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ABSTRACT 25 
  26 
Highly pathogenic avian influenza (HPAI) A/H5N1 viruses (lineage 2.3.4.4b) are rapidly invading the 27 
Americas, threatening wildlife, poultry, and potentially evolving into the next global pandemic. In 28 
November 2022, HPAI arrived in Peru, where massive pelican and sea lion die-offs are still underway. 29 
We report complete genomic characterization of HPAI/H5N1 viruses in five species of marine mammals 30 
and seabirds (dolphins, sea lions, sanderlings, pelicans and cormorants) sampled since November 2022. 31 
All Peruvian viruses belong to the HPAI A/H5N1 lineage 2.3.4.4b, but they are 4:4 reassortants where 4 32 
genomic segments (PA, HA, NA and MP) position within the Eurasian lineage that initially entered North 33 
America from Eurasia, while the other 4 genomic segments (PB2, PB1, NP and NS) position within the 34 
American lineage (clade C) that was already circulating in North America. These viruses are rapidly 35 
accruing mutations as they spread south. Peruvian viruses do not contain PB2 E627K or D701N 36 
mutations linked to mammalian host adaptation and enhanced transmission, but at least 8 novel 37 
polymorphic sites warrant further examination. This is the first report of HPAI A/H5N1 in marine birds 38 
and mammals from South America, highlighting an urgent need for active local surveillance to manage 39 
outbreaks and limit spillover into humans. 40 
  41 
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INTRODUCTION 42 
 43 

The recent emergence of highly pathogenic avian influenza (HPAI) H5N1 viruses in mammals and 44 
birds in the Americas1,2 presents a severe threat to wild and endangered species, to poultry 45 
production3,4, and to public health when the virus spills over into humans3,5. The H5N1 (clade 2.3.4.4b) 46 
virus arrived in North America in late 2021 from Eurasia and spread across the continent in wild birds, 47 
spilling over into poultry farms and infecting an alarming number of wild terrestrial mammals, including 48 
fox, skunk, bear, bobcat, and raccoon. In October 2022, an apparent mink-to-mink transmission of clade 49 
2.3.4.4b H5N1 viruses in Spain6 further heightened concern that the avian virus was adapting to 50 
mammals and that an H5N1 global pandemic in humans could be approaching.  51 

 52 
In November 2022, Peruvian pelicans (Pelecanus thagus) along coast and in offshore islands 53 

began experiencing a mass die-off7,8.  HPAI A/H5N1 was identified in samples collected from dead birds, 54 
resulting in the country declaring a sanitary alert7. This was followed by several spillover events into 55 
other domestic and wild birds, including zoo animals and wild raptors4,8. By the beginning of 2023, the 56 
Peru outbreak had spread to marine mammals, particularly affecting the South American sea lion 57 
(Otaria flavescens), which also began to experience a mass die-off9.  58 

  59 
The Pacific coast of Peru hosts a rich biodiversity of marine mammals and seabirds10. The 60 

ecosystem is home to large populations of South American sea lion, “guano birds'' like the Guanay 61 
cormorant (Phalacrocorax bougainvillii), the Peruvian booby (Sula variegata), and the Peruvian pelican, 62 
and endangered birds like the Humboldt penguin (Spheniscus humboldti). The region also serves as 63 
stopover points and feeding grounds for diverse avian migratory species, including the Franklin's gull 64 
(Leucophaeus pipixcan) and several species of sandpipers (Calidris spp.)11,12 that travel south from the 65 
northern hemisphere during the boreal winter. Here we report detection, genomic characterization, 66 
phylogenetic analysis, and mutation analysis of HPAI A/H5N1 viruses identified in marine mammals (sea 67 
lion and common dolphin) and seabirds (pelican, cormorant and sanderling) sampled along the coast of 68 
Peru since November 2022. 69 

