons among NA gene
segments were excluded from these comparisons since multiple NA subtypes were
detected.

The 36 full-genome H14 virus sequences were also compared to the 12 H14 full-
length virus genomes from North America (n=10, from Ohio, Texas, Wisconsin,
California, Mississippi, and Missouri) and Eurasia (n=2, from Russia and Pakistan)
available on IRD and NCBI GeneBank database (accessed April 11, 2022). The H14
Guatemalan and North American FLUAVS are similar, showing 93.4%. pairwise identity

based on concatenated internal gene segments. In contrast, similar analysis reveals
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pairwise identity of 88.7% compared to H14 Eurasian sequences (Figure 5.1). Additional
analyses using single gene comparisons showed pairwise % identity between Guatemalan
and North American sequences ranging from 97.2% to 85.8% (PB2:92.9%, PB1:95.8%,
PA:89.9%, H14: 95.8%, NP: 94.3%, MP:97.2%, NS:85.8%). Guatemalan H14 viruses
showed less similarity to Eurasian viruses. However, the NS1 appears to be more similar
to Eurasian viruses, possibly because of the presence of both the A and B alleles in the set
of sequences (PB2:84.2%, PB1:88.8%, PA:89.0%, H14: 89.5%, NP: 89.9%, MP:92.8%,

NS:93.7%).

Multiple introductions of H14 subtype FLUAVs from the North American lineage with
diverse gene constellations were detected in blue-winged teals in Guatemala.
Phylogenetic analyses showed the expected segregation of H14 FLUAVS into the
Eurasian and North American clades (103, 198). The Guatemalan H14 FLUAVs
clustered together with those from North America and consistent with date of collection.
This analysis revealed at least three independent introductions of North American H14
FLUAVs viruses into Guatemala (Figure 5.2), two of them previously described (103).
The closest ancestors of the HA of the H14 Guatemalan viruses were identified in the
Mississippi flyway as previously observed (198, 201). After its introduction in 2011, the
H14 viruses persisted in Guatemala until ~2014.9 to 2015.1 (95% highest posterior
density [HPD]). The most recent H14 virus identified in Guatemala (sample collected in
2019) clustered in a separate clade with other North American viruses, indicating a recent

independent introduction of the H14 subtype in the country. Similarly, all NAs from the
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H14 Guatemalan strains grouped within contemporary North American viruses of the
same subtype.

Blast searches of internal gene segments revealed high nucleotide identity (>95%)
with contemporary sequences of viruses circulating within the Pacific and Mississippi
flyways, consistent with previous observations (101, 103, 105). All ORF of internal genes
of the H14 Guatemalan viruses grouped within the North American lineage, except for
the NP gene of two H14N3 viruses collected in 2013 that grouped within the Eurasian
lineage.

Thirty-five viruses carried the allele A; while one H14N4 virus (collected in
2015) carried the allele B. All H14 Guatemalan viruses grouped with North American
samples within the same allele. Phylogenetic inference by the maximum likelihood
method revealed internal genes grouped in subclades within a particular lineage. For the
PB2, PB1, PA, and NP sequences, the H14 viruses were grouped into 6 to 7 subclades.
Overall, the 36 H14 Guatemalan FLUAVSs contained 18 unique internal gene and 21 gene
constellations. Even for samples collected on the same day and with identical H14 HA
sequences, they contained distinct gene segment constellations, highlighting the high

virus diversity found in these viruses in Guatemala.

The HA of H14 Guatemalan FLUAVs contain three different predicted motifs at the HA
cleavage site.

It is well accepted that most FLUAVs rely on host’s trypsin like proteases for
cleavage of the HA into to subunits, HA1 and HAZ2 to render infectious virus. Among the

H14 Guatemalan HA sequences three cleavage site motifs were identified. Sequences
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from samples collected in seasons 2010-11 and 2012-13, and one sample collected in
season 2018-19 showed the motif PDKQTK’GLF, typical of H14 HA sequences
previously identified in North American bird samples (197, 198). H14 viruses contained a
Lysine (K) at instead or Arginine (R) in the cleavage site between HA1 and HA2 unlike
others viruses (143). Samples collected from late 2013 to mid-2016 (seasons 2013-14,
2014-15, and 2015-16) contained an Arginine at the 1st position of the cleavage motif
(PDKQTR’G) and one sample collected during the same period contained an additional
Arginine at the first and fourth position (PDRQTR’G).

No mammalian-associated virulence markers were found in the remaining of the
predicted ORFs, PB2 (E627K and D701N) (181-184), PA (S409N) (185), or NS1 protein
(T92E) (186) nor any antiviral resistance markers (V27A and S31N on M2 (189) and
H274Y on NA). Interestingly, 15/36 samples presented an Asparagine (N) in position 66
of PB2-F2 protein, associated with increased virulence in mammals (187, 188). Samples
with N66 in PB1-F2 were 87aa long, in contrast to samples with S66 that were 90aa long.
PB1-F2 proteins with either one of those lengths have been previously described in
FLUAVs from ducks (189). All Guatemalan H14 FLUAVs encoded a full-length PA-X

protein of 252 amino acids in length.

Discussion

During our more than a decade long FLUAV surveillance in wild birds in
Guatemala, an unusual large number of H14 subtype viruses were detected (99, 101, 103,
105, 106). Prior to its initial isolation in North America in 2010, there was no evidence of

significant circulation of this subtype in the Western hemisphere (66). The H14 subtype

87



FLUAVs appeared dominant in Guatemala since the first detection in 2011 (99, 101,
103), and have been detected ever since as far as in 2019. In this study, we compared all
public full-length H14 FLUAV sequences from North America (n=10), Eurasia (n=2),
and Guatemala (n=36), to provide clues about their origin in Guatemala.

Due to the limited information about this subtype, its ecology and how it is
maintained in this region is unknown. One hypothesis to the high level of H14 detected in
Guatemala may be due to epizootic events originated from a single introduction, followed
by local clonal expansion of the newly introduced subtype that later are maintained in
local populations (202). Studies of H3 subtype FLAUYV epizootic events in mallards
suggest that migrant birds play an important role as vectors of novel strains that are
introduced and amplified by local bird populations (202). It is feasible that H14 FLUAVS
are maintained in susceptible hosts during non-migration seasons, and later transmitted
during migration season by a routinely sampled host, such as BWTE. H14 viruses from
Guatemala were exclusively detected from hunter harvested BWTE (see Chapter 4).
Therefore, our sampling is biased towards game bird species that are in large numbers.
BWTE is one of the most abundant species of dabbling ducks in North America and has
been found in breeding grounds from North American to wintering grounds in Mexico,
Central America and parts of South America (203). Due to the wide distribution BWTE
across the American continent, it is intriguing as to why the H14 subtype has become
predominant only Central America. We believe that yet to be defined local conditions in
Guatemala may have provided the adequate environment for this subtype to thrive. Such
conditions explain in part the detection of H14 in Guatemala from 2011 to 2015, where

all H14 HAs shared the same common ancestor. However, the distinct NA subtype
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combinations and internal gene segment constellations of Guatemalan H14 viruses within
and between migratory seasons indicate active reassortment and independent
introductions from unknown sources. Phylogenetic analysis revealed that Guatemalan
H14 viruses have gene segments closely related to those detected during an HPAI
outbreak in Mexico in 2017 (179), highlighting the importance to closely monitor avian
species since they can be precursors of HPAI viruses (204).

When the H14 subtype was initially sequenced, one feature that stood out was the
presence of K instead of R at the -1 position in the HA cleavage site. Thus, previously
described H14 HA showed the PDKQTK"G motif which is unusual among FLUAV
subtypes. Our continuous surveillance and sequencing approach directly from swabs
revealed two additional cleavage site motifs in the H14 HAs: PDKQTR’G, and
PDRQTR’G, which place them closer to the more typical cleavage sites observed in other
HA subtypes. It is commonly accepted that the HA cleavage is predicted to be a substrate
for trypsin-like proteases found in the lumen of the intestinal tract of natural FLUAV
hosts (197, 198). Cleavage of HA is necessary for virus infection that modulates
virulence. At this stage it is unclear how these different cleavage site motifs in the HA
affect replication, virulence and/or transmission of H14 viruses in natural and/or in
potential accidental hosts (poultry, mammals) (205). It is also unclear whether our ability
to detect different motifs (101) is related to sequencing directly from swabs as opposed to
sequencing from virus isolates obtained through passage in chicken eggs (an artificial
substrate with potential bottleneck effects). Overall, continued detection of H14 FLUAVS
in Guatemala appears dictated by potential multiple drivers in the avian reservoir that

warrant further studies.
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Figure 5.1 Pairwise percentage of identity of H14 full-length genomes isolated from Guatemala (GT,

n=36), North America (NA, n=10) and Eurasia (EU, n=2) during 1982-2019. Numbers 1-36 correspond to

isolates from Guatemala, 37-45 to North American isolates, and 47-48 Eurasian isolates. Geographic location

is indicated by a dotted square. The gradient background color represents the increase in pairwise nucleotide

distances (smallest distance in yellow to the largest in dark red). A complete description of H14 viruses can be

found in Table 5.1).
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Figure 5.2. Time-scaled MCC tree inferred for H14 Guatemalan isolates collected
during 2011-2019 (top) and phylogenies inferred using maximum likelihood
methods for N3, N4 and N5 (bottom). The NA trees are midpoint rooted. Scale bar on
the bottom-left indicates number of nucleotide substitutions per site. Geographic location

and year of collection is indicated by color. HA cleavage motifs is shown for each isolate.
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Figure 5.3. Genomic constellations of H14 Guatemalan isolates collected during
2011-2019. A total of 36 viral sequences from Guatemala collected from 2008-2019 were

included in the analysis. Geographic location is indicated by color. Different clades with

>95% similarity are shown with numbers.
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Table 5.1 Full-genome H14 strains available on public databases and newly H14 virus

sequences from 2013-2019 used for Chapter 5.

Virus
number Strain Region
1 A/blue-winged teal/Guatemala/CIP049H123-13/2014(H14N3)  Guatemala
2 A/blue-winged teal/Guatemala/CIP049H123-16/2014(H14N3)  Guatemala
3 A/blue-winged teal/Guatemala/CIP049H123-33/2014(H14N3)  Guatemala
4 A/blue-winged teal/Guatemala/CIP049H123-57/2014(H14N3)  Guatemala
5 A/blue-winged teal/Guatemala/CIP049H123-58/2014(H14N3)  Guatemala
6 A/blue-winged teal/Guatemala/CIP049H123-59/2014(H14N3)  Guatemala
7 A/blue-winged teal/Guatemala/CIP049H123-61/2014(H14N3)  Guatemala
8 A/blue-winged teal/Guatemala/CIP049H123-65/2014(Mixed) Guatemala
9 A/blue-winged teal/Guatemala/CIP049H123-75/2014(H14N3)  Guatemala
10 A/blue-winged teal/Guatemala/CIP049H123-76/2014(Mixed) Guatemala
11 A/blue-winged teal/Guatemala/CIP049H125-14/2015(H14N4)  Guatemala
12 A/blue-winged teal/Guatemala/CIP049H125-23/2015(H14N4)  Guatemala
13 A/blue-winged teal/Guatemala/CIP049H125-59/2015(H14N4)  Guatemala
14 A/blue-winged teal/Guatemala/CIP049H125-108/2015(H14N4)  Guatemala
15 A/blue-winged teal/Guatemala/CIP049H189-19/2019(H14N4)  Guatemala
16 A/blue-winged teal/Guatemala/CIP049H105-15/2011(H14N3)  Guatemala
17 A/blue-winged teal/Guatemala/CIP049H105-31/2011(H14N3)  Guatemala
18 A/blue-winged teal/Guatemala/CIP049H106-62/2011(H14N6)  Guatemala
19 A/blue-winged teal/Guatemala/CIP049H108-02/2012(H14N3)  Guatemala
20 A/blue-winged teal/Guatemala/CIP049H108-04/2012(H14N3)  Guatemala
21 A/blue-winged teal/Guatemala/CIP049H108-11/2012(H14N3)  Guatemala
22 A/blue-winged teal/Guatemala/CIP049H109-49/2012(H14N3)  Guatemala
23 A/blue-winged teal/Guatemala/CIP049H109-76/2012(H14N3)  Guatemala
24 A/blue-winged teal/Guatemala/CIP049H110-31/2012(H14N3)  Guatemala
25 A/blue-winged teal/Guatemala/CIP049H113-07/2013(H14N3)  Guatemala
26 A/blue-winged teal/Guatemala/CIP049H113-08/2013(H14N4)  Guatemala
27 A/blue-winged teal/Guatemala/CIP049H113-74/2013(H14N3)  Guatemala
28 A/blue-winged teal/Guatemala/CIP049H113-76/2013(H14N4)  Guatemala
A/blue-winged teal/Guatemala/CIP049-H116-
29 120/2013(H14N3) Guatemala
30 A/blue-winged teal/Guatemala/CIP049-H117-34/2013(H14N3)  Guatemala
31 Al/blue-winged teal/Guatemala/CIP049-H117-36/2013(H14N5)  Guatemala
32 A/blue-winged teal/Guatemala/CIP049-H117-38/2013(H14N5)  Guatemala
33 Al/blue-winged teal/Guatemala/CIP049-H117-99/2013(H14N5)  Guatemala
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Virus