  70 
 71 
MATERIALS AND METHODS 72 
 73 
Sample collection and pre-processing for influenza A: Starting on November 22, 2022, samples were 74 
collected opportunistically from both live and dead animals by trained veterinarians from the Peruvian 75 
wildlife service (Servicio Nacional Forestal y de Fauna Silvestre, SERFOR) and the NGO Wildlife 76 
Conservation Society Perú, under permit XX, using full personal protective equipment and following 77 
standard protocols for cleaning, disinfection, and disposal of hazardous waste13. Some severely clinically 78 
ill animals were humanely euthanized14. Briefly, animals were chemically immobilized by intramuscular 79 
administration of ketamine and xylazine, followed by intravenous or intracardiac injection of T-61TM 80 
(MSD Animal Health USA)14. Samples and tissues were collected into cryovials containing 0.5 mL of 81 
DNA/RNA Shield (Zymo R1200 125) or viral transport media (VTM), and transported at 4°C within 1-10 82 
days of collection to the laboratory for testing. Nucleic acids were extracted using Quick-DNA/RNA Viral 83 
Extraction Kits (Zymo D7021) and tested for influenza A by RT-qPCR using CDC protocols15 on a Bio-Rad 84 
CFX96 instrument. 85 
 86 
Influenza A subtyping: Samples positive for influenza A by RT-qPCR were subtyped using a combination 87 
of directed amplification with universal primers targeting conserved genomic regions16, followed by 88 
next-generation sequencing (NGS). Briefly, RNA samples were reverse transcribed using Superscript IV 89 
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(Invitrogen 18090050) and amplified using Q5 High-fidelity DNA polymerase (NEB M0491L). 90 
Amplification products were prepared into barcoded sequencing libraries using DNA Prep Kits (Illumina 91 
20060059) and Nextera DNA UD Indexes (Illumina 20027215). The resulting libraries were quality 92 
controlled using High Sensitivity DNA kits (Agilent 5067-4626) on a Bioanalyzer 2100 instrument. 93 
Libraries were normalized to 4nM each, pooled, re-quantified using Qubit 1x dsDNA HS Kits (Invitrogen 94 
Q33230), and sequenced using High Output Sequencing Kits (Illumina FC-420-1003) on an Illumina 95 
MiniSeq instrument.  96 
 97 
Bioinformatics processing: Illumina paired-end raw sequence data was pre-processed to trim 98 
sequencing adaptors and filter out low quality/low complexity reads (Phred scores <Q20, 75 bp 99 
minimum length) using Geneious Prime 2023.0.4 and BBDuk17. Pre-processed reads were then filtered 100 
by reference-mapping to various HA (H1, H2, H3, H5, H7) and NA (N1, N2, N3, N5, N7) references 101 
(Accession Numbers: NC_026433.1, NC_007374.1, NC_007366.1, NC_007362.1, NC_026425.1, 102 
AF144304.1, NC_007382.1, OP806485, MF046172.2, OP723829.1), and to single references in the case 103 
of all other segments (Accession Numbers MT624412.1, MN254461.1, KY635563.1, MT825070.1, 104 
MW110227.1, MT982385.1). Filtered reads were then re-assembled de-novo using SPAdes18 to generate 105 
complete genomes whenever possible, and to further confirm subtyping by BLAST. All sequences have 106 
been deposited in GenBank (Accession Numbers XX). 107 
  108 
Phylogenetic and mutation analysis: HA and NA reference sequences were obtained from GenBank and 109 
GISAID, and together with the sequences generated here, they were concatenated and aligned using 110 
MAFFT19. Maximum likelihood (ML) trees were prepared with FastTree20 incorporating a general time-111 
reversible (GTR) model of nucleotide substitution with a gamma-distributed rate variation among sites.  112 
Trees were annotated using the WHO/OIE/FAO nomenclature for highly pathogenic avian influenza A 113 
H521. To place the Peruvian viruses in a global context, we downloaded (on February 14, 2023) an 114 
additional background dataset of influenza A virus genomes that included all sequences from avian and 115 
mammalian H5 viruses submitted to GISAID since January 1, 2021. Partial sequences were excluded. 116 
Phylogenetic relationships were inferred for each of the eight genome segments using the ML methods 117 
available in IQ-Tree 222 with a GTR model and a GAMMA distribution as described above. Due to the size 118 
of the dataset, we used the high-performance computational capabilities of the Biowulf Linux cluster at 119 
the National Institutes of Health (http://biowulf.nih.gov). To assess the robustness of each node, a 120 
bootstrap resampling process was performed with 1000 replicates.  Finally, mutation analysis was done 121 
using the CDC H5N1 genetic changes inventory for SNP analysis and various other previously published 122 
mutations of concern23,24.  123 
 124 
 125 
RESULTS  126 
 127 
Detection of HPAI positive samples in mammals and seabirds in Peru. Starting in November 2022, we 128 
collected swabs of external orifices and internal organ tissues from six species of marine mammals and 129 
seabirds (common dolphin (Delphinus delphis), South American sea lion (Otaria flavescens), sanderling 130 
(Calidris alba), Peruvian pelican (Pelecanus thagus), Guanay cormorant (Phalacrocorax bougainvillii) and 131 
Humboldt penguin (Spheniscus humboldti)) in regions representing the northern (Piura), central (Lima) 132 
and southern (Arequipa) coast of Peru (Supplemental Table 1, Figure1). All animals sampled were either 133 
deceased or manifested clear signs of disease, including respiratory, digestive, and/or neurological 134 
symptoms indicative of acute encephalitis. Seabirds exhibited disorientation, ataxia, circling, nystagmus, 135 
torticollis, congested conjunctivae and dyspnea; sea lions exhibited disorientation, ataxia, circling, 136 
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“stargazing” posture, copious nasal discharge, sialorrhea, dyspnea and seizures; the common dolphin 137 
was found recently deceased.   138 
 139 

To date, we have tested a total of 63 samples from 24 individuals by RT-qPCR, confirming 10 140 
individuals (1 dolphin, 3 sea lions and 6 seabirds), plus 1 pool of 5 sea lions, as positive for influenza A. 141 
Positives were subjected to NGS for subtyping and to generate full genomes for phylogenetic and 142 
mutational analysis. We confirmed 8 individuals as positive for HPAI A/H5N1 (1/1 dolphin, 1/3 sea lions 143 
and 6/6 seabirds). It was not possible to type the remaining positives, as they exhibited very low viral 144 
loads (Supplemental Table 1) or extensive signs of nucleic acid degradation, likely associated with 145 
decomposing tissues in deceased animals (not shown). Of the 8 individuals that yielded quality sequence 146 
data, we generated complete sequences for most genomic regions in most samples (Table 1 and 147 
Supplemental Table 1). All sequences have been deposited in GenBank (Accession Numbers XX). 148 