number Strain Region
A/blue-winged teal/Guatemala/CIP049-1-H117-
34 13/2013(H14N3) Guatemala
A/blue-winged teal/Guatemala/CIP049-1-H117-
35 123/2013(H14N3) Guatemala
A/blue-winged teal/Guatemala/CIP049-1-H117-
36 143/2013(H14N3) Guatemala
37 A/blue-winged teal/Ohio/180S51695/2018(H14N5) USA
38 A/blue-winged teal/Texas/lUGAI15-6890/2015(H14N7) USA
39 Allong-tailed-duck/Wisconsin/100S3918/2010(H14N8) USA
40 Al/long-tailed-duck/Wisconsin/100S4225/2010(H14N6) USA
41 A/mallard/Wisconsin/100S3941/2010|1|11/18/2010(H14N6) USA
42 A/northern-shoveler/California/2696/2011(H14N2) USA
43 A/northern-shoveler/California/D1616217/2016(H14N3) USA
44 A/northern-shoveler/Mississippi/120S456/2012(H14N2) USA
45 A/northern-shoveler/Missouri/100S4673/2010(H14N6) USA
46 A/northern-shoveler/Missouri/16056248/2016(H14N7) USA
47 Algoose/Karachi/NARC-13N-969/2014(H14N3) Pakistan
48 A/mallard/Astrakhan/263/1982(H14N5) Russia
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Abstract

Commercial swine farms provide unique systems for interspecies transmission of
influenza A viruses (FLUAVS) at the animal-human interface. Bidirectional transmission
of FLUAVS between pigs and humans plays a significant role in the generation of novel
strains that become established in the new host population. Active FLUAV surveillance
was conducted for two years on a commercial pig farm in Southern Guatemala with no
history of FLUAYV vaccination. Nasal swabs (n=2,094) from fattening pigs (6 to 24
weeks old) with respiratory signs were collected from May 2016 to February 2018.
Swabs were screened for FLUAV by RRT-PCR and full virus genomes of FLUAV-
positive swabs were sequenced by next-generation sequencing (NGS). FLUAV
prevalence was 12.0% (95% CI: 10.6% — 13.4%) with two distinct periods of high
infection. All samples were identified as FLUAVs of the HIN1 subtype within the H1
swine clade 1A.3.3.2 and whose ancestors are the human origin 2009 H1N1 influenza
pandemic virus (HLIN1 pdmQ9). Compared to the prototypic reference segment sequence,
10 amino acid signatures were observed on relevant antigenic sites on the hemagglutinin.
We also found that Guatemalan swine-origin FLUAVs show independent evolution from
other HIN1 pdm09 FLUAVs circulating in Central America. The zoonotic risk of these
viruses remains unknown, but strongly calls for continued FLUAYV surveillance in pigs in

Guatemala.
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Introduction

Influenza A viruses (FLUAYV) infect a wide range of avian and mammalian hosts,
including humans. The virus genome is composed of 8 segments of negative single-
stranded RNA corresponding to 6 internal (PB2, PB1, PA, NP, M, and NS) and 2 surface
(HA and NA) gene segments. Zoonotic FLUAYV infections are relatively common and it
is accepted that influenza pandemics have resulted from zoonotic FLUAYV strains (206).
FLUAYV infections in swine have a significant economic impact on swine production due
to losses caused by the disease. Swine farms present high animal density and provide an
environment for close contact between animals and humans. Such environments facilitate
the initial spillover between species and transmission (207). Interspecies transmission
events of FLUAVs between humans and pigs play a significant role in the generation of
novel reassortant strains that transmit among humans and/or swine populations (208).
Recent studies suggest that the introduction of human-origin FLUAVS into pigs is a
major driver in the independent evolution of FLUAYV lineages depending on geographic
location (111). The emergence of the 2009 HIN1 influenza pandemic virus (HIN1
pdmO09) in Latin America with potential undetected circulation in pigs for several years
undetected (15), highlights the need to improve influenza surveillance in these
understudied regions to timely detect strains of zoonotic and/or pandemic concern.

In Central America, Guatemala is the country with the largest swine industry.
Most of the swine production in Guatemala occurs in farrow-to-finish systems.
According to the last census in 2021 by the Ministry of Agriculture, Livestock, and Food
of Guatemala, the swine population was estimated to be 294,479 pigs, of which 32,518

were breeding stock (209). Circulation of FLUAV of human origin has been documented
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previously in swine populations in Guatemala (140); however, only limited genetic data
is available. In this study we conducted active surveillance to better understand the
epidemiology of FLUAYV in swine populations in commercial pig farms in Guatemala (in
the absence of vaccination). Our results show that since its introduction in 2009, pdm09-
like viruses disseminated and became the predominant subtype in Guatemalan pigs at the
time of sampling (2016-2018). Phylogenetic analyses revealed that these viruses cluster
with FLUAVs that circulated in 2009 and share nucleotide identities of >97%,

representing a unique group of FLUAVs whose zoonotic risk remains to be determined.

Materials and Methods

Methods used for this Chapter are described in detail in Chapter 3.

Results

Sex, age, and rectal temperature were associated with FLUAV positivity in pigs

From May 2016 to April 2018, we performed active FLUAYV surveillance in
commercial farrow-to-finish farm located in Palin, Escuintla, ~60 km away from the
Southern Pacific coast of Guatemala (Figure 6.1A). The farm production is divided in
boars, sows, replacements, piglets, and growing areas, located in different facilities on the
farm. Artificial insemination, gestation, and farrowing are performed routinely in the
farm. Boars, sow, and replacements are in the same facility shared with quarantine,
insemination, gestation, replacements, and maternity areas. Piglets are weaned at four
weeks of age. After weaning, pigs are moved to a different area where they spend 6

weeks (from week four to week ten). Afterwards pigs are moved to finish stage, where
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they spend approximately twelve more weeks (from week ten to week twenty-two) to get
ready for market. The production cycle of each pig takes approximately 22 weeks. For

the past 10 years, the farm reported a history of FLUAV exposure.

The survey included 31,093 pigs associated to 3,113 cases of respiratory disease.
Nasal swabs tested positive for FLUAV by RRT- PCR in 251 out 2,094 samples; with an
estimated prevalence of 12.0% (95% CI: 10.6% — 13.4%). Two periods of high FLUAV
infection were detected, one from May 2016 to February 2017 and another from January
2018 to April 2018 with prevalence of 18.7% (95% CI: 16.4% — 21.2%) and 17.8% (95%
Cl: 14.2% — 22.1%), respectively (Figure 6.1B). Between these two periods, only one
FLUAV-positive sample was detected in September 2017. The mean age of the pigs in
the farm was 10.5 £ 6.6 weeks. FLUAV was detected in pigs as young as 5 weeks, and as
old as 21 weeks. The mean age of FLUAV-positive pigs was 8.0 + 2.4 weeks. Factors
such as age [weaning pigs OR95%=4.1 (1.3, 20.7)], sex [male OR95%=1.4 (1.0, 1.8)]
and rectal temperature [fever OR95%=2.7 (2.0, 3.6)] were associated with FLUAV
positivity (Table 1). Borderline association was found for animal density, 201-300
animals per pen [OR95%=2.0 (1.0, 5.0)] and FLUAYV detection. All animals presented

coughing at the time of sampling.

Guatemalan swine-origin FLUAVs show independent evolution from other HIN1 pdmQ9

FLUAVs circulating in Central America

From the 251 FLUAYV positive samples, 157 (62.5%) amplified at least one gene
segment by multi-segment RT-PCR (MS-RT-PCR). These samples were subsequently

sequenced by NGS, producing 57 complete genomes (53 from the 2016-17 period and 4
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from the 2018 period). The total number of full-length sequences by segment and the
number of unique Open Reading Frames (ORF) sequences are shown in (Table 2). To
build the phylogenetic trees, only one representative from identical sequences was used
resulting in 273 unique nucleotide sequences (225 from the 2016-17 period and 48 from

the 2018 period).

Phylogenetic analyses of all gene segments show 2 clusters, one from samples
collected from May 2016 to February 2017 and the other from samples collected in 2018.
Within each cluster, all gene segments showed >99% sequence identity. Both clusters
share a common ancestor derived from the HIN1 pdm09 FLUAYV lineage. The HA
segments of all samples belonged to the FLUAV H1 swine clade 1A.3.3.2 derived from
the HIN1 pdm09 FLUAYV lineage using the “swine H1 clade classification tool” of the

Influenza Research Database (IRD) (210).

The HA and NA phylogenies of the Guatemalan FLUAVs show clear separation
from other contemporary human H1IN1 pdm09 FLUAVs and all swine FLUAVSs detected
in Central America whose sequences are available in the IRD and GISAID databases
(Figure 6.2). The HA and NA gene segments of Central American human origin FLUAV
isolates from 2009 are the most closely related ancestors of the HA and NA segments of
the swine FLUAVSs from Central America even though the samples in this study were
collected during 2016-2018. It is estimated that these viruses were introduced early
during the A(H1N1)pdmO09 pandemic (~2010.8 [2009.4-2012.7 95% HPD] for HA and

2010.4 [2009.1-2012.3 95% HPD] for NA).

Phylogenetic analyses of the polymerase genes (PB2, PB1 and PA) showed

similar clustering within HIN1 pdm09 FLUAYV identified in humans in 2009 (Figure
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6.3). NP and M1 genes from Guatemalan swine 1AVs clustered with FLUAVS circulating
in the Americas in swine and humans in 2009 respectively. Interestingly, the NS gene
segment was shown in two clusters, those from the 2016-17 period associated with NS
sequences of swine FLUAVs identified in Japan in 2017 and those from the 2018 period
associated with swine FLUAVSs circulating in Thailand between 2013-2017, consistent

with possibly two independent introductions (Figure 6.4).

Amino acid signatures on the HA and NA surface proteins of Guatemalan swine origin

HIN1 FLUAVs

Amino acid differences in HA observed in swine HIN1 pdm09 FLUAVs from
Guatemala were compared to the reference strain A/California/04/2009 (H1IN1) (Ca04,
Figure 6.5 and Figure 6.8). The HA ORF encoded the same cleavage site sequence
indistinguishable from the Ca04 strain (PSIQSR’GLF). In the rest of the HA ORF, up to
39 amino acid differences were observed compared to the Ca04 reference sequence
(Figure 6.8), 25 of those on the HAL globular head with 10 falling within antigenic sites
Cb (S71F), Ca2 (P137S, H138Y, A141T), Cal (G170E, R205K, E235G) and Sb (S185N,
S190T, A195S) (H1 numbering, mature protein). Minor variant frequency analysis
revealed other mutations on the HA1 globular head in different animals (A141E, L161P,
T184A, T184l, D187G, Q188R and E235K) with allele frequency ranging from 2.3% to
36.3% in at least 8 viruses from the 2016-2017 period.

Most amino acid differences in the HAL region occurred at high frequency
(>0.95) (Figure 6.6). Five of these amino acid positions were in common among the HA

ORFs from the two high FLUAV infection periods (P83S, T197A, R205K in antigenic
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site Cal, 1321V and D346E). The HA R45Q and the HA R45K were fixed in viruses
from the 2016-2017 and 2018 periods, respectively (Figure 6.8). The HA L32V was the
most common signature in viruses from both infection periods (>100 HA sequences),
except for one virus each from 2016 and 2018 (L32M and L32lI, respectively). S71F
(Cb), P137S (Ca2) were fixed in viruses from the 2016-2017 and A141T and S190T in

the 2018 period.

Amino acid signatures elsewhere in predicted ORFs of swine FLUAVs from Guatemala.
In the NA ORF, 36 amino acids differences were found compared to the N1 NA
from the Ca04 reference strain (Figure 6.8), but most were found fixed in NA sequences
from the 2018 period (18 amino acid signatures in 35 sequences). In contrast, only 5
amino acid signatures were identified in >90% out 101 sequences in the NA sequences
from the 2016-2017 period. Only the Y100H signature was in common among sequences
between the two periods, whereas the NA K331R and NA K331N were fixed in strains
from the 2016-2017 and 2018 periods, respectively. None of these differences were
present in either in the catalytic site (118, 151, 152, 224, 276, 292, 371, and 406, N2
numbering) or the framework residues (119, 156, 178, 179, 198, 222, 227, 274, 277, 294,
and 425, N2 numbering) (211), and no amino acid changes in known drug binding sites

were found.