 149 
Eurasian-American lineage reassortants. To further characterize our Peruvian HPAI A/H5N1 isolates we 150 
carried out phylogenetic analyses based on concatenated sequence data of the HA and NA genomic 151 
regions. The analysis included all HPAI A/H5N1 reference sequences for South America available to date 152 
in public repositories, plus other references representative of the H5N1 lineage going back to the 153 
A/H5N1 goose/Guangdong strain originally identified in 199625. Our analysis confirms that all samples 154 
sequenced are closely related and cluster within the HPAI A/H5N1 lineage 2.3.4.4b (Figure 1). Additional 155 
phylogenetic analyses conducted separately for each genome segment revealed that our eight Peruvian 156 
HPAI A/H5N1 isolates are reassortants (Figure 2, Table 2). The Peruvian viruses are positioned in the 157 
Eurasian lineage in trees inferred for the PA, HA, NA and MP segments (Pattern A), clustering with the 158 
North American viruses that were first introduced from Eurasia in late 2021. In contrast, the Peru viruses 159 
are positioned in the American lineage for trees inferred for the PB2, PB1, NP and NS segments (Pattern 160 
B), which is evidence of a 4:4 reassortment event (Figure 2 for representative PB2 and PA trees, and 161 
Supplementary Figures for the remaining six segment trees). Most of the H5N1 viruses observed since 162 
the summer of 2022 in the Americas are reassortants with various combinations of segments from the 163 
Eurasian and American lineages (Figure 3A). The Eurasian lineage H5N1 virus that originally invaded 164 
North America in 2021 has reassorted multiple times with the endemic American lineage since arriving 165 
in North America, as evidenced by multiple reassortant clades positioned within the American lineage 166 
(Figure 2: A-E). The Peru viruses are positioned in clade C on the PB2, PB1, NP and NS trees and their 4:4 167 
reassortment pattern is referred to as pattern “R6” (Table 2).  168 
 169 

R6 reassortants were first detected in North American poultry in March 2021 and became 170 
dominant among sequenced viruses in the Americas during the autumn of 2022 (Figure 3A). The 171 
population genetics of H5N1 in the Americas underwent a shift during 2022, as reassortants displaced 172 
the original non-reassortant Eurasian H5N1 virus, which has not been detected in the Western 173 
hemisphere since June 2022. All currently detected H5N1 reassortants in the Western hemisphere still 174 
retain Eurasian HA, NA, and MP segments, but their PB2 and NP segments belong to the American 175 
lineage. Eurasian and American PB1, PA, and NS segments continue to co-circulate in the Americas in 176 
different reassortant backgrounds. Viruses isolated from poultry in Ecuador in November 2022 (e.g., 177 
A/chicken/Ecuador/02/2022) have the same R6 reassortant genotype as our Peru viruses, but are 178 
positioned in a different section of clade C (Figure 3B), meaning the South American H5N1 viruses are 179 
not monophyletic and represent independent viral introductions from birds migrating to South America 180 
from the north. The viruses isolated from pelicans in Venezuela in November 2022 have a different 181 
reassortant genotype (R7) that is primarily found in the eastern US, including in Florida, and represents a 182 
third independent viral introduction from North to South America (Table 2). Four H5N1 viruses from 183 
Chile (e.g., A/gull/Chile/7023-3/2022) cluster with our Peru viruses and have the same R6 genotype, 184 
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evidence of spread of the Peruvian outbreak into Chile. This clade of Peru and Chile viruses appears to 185 
descend from a single viral introduction from North America, which then transmitted in Peru between 186 
avian and mammalian species (pelican, cormorant, sandpiper, dolphin and sea lion), and then onward to 187 
Chile. At this point however, the direction of transmission among these different avian and mammalian 188 
species within Peru is not possible to infer with the available data.   189 

 190 
Mutation analysis. We also performed a detailed SNP and mutational analysis to identify amino acid 191 
changes potentially linked to increased virulence, transmission, or mammalian host adaptation, and to 192 
assess if we could identify specific differences between host species (mammals vs. birds). We identified 193 
more than 70 variable sites spread across all genomic regions (Figure 4, Supplementary Table 2), 194 
including 40 that have been previously reported as linked to specific phenotypes, and 30 that remain 195 
uncharacterized. Of the 40 previously reported polymorphic sites, 8 were in PB2 (L89V, G309D, T339K, 196 
Q391E, R477G, I495V, K627E, A676), 1 in PB1 (N375S), 1 in PB1-F2 (N66S), 4 in PA (I61M, T85A, A515T, 197 
T608S), 12 in HA (E75K, S123P, S133A, S154N, S155D, T156A, K189N, K218Q, S223R, L269V,Q322L, 198 
R325K), 1 in NP (S450N), 5 in M1 (N30D, I43M, N85S, K101R, T215A) and 7 in NS1 (P42S, D92E, L98F, 199 
I101M, D134N, V144A, A218E). These changes have been linked to a number of relevant phenotypes, 200 
including altered polymerase activity and replication efficiency (usually enhanced), increased virus 201 
binding to α2-3 and α2-6, enhanced transmission, and increased virulence and pathogenicity, including 202 
in mammals23,24. We also identified an additional 30 sites spread across all genomic segments (Figure 4, 203 
Supplementary Table 2), including 4 in PB2 (I463V, L464M, V478I, I616V), 5 in PB1 (T59S, E264D, L378M, 204 
G399D, K429R), 11 in PBP1-F2 (T7I, S12L, N17S, R21K, Y42C, P48Q, Q54R, I55T, Y57S, W58L, G70E), 1 in 205 
PA (M441V), 2 in HA (I511V, V533M), 1 in NP (F230L), 2 in NA (L269M, S339P), 2 in M1 (N87T, A200V), 1 206 
in M2 (R61G) and 2 in NS1 (C111S, G166D). We did not find mutations in PB2 (E627K, D701N, K702R) 207 
that have been specifically linked to mammalian host adaptation and enhanced transmission24,26. We 208 
also did not find mutations specific to mammalian or bird strains that might support mammalian host 209 
adaptation, but we did find a small number of isolated mutations in single birds (not shown) or 210 
mammals (Supplement table 2). The virus from sea lion contains 7 unique mutations that may warrant 211 
further observation: 2 in PB2 (T215M and N715T), 1 in PA (M86I), 1 in HA (A496S), and 3 in NP (M222L, 212 
A428T and R452K). Given that these were not present in the other mammal sequenced here, sampling 213 
of additional individuals will be needed to assess their significance. The remaining 30 uncharacterized 214 
variable sites are present across all species sampled, and in most cases, they are restricted only to 215 
sequences reported in Latin America, and in a few cases to select sequences from North America 216 
(Supplementary Table 2), which indicates that the virus is indeed changing as it travels south from the 217 
northern hemisphere. 218 