In the internal gene segments, eight substitutions that appeared in both periods
were found in PB1, PA, NP and M2 (Figure 6.7 and Figures 6.8-6.11). Compared to the
Ca04 reference, the PB1 fixed mutations 1179M, K353R, and N455D are located on

predicted RNA-dependent RNA polymerase motifs. PA presented fixed mutations in the
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NLS region (P224S) and the PB1 binding domain (Y650F), while NP showed a mutation
overlapping the PB2 binding and RNA binding domains (D53E). M2 showed two fixed
mutations found in both periods, located at amino acid positions 55 and 61 (F551 and
R61K). All swine origin FLUAV Guatemalan viruses presented a truncated form of the
PB1-F2 protein of 11 aa, due to premature stop codons at positions 12 and 58, in common
with the Ca04 reference strain (212). All swine origin FLUAV Guatemalan viruses
encode the PA-X functional protein (232 aa), as well as the ORFs for PA-N155 (562 aa)
and PA-N182 (535 aa). No alternative fixed mutations were found in PA-X in either
period compared to Ca04. In contrast, PA-N155 and PA-N182 ORFs show two
mutations, P70S/Y498F and P43S/Y 469F, respectively (Figure 6.11).

No mammalian-associated virulence markers in PB2 (E627K, D701N), PB1-F2
(N66S), NS (S42P, D92E and V149A), and M2 (V27A) were found for any of the
analyzed sequences. All swine origin FLUAV Guatemalan viruses showed the PA S409N
signature predictive of increased virulence and the M2 S31N marker of amantadine

resistance like other Eurasian swine lineage M segments (185, 213, 214).

Discussion

Close contact between humans and pigs in swine production systems may result
in bidirectional transmission of different FLUAVS between the two species. Systematic
surveillance of FLUAYV in swine production farms provides a unique opportunity to study
how these viruses may jump and adapt at the human-animal interface and identify novel
strains that may become established in the new host population. Based on an extensive

FLUAV weekly surveillance in pigs from 2016 to 2018, we detected an overall FLUAV
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prevalence of 12% in animals with respiratory disease, similar to previous studies in pigs
in Guatemala (140). It must be noted that sick animals were identified and sampled based
on observation of coughing (regardless of other signs), which may have resulted in
underrepresentation of sampling and consequent underestimation of the FLUAV
prevalence found in this study. Younger pigs showed the highest positivity rate of
FLUAYV and were associated with higher rates of infection, consistent with previous
surveillance studies (140, 215). Factors such as sex (males) and fever were also

associated with FLUAYV positivity.

During the span of 2 years, we detected two high infection periods but not a
seasonality pattern. Only the HIN1 subtype from the HIN1 pdmO09 lineage was
identified, despite other FLUAYV subtypes being reported in humans and swine in
Guatemala and Central America at the time of the surveillance period (140, 216).
National records from Guatemala indicate minimal to zero circulation of HIN1 pdm09
FLUAVs in humans at the time of pig sampling for this study. This observation suggests
a prior introduction of HIN1 pdm09 FLUAVS into pigs that remained endemic in the
swine population in Guatemala. Interestingly, a sharp reduction in FLUAV-positive
samples was observed for approximately 12 months, during most of 2017. This drop in
detection could be explained by an increase in prevention and biosafety practices
following the first year of the study (annual seasonal influenza vaccination of workers;
quarantine of sick pigs; use of hand disinfectant and mask respirators by workers; and
enforcement of the shower-in/shower-out procedures), as reported by farm owners.

However, the reason for the subsequent increase in detections seen in 2018 remains
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unknown, although it is consistent with the notion of introduction of a virus strain

through replacement animals brought into the farm.

We obtained sequences from >75% of the FLUAV-positive samples and nearly
25% of complete genomes by NGS directly from the original swabs. This methodology
allowed us to improve the number of characterized samples and reduce potential selection
bias introduced by virus isolation prior to sequencing (101). Interestingly, all samples
presented high number of defective RNAS, as it was observed in agarose gels and later by
the valley-like shape in the graphs of the polymerase genes (PB2, PB1, and PA) of the
NGS coverage read maps (Figure 6.12). These particles are truncated forms of FLUAV
generated by most viruses during virus replication that retain the terminal sequences
necessary for virus packaging (217) and are mostly present in the polymerase segments
(218, 219). The function is not fully understood; but it is hypothesized that they could

play a role in maintaining low levels of replication of infectious virus (220).

Phylogenetic analyses showed that the swine origin FLUAV Guatemalan viruses
are clearly segregated from other HIN1 pdmO09 viruses in the Americas, suggesting
independent evolution of these viruses after introduction and subsequent circulation in
pigs, consistent with reports in other regions (208). At least two independent
introductions were observed as noted with the separated clusters of Guatemalan samples.
Interestingly, the viruses seemed to have been introduced in 2010 during the HIN1
pdmO09 pandemic and persisted as separate clades for ~6-8 years before detected by our
surveillance. Long persistence sustained prevalence of human-origin FLUAVS in
environments with significant interaction between two FLUAYV hosts might lead to the

generation of strains of pandemic concern.
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Little human seasonal influenza sequence data is available from Guatemala and
Central America and much less swine FLUAV sequence data exists. This gap in part
explains the results of the phylogenetic relationships with the most closely related
ancestors. Independent virus evolution events have been documented previously in pigs,
particularly after introduction of human FLUAVS, showing long phylogenetic branches
between the swine strains and their putative human FLUAYV ancestor, as shown
previously from other Latin American countries (111, 128). Here, we describe the
circulation and evolution of HIN1 pdm09 lineage viruses in Guatemala that may
represent the establishment of a novel genetic lineage with the potential to reassort with
cocirculating viruses. The mutations found in relevant HA1 antigenic sites may lead to
differences in antigenic relationships with other HIN1 pdm09 viruses of human- or
swine-origin; however, the effect of these mutations and zoonotic risk remains to be
determined. These observations highlight the need for increased and sustained influenza

surveillance within understudied regions.

107



Figure 6.1. Location of study site (A) and number of collected, FLUAV-positive, and
sequenced samples per week (B) during a two-years FLUAV surveillance in a
commercial farm in Guatemala. Sampled site represents the largest swine-producing
region in the country with history of FLUAYV circulation. Red dotted line indicates the
minimum number of samples required per week to achieve the desired sample size. Two

high infection periods were detected by RRT-PCR one from May 2016 to February 2017,

and another one from January 2018 to April 2018.
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Figure 6.2. Surface genes (H1 and N1) time scaled MCC trees inferred for HIN1
pdmO09 from swine and human coding sequences (2008-2019) for 273 (H1) and 321
(N1) sequences. Reference strain Ca04 is highlighted with a star symbol. Identical
sequences of Guatemalan viruses were removed. The swine viruses from Guatemala are

marked with a blue circle (May 2016 to February 2017 cluster) and a green rectangle