  219 
 220 
DISCUSSION 221 
 222 

For decades, South America’s relative geographic isolation has largely insulated its fragile coastal 223 
ecosystems and poultry industry from the HPAI outbreaks that periodically ravage US and Mexican 224 
farms to the north. But the newest variant of HPAI A/H5N1, clade 2.3.4.4b, is spreading faster, causing 225 
mass mortality in wildlife, infecting wild mammals, and invading countries like Peru that had remained 226 
HPAI-free for decades. The arrival of HPAI in regions with less experience managing highly pathogenic 227 
viruses in wildlife and poultry is concerning. Here, we rapidly established new surveillance partnerships 228 
between government and academia to respond to the mass die-offs of Peruvian pelicans and South 229 
American sea lions currently underway in Peru. We confirmed the presence of HPAI A/H5N1 clade 230 
2.3.4.4b in both pelicans and sea lions, as well as in Guanay cormorans, sanderlings and dolphins, and 231 
further surmised that HPAI A/H5N1 is the likely causative agent of the mass wildlife die-offs currently 232 
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underway in Peru. We suspect that direct HPAI transmission between sea lions could be occurring, 233 
rather than independent spillovers into sea lions from avian sources, but additional sequence data and 234 
analysis will be required to assess this. We report 40 variable sites previously linked to altered 235 
polymerase activity and replication efficiency, increased virus binding to α2-3 and α2-6, enhanced 236 
transmission, and increased virulence and pathogenicity, including in mammals23,24,27. However, we did 237 
not find mutations in PB2 (E627K, D701N, K702R) that have been specifically linked to mammalian host 238 
adaptation and enhanced transmission24,26. In fact, the viruses sequenced from sea lion and dolphin 239 
were genetically similar to each other, but also to viruses from all positive birds, underscoring that it is 240 
not possible to discern the direction of transmission among these species from the data available. 241 
However, our phylogenetic analysis does support a single introduction of 2.3.4.4b into Peru from North 242 
America, presumably through the movements of migratory wild birds that travel south during the boreal 243 
winter, setting the stage for infection of local sea birds that share habitats with marine mammals. 244 

 245 
There are multiple possible transmission routes for local transmission among species that 246 

involve direct contact or indirect environmental transmission. For one, seabirds share feeding spaces 247 
with both sea lions and dolphins, providing ample opportunities for direct contact between animals at 248 
sea 28-31. Direct contact also occurs on islands, islets, and guano headlands, especially in protected areas 249 
where large and dense breeding colonies of sea lions and seabirds cohabitate, and where indirect 250 
transmission is also possible via guano runoff into the surrounding waters28,29,31,32. Another scenario for 251 
transmission involves carnivory and scavenging of infected animal carcasses by marine and terrestrial 252 
carnivores, as well as by raptors, gulls, and other scavenger birds2,33,34. Fishing docks, where fishermen 253 
often dispose of waste by dumping it at sea, attract seabirds, sea lions, marine otters and others that 254 
come to feed. Many docks along the Peruvian coast also function as tourist attractions, where seabirds 255 
and sea lions are purposely fed to create photo opportunities, building large congregations of wild 256 
animals that also increase the risk of transmission to humans. The confirmed presence of HPAI A/H5N1 257 
in 2 species of resident guano seabirds, the Peruvian pelican and Guanay cormorant, provides another 258 
potential route for future transmission to humans35,36, as guano is widely used to fertilize crops. Finally, 259 
the Peruvian dessert coast is home to large poultry operations that hold millions of chickens, which 260 
makes them especially susceptible to viruses that circulate in adjacent wild and migratory birds. 261 

  262 
There are outstanding questions about which migratory bird species are involved in the long-263 

distance dissemination of HPAI from North to South America, possibly by way of Central America. We 264 
detected clade 2.3.4.4b in a migratory sanderling (Calidris alba) that would have arrived in Peru after 265 
breeding in the Canadian arctic. However, Calidris spp. are an unlikely conduit for HPAIV A/H5N1 266 
because experimental inoculations result in death or disease within 5 to 11 days of inoculation37,38. 267 
Given the unlikelihood of a successful long-distance migration for a clinically infected bird, we suspect 268 
the sanderling was infected locally. Our phylogenetic analysis supports multiple independent 269 
introductions of HPAI from North America into South American countries for which sequence data was 270 
available at the time of this study, including Peru, Ecuador, and Venezuela. This contrasts with the single 271 
introduction of HPAI from Eurasia to North America observed earlier in 2021. Although North America is 272 
the primary source of HPAI for South America’s initial HPAI outbreaks, South American countries are 273 
likely to become more important sources for each other’s HPAI outbreaks as the virus establishes locally. 274 
After observing HPAI A/H5N1 reassort repeatedly within North American viruses, it is possible that the 275 
virus will continue to evolve in South America by mutation and reassortment with the genetically 276 
distinct South American AIV lineage that is commonly detected in Argentina39 and Chile40. In addition to 277 
the 40 previously characterized variable sites linked to concerning phenotypes that we observed in the 8 278 
Peruvian HPAI A/H5N1 genomes, we identified an additional 30 sites that remain uncharacterized.  279 
There is an urgent need to establish pipelines for efficient real-time genomic sequencing of HPAI to track 280 
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its evolution as it spreads across Peru and other countries in South America, as well as funding to 281 
support characterization of possible new mutations.   282 

The impact of HPAI A/H5N1 on the morbidity and mortality of endangered species like the 283 
Andean condor (Vultur gryphus)41, the Humboldt penguin (Spheniscus humboldti)42, the marine otter 284 
(Lontra felina)43, and many others is concerning. The Peruvian coast is one of the few places in the world 285 
where scavenger condors feed on dead marine animals44,45, putting them at risk of infection if they 286 
consume contaminated carcasses. The Humboldt penguin lives in large colonies and shares space with 287 
guano birds and sea lions, and although the single individual tested here was not positive for HPAI 288 
A/H5N1, it is likely a matter of time before we start seeing increased numbers of infected penguins 289 
given their proximity to confirmed cases in sea lions and pelicans. Similarly, the marine otter43 is an 290 
aquatic mustelid that inhabits the same rocky shores of Peru and Chile inhabited by sea lions. HPAI 291 
A/H5N1-infected otters have been previously reported2, and although none were tested here, we have 292 
anecdotal knowledge that some otter carcasses have started to wash onto Peruvian and Chilean shores. 293 
Fortunately, marine otters do not live in large groups46, which might limit intraspecies contagion. 294 
However, direct mammal to mammal transmission has been suggested as a possible explanation for an 295 
outbreak in a Spanish mink farm6. The massive South American sea lion die-off currently underway in 296 
Peru also supports direct mammal to mammal transmission as a possible viral dissemination route, but 297 
confirmation will require further investigations with larger samples sizes and deeper genomic analyses. 298 
Peruvian pelicans have also suffered massive die-offs at the beginning of the outbreak in Peru, and now 299 
the number of dead Guanay cormorants and Peruvian boobies is starting to increase as well. Peruvian 300 
pelicans are considered near-threatened worldwide47, but in Peru they are classified as endangered due 301 
to recent large population declines resulting from severe El Niño events associated to global warming 302 
and to overfishing of their main source of food, the Peruvian anchovy12. For these reasons, efforts 303 
should be made to assess the impact of ongoing mass mortalities on Peruvian marine sea birds and 304 
mammals. 305 

  306 
Finally, an even larger concern is the possibility of spillover into human populations, as has been 307 

already documented48,49, followed by massive human-to-human transmission. Previous human cases 308 
have resulted in fatalities50, which has led the WHO to declare that the current zoonotic threat from 309 
HPAI A/H5N1 remains elevated and that member states should remain vigilant and consider mitigation 310 
steps to reduce human exposure51. In Peru, the current outbreak is occurring along the Pacific coast and 311 
during the austral summer, when many people go to the beach. It is not uncommon for uninformed 312 
beachgoers (and their pets) to interact with sick and disoriented animals without any knowledge of the 313 
risks and without personal protective equipment, or for free-roaming dogs in rural and semi-rural 314 
coastal areas to encounter sick or dead animals as they scavenge for food. This has led government 315 
authorities to relocate live animals that show up in places where they do not belong, or euthanize sick 316 
individuals and appropriately dispose of their carcasses. However, both the pelican and sea lion die-offs 317 
have been so massive that it has been very challenging for the authorities to respond in a timely 318 
manner. More public awareness campaigns are needed, and they should focus on educating the public 319 
to avoid contact with infected animals52. Animal workers, particularly municipal personnel tasked with 320 
cleaning duties, need additional training in the proper use of personal protective equipment, and on 321 
management and disposal of infected carcasses13,52. Syndromic surveillance of personnel dealing with 322 
deceased animals, coupled with PCR-based diagnostics and/or serology of suspected cases, is also highly 323 
recommended for early detection of clinical infections and transmission. These are all areas of 324 
opportunity to strengthen ties between governmental institutions at all levels, expert researchers within 325 
academia, and the larger scientific community operationalizing a One Health approach. The work 326 
reported here exemplifies such collaboration, and although many of the variable sites identified in 327 
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Peruvian H5N1 viruses will need further validation with both downstream in-vitro and in-vivo studies, 328 
the fact that this is the first report of HPAI A/H5N1 in marine birds and mammals in Peru represents a 329 
significant contribution to the study of a highly pathogenic virus with serious pandemic potential for 330 
humans.  331 
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Table 1: Eight Peruvian HPAI A/H5N1 genomes sequenced in this study 357 
 358 

Virus name Species Sample Found Sex Age Date Location Accession  

A/common dolphin/Peru/PIU-SER002/2022 D. delphis Rectal Dead M Adult 2022-11-22 Piura (north)  

A/sanderling/Peru/PIU-SER005/2022 C. alba Trachea Euthanasia n/a Juvenile 2022-11-22 Piura (north)  

A/pelican/Peru/PIU-SER013/2022 P. thagus Brain Dead M Adult 2022-11-23 Piura (north)  

A/guanay cormorant/Peru/PIU-SER024/2022 P. bougainvillii Brain Euthanasia F Adult 2022-11-24 Piura (north)  

A/pelican/Peru/PIU-SER019/2022 P. thagus Brain Dead M Adult 2022-11-24 Piura (north)  

A/pelican/Peru/PIU-SER028/2022 P. thagus Brain Euthanasia F Adult 2022-11-24 Piura (north)  

A/pelican/Peru/PIU-SER016/2022 P. thagus Lung Euthanasia F Adult 2022-11-24 Piura (north)  

A/South American sea lion/Peru/LIM-
SER036/2023 

O. flavescens Lung Abortion M Abortion 2023-01-23 Lima (central)  

  359 
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Table 2: H5N1 genotypes identified in the Americas, 2021-2023. Each genotype box represents one of eight genome segments (1-8), shaded by 360 
lineage: grey = Eurasian lineage; pink = American lineage (clade A); blue = American lineage (clade B); green = American lineage (clade C); orange 361 
= American lineage (clade D). 362 