(2018 cluster).
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Figure 6.3 Internal genes (PB2, PB1, PA) phylogenetic inference for HIN1 pdm09
from swine and human coding sequences (2008-2019) for 390 (PB2), 378 (PB1) and
399 (PA) sequences. Maximum Likelihood phylogenetic inference using the best-fit
model. Reference strain Ca04 is highlighted with a star symbol. Identical sequences of
Guatemalan viruses were removed. The swine viruses from Guatemala are marked with a

blue circle (May 2016 to February 2017 cluster) and a green rectangle (2018 cluster).
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Figure 6.4 Internal genes (NP, M1, and NS1) phylogenetic inference for HIN1
pdm09 from swine and human coding sequences (2008-2019) for 360 (NP), 347 (M1),
and 378 (NS1) sequences. Maximum Likelihood phylogenetic inference using the best-
fit model. Reference strain Ca04 is highlighted with a star symbol. Identical sequences of
Guatemalan viruses were removed. The swine viruses from Guatemala are marked with a

blue circle (May 2016 to February 2017 cluster) and a green rectangle (2018 cluster).
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Figure 6.5 Distribution of amino acid mutations in the HA1 domain (H1 numbering without the signal peptide) of unique
H1N1 pdm09 swine viruses from Guatemala aligned to Ca04 (GenBank accession no. GQ117044.1). Dots represent amino acids

identical to the reference strain. The antigenic sites (Cb, Sa2, Cal and Sb) are shown in colored boxes.
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Figure 6.6. Distribution and frequency of amino acid point mutations in proteins of

surface genes (HA and NA) from HIN1 pdm09 swine viruses from Guatemala in

comparison to the reference strain Ca04 (GenBank accession no. GQ117044.1 and

MN371610.1). Known protein domains or important sites of pdm09 haplotypes available

in public databases are represented by colored blocks. Amino acid position is shown in
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Figure 6.7. Distribution and frequency of amino acid point mutations in PB2, PB1,
PA, NP, M1, M2, NS1 and NEP from swine HIN1 pdm09 FLUAVs from Guatemala
in comparison to the reference strain Ca04 (GenBank accession no. MN371615.1,
MN371613.1, MN371611.1, MN371617.1, FJ969513.1, and FJ969514.1). Known
protein domains or important sites of pdm09 haplotypes available in public databases are

represented by colored blocks
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Figure 6.8. HA (H1 numbering) and NA (N2 numbering) unique amino acids of
H1IN1 pdmQ09 swine viruses from Guatemala aligned to Ca04 (GenBank accession
no. GQ117044.1 and MN371610.1). Dots represent amino acids identical to Ca04. The
antigenic sites for HA (Cb, Sa2, Cal and Sb) are shown in green boxes; whereas viruses
collected during May 2016 to February 2017 are shown in orange and those collected in

2018 in grey.
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Figure 6.9 PB2, PB1, PA and NP unique amino acids of HIN1 pdm09 swine viruses
from Guatemala aligned to Ca04 (GenBank accession no. MN371615.1,
MN371613.1, MN371611.1 and MN371617.1). Dots represent amino acids identical to
Ca04. Viruses collected during May 2016 to February 2017 are shown in orange and

those collected in 2018 in grey
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Figure 6.10. M1, M2, NS1 and NEP unique amino acids of HIN1 pdm09 swine
viruses from Guatemala aligned to Ca04 (GenBank accession no. FJ969513.1,
FJ969514.1). Dots represent amino acids identical to Ca04. Viruses collected during May

2016 to February 2017 are shown in orange and those collected in 2018 in grey.
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Figure 6.11. PA-X, PA-N155 and PA-N182 unique amino acids of HIN1 pdm09
swine viruses from Guatemala aligned to Ca04 (GenBank accession no.
MN371611.1). Dots represent amino acids identical to Ca04. Viruses collected during

May 2016 to February 2017 are shown in orange and those collected in 2018 in grey.
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Figure 6.12. Coverage plot of sequenced samples. Gray lines show the coverage

distribution from each individual sample. The red line depicts the geometric mean.
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Table 6.1 Risk factors associated with FLUAV detection by RRT-PCR in sampled pigs in Guatemala during 2016-2018.

FLUAV positive (%) FLUAYV negative (%)

Characteristic OR (95% IC) P-value

(n=251) n=(1,843)
Sex Female 103 (41.0) 894 (48.5) Referent
Male 148 (59.0) 949 (51.5) 14 (1.0,1.8) 0.0262
Weaning (4-10wks) 232 (92.4) 1236 (67.1) 4.1 (1.3,20.7) 0.0098
Ade Juvenile (11-17wks) 11 (4.4) 296 (16.1) 0.8 (0.2,4.7) 0.7618
g Semi-adult (18-20wks) 5 (2.0 245 (13.3) 0.4 (0.1,3.0) 0.2695
Adult (>20 wks) 3 (1.2) 66 (3.5) Referent
Rectal <39.7b 162 (64.5) 1527 (82.9) Referent
temperature >39.8 89 (35.5) 316 (17.1) 2.7 (2.0,3.6) 0.0000
<100 8 (3.2) 100 (5.4) Referent
Density 101-200 24 (9.6) 315 (17.1) 1.0 (0.4,2.5) 0.9084
(animals/pen) 201-300 110 (43.8) 672 (36.5) 2.0 (1.0,5.0) 0.0558
301-400 107 (42.6) 703 (38.1) 1.9 (0.9,4.7) 0.0871
>400 2 (0.8) 53 (2.9) 0.5 (0.0,2.5) 0.3428

& Normal temperature ranges between 38.7-39.7. OR: odds ratio.
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Table 6.1 Total number of sequences obtained from sampled pigs in Guatemala during 2016-2018.

Segment Number of total full- Number of ORF nucleotide sequences (a)  Number of unique amino acid sequences
length sequences 2016-2017 2018 2016-2017 2018
PB2 106 86 (38) 20 (5) 14 4
PB1 71 68 (29) 4 (2) 8 2
PA 122 91(39) 31(5) 14 (PA) 1 (PA)
3 (PA-X) 1 (PA-X)
13 (PA-N155) 1 (PA-N155)
13 (PA-N182) 1 (PA-N182)
HA 144 106 (35) 38 (10) 12 6
NP 140 103 (25) 37 (8) 8 3
NA 137 101 (27) 36 (11) 11 6
M 157 116 (15) 41 (4) 6 (M1) 1(M1)
9 (M2) 1(M2)
NS 143 104 (17) 39 (3) 10 (NS1) 2 (NS1)
9(NEP) 2 (NEP)
TOTAL 1,020 775 (225) 246 (48)

2 Used for phylogenetic analysis
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CHAPTER 7
SUMMARY AND CONCLUSSIONS

Influenza A viruses (FLUAYV) infect a wide range of birds and mammals, including
humans. Aquatic wild birds, particularly members of the Anseriformes and
Charadriiformes orders are the major reservoir of FLUAV. Members of these two
families of aquatic birds play a key role in maintaining and increasing FLUAYV diversity
and spread. On the other hand, swine have a rather unique role in the emergence of
FLUAVs of public health concern. The main goal of my dissertation was to better define
the ecology and evolution of FLUAVS in two animal populations with major importance
for pandemic preparedness, but from which limited information exists: wild birds and
swine in Guatemala.