 363 
364 
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Figure 1: Collection sites and basic phylogeny of HPAI A/H5N1. (A) Map of Peru showing collection sites representative of the northern, central 365 
and southern regions.  Mass die-offs of both birds and mammals are ongoing along the entire coast of Peru. (B) Phylogenetic tree for 366 
concatenated HA and NA segments inferred using ML methods in FastTree2 (GTR+GAMMA) and rooted to ancestral A/goose/Guangdong 367 
/1/1996. Clade designation is based on WHO/OIE/FAO H5 Evolution Working Group nomenclature. Clade O: Ancestral Root. LPAI: Low 368 
pathogenic Avian Influenza strains.  369 

 370 
  371 
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Figure 2: Global H5N1 phylogeny for the PA (Pattern A) and PB2 (Pattern B) segments. Phylogenetic trees for AIVs collected globally (PA 372 
n=5,438; PB2 n=5,464) and submitted to GISAID since January 1, 2021, inferred using ML methods. Branches shaded by AIV lineage; tips shaded 373 
by AIV subtype and location. H5N1 viruses from the 2021-2023 Western hemisphere outbreak are shaded pink and labeled with a grey box 374 
(original introduction of Eurasian-origin H5N1) or colored circles (clades A-E, American lineage reassortants). The 8 Peruvian viruses described 375 
here are shaded red and indicated with arrows. These viruses are 4:4 reassortants, where 4 segments (PA, HA, NA, MP) position in the Eurasian 376 
lineage (Pattern A, using the PA tree), and 4 segments (PB2, PB1, NP, NS) position in Clade C of the American lineage (Pattern B, using the PB2 377 
tree).Trees for all eight segments, including bootstrap values and scale bars, are provided in the Supplementary Materials. A summary of all tree 378 
patterns is provided in the lower right box.  379 
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Figure 3: Spread of reassortant “R6” viruses. (A) Proportion of H5N1 viruses sequenced in the Americas 381 

between 2021-2023 that belong to different genotypes (Table 2) over time. (B) Phylogenetic tree 382 

inferred using ML methods for 87 representative H5N1 viruses from clade C (see Figure 2). Branch 383 

lengths are drawn to scale and shaded by reassortant genotype (R5 = pink; R6 = teal, Table 2). Tips are 384 

shaded by location/flyway. Bootstrap values provided for key nodes. Viruses collected from mammals 385 

are indicated by cartoons.  386 

  387 
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Figure 4: SNP and mutational analysis of Peruvian HPAI a/H5N1 viruses. Additional reference sequences used are available through GenBank 388 
and GISAID. A total of 70 variable sites were identified relative to the original A/H5N1 goose/Guangdong reference from 1996 and the 389 
A/Vietnam/1203/2004 reference used to annotate amino acid positions in the CDC inventory23. 40/70 sites identified have been previously 390 
reported as associated with mutations of interest and are shown with an asterisk (*). The remaining 30/70 sites have not been previously 391 
characterized. Dots represent amino acids identical to those present in annotation reference A/Vietnam/1203/2004. 392 
 393 

 394 
 395 
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Supplement Table 1: Sampled animals and testing results, including genome coverage information by segment. NR: not recorded, M: male, F: 396 
female, U: unknown, A: adult, SA: sub-adult, J: juvenile, P: pup, N: newborn, n/a: not applicable, n/d: not done. 397 
  398 

ID Region Location 
Collection 

date 
Species Sex Age 

Collection 
State 

Sample 
Types 
Tested 

Influenza-A 
Diagnostics 

NGS % Coverage Length by Genomic Segment 

PCR Ct  Type PB2 PB1 PA HA NP NA S NS 

1 Piura 
Cangrejos - 

Paita 
2022/11/22 

Delphinus 
delphis 

M A dead 

Ocular 
conjunctival, 

rectal, 
spiracle 
swabs 

+ 30.24 H5N1 97 98 100 100 100 100 100 100 

2 Piura 
Cangrejos - 

Paita 
2022/11/22 Calidris alba U J euthanized 

Cloacal, 
tracheal, 

lung, liver, 
brain swabs 

+ 14.97 H5N1 100 100 100 100 100 100 100 100 

3 Piura 
La Islilla - 

Paita 
2022/11/23 

Pelecanus 
thagus 

M A dead 
Lung, liver, 
tracheal, 

brain swabs 
+ 35.99 H5N1 21 19 12 46 100 72 100 100 

4 Piura 
San Pedro de 

Vice 
2022/11/24 

Pelecanus 
thagus 

M A dead 

Lung, liver, 
spleen, 

tracheal, 
brain swabs 

+ 25.80 H5N1 100 100 100 100 100 100 100 100 

5 Piura 
San Pedro de 

Vice 
2022/11/24 

Phalacrocorax 
bougainvillii 

F A euthanized 

Lung, liver, 
spleen, 

tracheal, 
brain swabs 

+ 29.53 H5N1 98 100 100 95 100 100 100 100 

6 Piura 
San Pedro de 

Vice 
2022/11/24 

Pelecanus 
thagus 

F A euthanized 
Lung, liver, 
tracheal, 

brain swabs 
+ 16.18 H5N1 100 100 100 100 100 100 100 100 

7 Piura 
San Pedro de 

Vice 
2022/11/24 

Pelecanus 
thagus 

F A euthanized 

Lung, liver, 
spleen, 

tracheal, 
brain swabs 

+ 30.64 H5N1 55 65 58 62 100 100 88 100 

8 Lima NR 2023/01/18 
Otaria 

flavescens 
M N aborted 

Lung, liver, 
spleen, 
thymus 
swabs 

+ 20.03 H5N1 92 100 100 100 100 100 100 100 

9 Lima 
Chepeconde 

- Asia 
2023/01/23 

Otaria 
flavescens 

F SA dead 
Lung, liver, 

spleen, 
swabs 

+ 36.11 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

10 Lima  Cayma - Asia 2023/01/24 
Otaria 

flavescens 
F SA alive 

oral, nasal, 
anal swab 

- - - - - - - - - - - 

11 Lima NR 2023/01/24 
Otaria 

flavescens 
F A euthanized 

lung, spleen, 
liver swab 

- - - - - - - - - - - 
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12 Lima 
Playa Chica - 
San Bartolo 