In Chapter 4, | analyzed the results of sustained avian FLUAYV surveillance efforts
performed in Guatemala during six migratory seasons (2013-2019). | aimed to investigate
long-term patterns in FLUAYV prevalence and subtype variation, as well as to define in
more detail the genetic structure of FLUAV population from wild birds in Guatemala.
My thesis work focused on a relatively small geographic location in the Southernmost
part of the Pacific coast of Guatemala near the border with EI Salvador. | relied on
hunter-harvested aquatic bird samples, which were largely biased to samples from blue
winged teals. Although, FLUAVS were isolated also from a handful of other avian
species, my analyses of FLUAVSs prevalence and seasonality contemplated only those

derived from blue winged teal samples. Thus, it is possible that my analyses revealed
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only a fraction of the true FLUAYV diversity that exist in Guatemala, although it is
consistent with other parts of the world. | was able to sequence the full genome of twice
as many virus isolates compared to previous studies from Guatemala, using the workflow
proposed by Ferreri et al 2019 (101) in which NGS was prioritized using swab samples
directly. This approach allowed me to provide a comprehensive picture of FLUAVsS
circulating in Guatemala without the confounding effects of bottlenecks that result from
growing viruses in artificial systems (e.g. tissue culture or eggs). | found a great diversity
of FLUAVS, in terms of subtype combinations and high frequency of detection of viruses
that are rarely found at the breeding grounds in North America. Co-circulation of several
subtypes and a high number of mixed infections found during the same season in a
relatively small area, almost all from blue-winged teals suggests that this avian species
plays a key role in the natural evolution and diversification of FLUAVs in Guatemala. |
found a significant number of LPAIV H5 and H7 subtype strains highly similar to those
implicated in HPAI outbreaks in poultry in the region. Such finding highlights the
importance of continuous monitoring of natural FLUAYV avian species to detect strains
more promptly with major animal and/or human health implications. | found frequent
evidence of reassortment between North American and Eurasian lineage FLUAVS,
indicating the potential interconnection between these two large FLUAV reservoirs in
Guatemala. My data also identified FLUAVs with multiple gene constellations from
different flyways, consistent with a bottleneck effect of landmass on migratory flyways.
One of the most important findings of my thesis work is the realization of the highest
number of H14 subtype strains detected in a single region (Chapter 5). Through my work,

Guatemala represents the largest collection of H14 viruses worldwide. Overall, the gene

124



segment constellation of the Guatemalan H14 viruses are like those found in North
America, but there is evidence of repeated introductions from Eurasia, as denoted the
H14 Guatemalan viruses with NP segments from that region. The phylogenetic analyses
revealed repeated introductions of H14 isolates from North America. Despite high
similarity in the HA segment among H14 viruses, they show many internal gene
constellations adding to the notion of free segment exchanges among FLUAVS in
Guatemala. The persistence of H14 FLUAVS in Guatemala is the result of complex
ecological drivers that warrant further studies beyond the scope of my thesis work. The
HA of the Guatemalan H14 strains showed three distinct cleavage site motifs, two
containing Arginine instead of Lysine in the first and fourth positions, respectively. It is
unclear whether these changes affect virus replication, transmission and/or pathogenesis
in either natural or “accidental” (poultry, mammals) hosts. Future studies should
contemplate addressing these differences in order to more fully characterize H14 subtype
FLUAVs. Through my thesis work, | provide additional support to the notion that
Guatemala plays an important role in the persistence and evolution of FLUAV in the
Americas.

In Chapter 6, | described and analyze data resulting from two years of active FLUAV
surveillance in a commercial swine farm without history of vaccination. Commercial
swine farms provide unique systems for interspecies transmission of FLUAVS at the
animal-human interface. Bidirectional transmission of FLUAVSs between pigs and
humans plays a significant role in the generation of novel viral strains that become
established in the new host population. My results found a general FLUAV prevalence

like reported in previous studies in Guatemala (140). Over the 2-year surveillance, two
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high infection periods but no seasonality patterns were detected. | sequenced >75% of the
FLUAV-positive samples and ~25% of complete genomes by NGS directly from the
original swabs. This methodology allowed us to improve the number of characterized
samples and reduce potential selection bias introduced by virus isolation prior to
sequencing. All samples were identified as FLUAVs of the HIN1 subtype within the H1
swine clade 1A.3.3.2 and whose ancestor are the human origin 2009 HIN1 pmd09
FLUAV. The mutations found in relevant HA1 antigenic sites may lead to differences in
antigenic relationships compared to similar strains of human- or swine-origin; however,
the effect of these mutations remain unclear. My effort suggests that Guatemalan
FLUAVs from swine represent a unique group of sequences, having independent
evolution pathways from similar viruses circulating in Central America. These viruses
may represent the establishment of a novel genetic lineage with the potential to reassort
with other co-circulating viruses, and whose zoonotic/pandemic risk remains to be

determined.

Considering the findings presented in this dissertation, future directions of
the work should aim at:

1. Include other sampling methodologies to capture other species of birds and
other FLUAYV susceptible hosts. My thesis work was largely limited to hunter
harvested duck samples and those were biased towards blue winged teal due
to its relatively high abundance. Other sampling methodologies including live
bird captures and environmental sampling to obtain samples from other

species, including resident species would provide a further understanding of
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the local dynamics of FLUAV in Guatemala. By incorporating other FLUAV
susceptible hosts, it may provide answers to how virus diversity and especially
uncommon subtypes (including H14) are maintained in the wintering grounds.
Expand the FLUAYV surveillance to the Central American region to identify
alternative inter-lineage reassortments (including those that might result from
gene segment exchange with the South American lineage). This study
provides data from a relatively small region and incorporating other regions
from Central America will contribute to better characterizing the patterns of
virus reassortment during one or more migration seasons.

Evaluate pathogenicity, viral replication, and transmissibility of H14 strains
containing alternative HA cleavage motifs. Limited studies with H14 strains
were performed in the past showing similarities in viral replication and
shedding. However, it is not clear the impact of the HA cleavage motifs
changes found in this study may have on the pathogenesis of the virus;
therefore, more studies are needed to evaluate the effects of these mutations
on these traits.

Evaluate effects of HA1 mutations on antigenic sites in Guatemalan swine
viruses to determine the effect of these mutations and its zoonotic risk.
Expand FLUAYV surveillance to the human-animal interface to characterize
local virus populations and their antigenic properties to improve our
understanding of the FLUAYV ecology on settings with high interaction of
FLUAV susceptible hosts. Long persistence of human-origin viruses in

environments with high interaction, such as swine commercial farms might
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lead to the generation of strains with pandemic concern; therefore, it is

important to determine the risk these viruses represent to the public health.
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APPENDIX

LIST OF REAGENTS/SUPPLIES

The following table contains a comprehensive list of reagents and supplies used to

perform the different laboratory assays of this research.

Table A.1. List of reagents/supplies used for this research work

Reagent/supply Brand Catalog Procedure
Sodium bicarbonate Merck 1370132500 sample collection
Sterile foam swabs Puritan 25-1506-1PF  sample collection
Gentamicine Merck 345814-1GM  sample collection
Sterilization filters ThermoFisher
(0.12 um) Scientific 450-0020 sample collection
Albumin from bovine
serum Sigma Aldrich A2153 sample collection
L-Glutamine Sigma Aldrich G7513 sample collection
Medium 199 Sigma Aldrich M9163 sample collection
Nystatin Sigma Aldrich N6261 sample collection
Ofloxacin Sigma Aldrich 08757 sample collection
Polymyxin B Sigma Aldrich P4932 sample collection
Penicillin Sigma Aldrich P7794 sample collection

S7507 FLUK
Sulfamethoxazole Sigma Aldrich A sample collection
Streptomicine Sigma Aldrich S9137 sample collection
ThermoFisher
TRIzol LS Reagent Scientific 10296-028 RNA extraction
ThermoFisher
Glycogen Scientific AMO9510 RNA extraction
C2432-
Chloroform Sigma Aldrich 500ML RNA extraction
Isopropanol (molecular
grade) Sigma Aldrich 9516-500mL RNA extraction
MagMAX AI/ND Viral ThermoFisher
RNA extraction Kit Scientific AM1835 RNA extraction
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Reagent/supply Brand Catalog Procedure

QlAamp Viral RNA

Mini Kit Qiagen 52906 RNA extraction

Ethanol absolute for

analysis MERCK 1009835000 RNA extraction

QuantiTect Probe RT-

PCR kit Qiagen 204445 RRT-PCR

MicroAmp optical ThermoFisher

adhesive film Scientific 4311971 RRT-PCR

M+25 primer (STD

purification) IDT RRT-PCR

M-124 primer (STD

purification) IDT RRT-PCR

M-124*SIV primer

(STD purification) IDT RRT-PCR

M+64 FAM labeled

probe (HPLC

purification) IDT RRT-PCR

Ribonuclease inhibitor Promega N2515 RRT-PCR

MicroAmp optical 96- ThermoFisher

well rxn plate Scientific N8010560 RRT-PCR

SuperScript 111 One- ThermoFisher

Step RT-PCR system Scientific 12574035 MS-RTPCR

OptiF1 primer (HPLC

purification) IDT MS-RTPCR

OptiF2 primer (HPLC

purification) IDT MS-RTPCR

OptiR2 primer (HPLC

purification) IDT MS-RTPCR
ThermoFisher

SYBR Safe Scientific S33102 Agarose gels

GeneRuler 1kb Plus ThermoFisher

ladder Scientific SMO0311 Agarose gels

TBE Buffer 10X

(molecular biology US1574795-

grade) Calbiochem 1L Agarose gels

Agarose (analytical

grade) Promega V3125 Agarose gels

9-day-old SPF eggs Viral isolation
ThermoFisher

Syringe filters Scientific 09-720-000 Viral isolation
ThermoFisher

Syringes (1mL) Scientific 14-826-88 Viral isolation

Antibiotic/antimycotic

solution VWR 45000-616 Viral isolation
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Reagent/supply Brand Catalog Procedure
PBS (ultra-pure grade) VWR 10010023 Viral isolation/HA
96 well V-bottom
plates VWR 29442-402 HA
Alsevers solution Sigma Aldrich A3551 HA
Buffer EB (elution
buffer) Qiagen 19086 sequencing
Index adapter
replacement caps
(orange) [llumina 15026585 sequencing
Index adapter
replacement caps
(white) [llumina 15026586 sequencing
Magnetic stand for ThermoFisher
tubes Scientific 12321D sequencing
Bioanalyzer high
sensitivity DNA
Analysis Agilent 5067-4626 sequencing
Sodium hydroxide
solution Sigma Aldrich 72068-100ML sequencing
Agencourt AMPure XP
beads Agencourt A63880 sequencing
EDTA Sigma Aldrich E6635-500G sequencing
PhiX control v3
(10nM) [llumina FC-110-3001 sequencing
Nextera XT DNA
Library Prep [llumina FC-131-1096 sequencing
Nextera XT Index Kit
v2 Set A [llumina FC-131-2001 sequencing
MiSeq Reagent Nano
Kit v2 (300-cycles) [llumina MS-103-1001 sequencing
Qubit dsDNA HS assay ThermoFisher
Kit Scientific Q32854 sequencing

ThermoFisher
Qubi assay tubes Scientific Q32856 sequencing
Trizma hydrochloride Sigma Aldrich T1535 sequencing
Tween 20 J. T. Baker X251-07 sequencing
Gloves MidSci 78886 general
Ethanol (for 70% ThermoFisher
ethanol solution) Scientific 22032601 general
Distilled water general
Cryogenic vial storage ThermoFisher
boxes Scientific 07-200-615 general
10uL filter tips USA Scientific 1180-3810 general
200 uL filter tips USA Scientific 1180-8810 general
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Reagent/supply Brand Catalog Procedure
1000 uL filter tips USA Scientific 1182-1830 general
20 uL filter tips USA Scientific 1183-1810 general
100 uL filter tips USA Scientific 1183-1840 general
0.2mL strip tubes USA Scientific 1402-4708 general
Microcentrifuge tubes
(2mL) USA Scientific 1420-2799 general
Microcentrifuge tubes
(1.5mL) USA Scientific 1615-5599 general
Screw-cap tubes
(1.5mL) Genesse 21-256 general
Biohazard Autoclave
bags (mini) Genesse 30-162R general
Bleach Grainger 41H893 general
Storage boxes and
dividers VWR 82007-154 general
5mL serological
pipettes VWR 82050-478 general
10mL serological
pipettes VWR 82050-482 general
25 ml serological
pipettes VWR 82051-182 general
50 ml serological
pipettes VWR 82051-212 general
Centrifuge tubes VWR 89039-668 general
Large label for laser
printers USA Scientific 9187-2016 general

R2020-
RNaseZAP Sigma Aldrich 250ML general
Water (molecular
biology grade) VWR 82007-332 general
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