2023/01/25 
Otaria 

flavescens 
M SA alive 

oral, anal 
swab 

+ 36.47 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

13 Lima 
Miramar - 

Ancón 
2023/01/26 

Otaria 
flavescens 

M P alive 
oral, nasal, 
anal swab 

- - - - - - - - - - - 

14 Lima 
 Conchán - 

Lurin 
2023/01/31 

Otaria 
flavescens 

F A alive feces - - - - - - - - - - - 

15 Lima 
Playa Blanca 

- Asia 
2023/02/02 

Spheniscus 
humboldti 

U J alive 
oral, cloacal 

swab 
- - - - - - - - - - - 

16 Lima 
 Embajadores 
- Santa Maria 

del Mar 
2023/01/28 

Otaria 
flavescens 

F A alive 
oral, nasal, 
anal swab 

- - - - - - - - - - - 

17 Lima 
Sarapampa - 

Asia 
2023/01/28 

Otaria 
flavescens 

F A alive 
oral, nasal, 
anal swab 

- - - - - - - - - - - 

18 Lima 
Sarapampa - 

Asia 
2023/01/28 

Otaria 
flavescens 

M J alive 
oral, nasal, 
anal swab 

- - - - - - - - - - - 

19 Lima 
Barrancadero 

- Asia 
2023/02/08 

Otaria 
flavescens 

F NR alive nasal swab - - - - - - - - - - - 

20-
24 

Arequipa 
Chaparra - 

Caravelí 
2023/02/07 

Otaria 
flavescens 

U 
2P  
1J  
2A 

2 dead         
3 alive 

pool of 
nasal swabs 

+ 29.48 n/d n/d n/d n/d n/d n/d n/d n/d n/d 

 399 
  400 
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Supplement Table 2: SNP and mutational analysis of Peruvian HPAI a/H5N1 viruses. More than 70 variable sites were identified relative to the 401 
original A/H5N1 goose/Guangdong reference from 1996 and the A/Vietnam/1203/2004 reference used to annotate amino acid positions in the 402 
CDC inventory23. 40 mutations identified have been previously reported as associated with mutations of interest and are shown shaded in gray 403 
with an asterisk (*). The remaining 30 mutations have not been previously characterized. An additional 7 mutations only present in sea lion 404 
(shaded black) that may be of interest provided they are confirmed in other mammals. 405 
 406 

Segment Mutation 

Sample ID and species 

Associated phenotypes References (CDC plus PMIDs) 1 2 3 4 5 6 7 8 

dolphin sandpiper pelican pelican cormorant pelican pelican sea lion 

PB2 

L89V* V V n/a V V V n/a V Enhanced polymerase activity, increased virulence  CDC, 19393699 

T215M T T T T T T T M Only in sea lion   

G309D* D D n/a D D D n/a D Enhanced polymerase activity, increased virulence  CDC, 19393699 

T339K* K K n/a K K K n/a K Enhanced polymerase activity, increased virulence  CDC, 19393699 

Q391E* E E n/a E E E n/a E 
Altered replication efficiency in culture and virulence in mice and 

ferrets 
CDC, 16533883 

I463V V V V V V V n/a V Present in all genomes from Peru, plus Chile & Ecuador & 2 USA n/a 

L464M M M M M M M n/a M Present in all genomes from Peru, plus Chile & Ecuador & 2 USA n/a 

R477G* G G G G G G n/a G Enhanced polymerase activity, increased virulence  CDC, 19393699 

V478I I I I I I I n/a I 
Present in all genomes from Peru, plus Chile & Ecuador & many 

from the US 
n/a 

I495V* V V V V V V V V Enhanced polymerase activity, increased virulence  CDC, 19393699 

I616V V V V V V V V V Present in all genomes from Peru, plus Chile & Ecuador & 1 USA n/a 

K627E* E E n/a E E E E E Altered polymerase activity, increased virulence  
CDC, 19393699, 16533883, 

19264775 

A676T* T T T T T T T T Altered polymerase activity, increased virulence  CDC, 19393699 

N715T N N N N N N N T Only in sea lion n/a 

PB1 

T59S S S n/a S S S S S Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

E264D D D n/a D D D D D Present in all genomes from Peru, plus Chile & Ecuador & 2 USA n/a 

N375S* S S n/a S S S S S Altered replication efficiency and virulence in ferrets CDC, 16533883 

L378M M M n/a M M M M M Present in all genomes from Peru, plus Chile & Ecuador  n/a 

G399D D D n/a D D D D D Present in all genomes from Peru, plus Chile & 1 USA  n/a 

K429R R R n/a R R R n/a R Present in all genomes from Peru, plus Chile & Ecuador & 2 USA n/a 

PB1-F2 

T7I I I n/a I I I I I Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

S12L L L n/a L L L L L Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

N17S S S n/a S S S S S Present in all genomes from Peru, plus Chile & Ecuador & 2 USA n/a 

R21K K K n/a K K K K K 
Present in all genomes from Peru, plus Chile & Ecuador & USA & 

Eurasia 
n/a 

Y42C C C n/a C C C C C 
Present in all genomes from Peru, plus Chile & Ecuador & USA & 

Eurasia 
n/a 

P48Q Q Q n/a Q Q Q Q Q 
Present in all genomes from Peru, plus Chile & Ecuador & USA & 

Eurasia 
n/a 

Q54R R R n/a R R R R R 
Present in all genomes from Peru, plus Chile & Ecuador & USA & 

Eurasia 
n/a 

I55T T T n/a T T T T T Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

Y57S S S n/a S S S S S Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

W58L L L n/a L L L L L Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 3, 2023. ; https://doi.org/10.1101/2023.03.03.531008doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.03.531008
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

N66S* S S n/a S S S n/a S Increased virulence and replicacion efficiency 
CDC, 31428925, 17922571, 

21852950 

G70E E E n/a E E E E E Present in all genomes from Peru, plus Chile & Ecuador & 6 USA n/a 

PA 

I61M* M M n/a M M M M M Altered endonuclease activity  35127568, 27886255 

M86I M M M M M M M I Only in sea lion   

T85A* A A n/a A A A A A 
Present in all genomes from Peru, plus common throughout the 

Americas 
34578340 

M441V V V n/a V V V n/a V 
Present in all genomes from Peru, plus common throughout the 

Americas 
n/a 

A515T* T T n/a T T T n/a T 
Increased polymerase activity, increased virulence in birds and 

mammals 
36678384, 17553873 

T608S* S S n/a S S S S S 
Present in all genomes from Peru, plus common throughout the 

Americas 
27097026 

HA 

E75K* K K n/a K K K K K Increased virus binding to α2–6 (in a group with S123P) 31428925, 17108965 

S123P* P P n/a P P P n/a P Increased virus binding to α2–6 (in a group with E75K) 31428925, 17108965 

S133A* A A n/a A A A n/a A Increased virus binding to α2-6 CDC, 31428925, 17690300 

S154N* N N n/a N N N n/a N Increased virus binding to α2–6 31428925, 20427525 

S155D* D D n/a D D D n/a D Escape mutant to mAbs 6B8 and 4C2  20844051, 19918095 

T156A* T T n/a T T T n/a T Increased psuedovirus binding to α2-6 
CDC, 31428925, 20427525, 

20041223 

K189N* N N n/a N N N n/a N Escape mutant to mAbs 6B8 and 4C2  20844051 

K218Q* Q Q n/a Q n/a Q n/a Q Increased virus binding to α2-3 & α2-6 (in a group with S223R) 31428925, 27869615 

S223R* R R n/a R n/a R n/a R Increased virus binding to α2-3 & α2-6 (in a group with K218Q) 31428925, 27869615 

L269V* V V n/a V V V n/a V Antigenic drift of the H5N1 viruses isolated from 1997 to 2006 n/a 

Q322L* L L n/a L L L n/a L Cleavage Site 11148006 

R325K* K K n/a K K K n/a K Cleavage Site 11148006 

I511V V V V V V V V V 
Present in all genomes from Peru, plus common throughout the 

Americas 
n/a 

A496S A A A A A A A S Only in sea lion n/a 

V533M M M M M M M M M 
Present in all genomes from Peru, plus common throughout the 

Americas 
n/a 

NP 

M222L M M M M M M M L Only in sea lion n/a 

F230L L L L L L L L L Present in all genomes from Peru, plus Chile & 1 USA n/a 

A428T A A A A A A A T Only in sea lion n/a 

S450N* N N N N N N N N 
Present in all genomes from Peru, plus common in the Americas & 

Eurasia 
23017273 

R452K R R R R R R R K Only in sea lion 23017273 

NA 
L269M M M M M M M M M Present in all genomes from Peru, plus Chile & 1 USA n/a 

S339P P P P P P P P P Present in all genomes from Peru, plus Chile  n/a 

M1 

N30D* D D D D D D D D Increased virulence in mice CDC, 31428925, 19117585 

I43M* M M M M M M M M Increased virulence in mice, chickens and ducks 31428925, 26368015 

N85S* S S S S S S S S Helps form large filamentous structures on the cell surface 24224823 

N87T T T T T T T T T Present in all genomes from Peru, plus Chile  n/a 

K101R* R R R R R R R R Polymorphic region between human/avian strains 26537686 

A200V V V V V V V V V 
Present in all genomes from Peru, plus common throughout the 

Americas 
n/a 

T215A* A A A A A A A A Increased virulence in mice CDC, 31428925, 19117585 

M2 R61G G G G G G G G G 
Present in all genomes from Peru, plus common throughout the 

Americas 
n/a 
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NS1 

P42S* S S S S S S S S Increased virulence and pathogenicity in mammals CDC, 31428925, 18032512 

D92E* E E E E E E E E Increased virulence and pathogenicity in mammals 36678384, 12195436 

L98F* F F F F F F F F Increased virulence in mice CDC, 19052083, 21593152 

I101M* M M M M M M M M Increased virulence in mice 
CDC, 31428925, 19052083, 

21593152 

C111S S S S S S S S S Present in all genomes from Peru, plus Chile & 1 USA n/a 

D134N* N N N N N N N N Altered binding of NS1 to CPSF30 30405591 

V144A* A A A A A A A A Increased virulence and pathogenicity in mammals  36678384, 16971424 

G166D D D D D D D D D 
Present in all genomes from Peru, plus common throughout the 

Americas 
n/a 

A218E* E E E E E E E E Found in equine H3N8 26404167 
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Supplement Figure 1: Global H5N1 phylogeny based on the PB2 segment 409 
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Supplement Figure 2: Global H5N1 phylogeny based on the PB1 segment 411 
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Supplement Figure 3: Global H5N1 phylogeny based on the PA segment  413 

 414 
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Supplement Figure 4: Global H5N1 phylogeny based on the HA segment  416 
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Supplement Figure 5: Global H5N1 phylogeny based on the NP segment  418 

 419 
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Supplement Figure 6: Global H5N1 phylogeny based on the NA segment  421 
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Supplement Figure 7: Global H5N1 phylogeny based on the MP segment  424 

 425 
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Supplement Figure 8: Global H5N1 phylogeny based on the NS1 segment  431 
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