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 2

Abstract  26 

 27 

From 2011-2018, we conducted surveillance in marine mammals along the California 28 

coast for influenza A virus (IAV), frequently detecting anti-influenza antibodies and 29 

intermittently detecting IAV. In spring 2019, this pattern changed. Despite no change in 30 

surveillance intensity, we detected IAV RNA in 10 samples in March and April, mostly in 31 

nasal and rectal swabs from northern elephant seals (Mirounga angustirostris).  32 

Although virus isolation was unsuccessful, IAV sequenced from one northern elephant 33 

seal nasal swab showed close genetic identity with pandemic H1N1 IAV subclade 34 

6B.1A.1 that was concurrently circulating in humans in the 2018/19 influenza season. 35 

This represents the first report of human A(H1N1)pdm09 IAV in northern elephant seals 36 

since 2010, suggesting IAV continues to spill over from humans to pinnipeds. 37 

 38 

Introduction  39 

 40 

Influenza A virus (IAV) infection has been reported in North American marine mammals 41 

since 1979 [1–4]. More than 300,000 marine mammals, including California sea lions 42 

(CSL), Steller sea lions, Northern and Guadalupe fur seals, Pacific harbor seals (PHS), 43 

and northern elephant seals (NES), live in the eastern North Pacific Ocean and molt 44 

and birth along mainland and island coastlines of California [5]. Pinnipeds in California 45 

are in contact with influenza virus reservoirs, including avian and mammalian hosts [6].  46 

In 2009, pandemic H1N1 IAV emerged in the United States, spread worldwide, and was 47 

detected in NES in California in 2010 [6] and in northern sea otters in Washington state 48 

in 2011 [7].  Through our IAV surveillance in marine mammals on the California coast 49 

from 2011-2018, we rarely detected IAV RNA that indicates current or recent infection. 50 
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 3

IAV antibody detection, which reveals previous IAV infection, is more common. This 51 

study focuses on a cluster of IAV RNA positive detections in two species of marine 52 

mammals stranded on California coasts in spring 2019. Sequence analyses of IAV from 53 

one NES show close identity with 2018 and 2019 human H1N1 IAV. 54 

 55 

Materials and Methods 56 

 57 

Sample collections. Marine mammals were sampled as part of ongoing IAV surveillance 58 

from 2011-2019. Nasal and rectal swabs and blood, were collected at intake from 59 

pinnipeds who became stranded along the California coast and were admitted for 60 

rehabilitation to The Marine Mammal Center (TMMC) in Sausalito, CA. Marine mammal 61 

sampling was performed by TMMC staff with prior authorization from the National 62 

Oceanic and Atmospheric Administration National Marine Fisheries Service Marine 63 

Mammal Protection Act. In spring 2019, after detecting IAV RNA in several samples, we 64 

modified sampling to add a second blood sample collection from some animals 2 to 3 65 

weeks after collecting the first sample. Nasal and rectal swabs were placed individually 66 

or combined in vials containing 1.5 mL of viral transport media (VTM).  Blood was 67 

collected in serum separator tubes which were centrifuged at 4000 revolutions per 68 

minute (rpm) for 10 minutes (min), after which serum was transferred to a cryovial. 69 

Samples were refrigerated for up to 1 week before being transferred to a laboratory, 70 

where they were immediately processed or stored at −80°C. 71 

 72 

Serology assays.  Sera diluted 1:10 were screened in a single replicate for IAV antibody 73 

directed against a conserved epitope of the IAV nucleoprotein (NP) using an enzyme-74 

linked immunosorbent assay (ELISA) kit ID-Screen® Influenza A Antibody Competition 75 
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Multi-species kit, (IDvet, Grabels, France) following the manufacturer’s instructions.  76 

Positive and negative controls provided with the kit were included on each plate. An 77 

ELX808 BioTek Spectrophotometer (BioTek Instruments, Winooski, VT) was used to 78 

measure absorbance.  A sample was reported to contain IAV NP antibody when the 79 

absorbance ratio of the test sample to the negative control (S/N ratio) was less than 80 

0.45, as previously established [8]. For a subset of animals in 2019 with detectable 81 

ELISA IAV NP in serum at intake or in the second sample, hemagglutination inhibition 82 

(HI) assays were also performed to identify the IAV subtype per established criteria [9]. 83 

Each sample was tested in triplicate by HI with each of 3 IAV strains: an H1N1 Northern 84 

elephant seal isolate from 2010 (A/Elephant seal/California/1/2010(H1N1)), an H3N8 85 

harbor seal isolate from 2011 (A/harbor seal/New Hampshire/179629/2011(H3N8)), and 86 

an H5N2 mallard duck isolate from 2010 (A/mallard/California/2396/2010(H5N2)) 87 

following an established protocol [10]. The H1N1 and H3N8 subtypes were selected 88 

since they were previously reported in marine mammals, and the H5N2 subtype was 89 

used as it is common in water birds that share shoreline environments with pinnipeds. 90 

Positive control sera from a ferret that had been experimentally inoculated with an H1N1 91 

strain was provided by Dr. Randy Albrecht, Icahn School of Medicine at Mount Sinai, 92 

New York. For HI assays serum was diluted 1:4 with receptor destroying enzyme (RDE, 93 

Denka Seiken, Tokyo) and incubated for 18 hours at 37°C, followed by 30 min at 56°C. 94 

Sera were then serially diluted 2-fold in phosphate-buffered saline (PBS) and incubated 95 

with 4 hemagglutination units of virus for 60 min at room temperature. Chicken 96 

erythrocytes (Lampire, Pipersville) at a final concentration of 0.25% in PBS were added 97 

to sera and virus, and the mixture was incubated for 60 minutes at 27°C. Treated sera 98 

were also tested for hemagglutination in the absence of virus to verify effective RDE 99 

treatment and to ensure the absence of nonspecific hemagglutination.  Serum was 100 
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defined as negative for HI when a titer below 1:8 was detected. Non-reactive samples 101 

are reported as <8. 102 

 103 

IAV RNA detection. RNA was extracted using a MagMAX-96 AI/ND Viral RNA Isolation 104 

Kit (Applied Biosystems, Foster City, CA) using a KingFisher Magnetic Particle 105 

Processor (Thermo Scientific, Waltham, MA).  RNA extracts were screened for IAV 106 

using the AgPath-IDTM One Step RT-PCR mix (Applied Biosystems, Foster City, CA) 107 

and an ABI 7500 real-time PCR System (Applied Biosystems, Foster City, CA).  The 108 

real-time reverse transcription polymerase chain reaction (RRT-PCR) targets a 109 

conserved region of the IAV matrix gene [11]. Each RNA extract was tested in one 110 

replicate. Each RRT-PCR plate included an IAV isolate from cell culture as a positive 111 

control and VTM diluent as a negative control. Samples with a cycle threshold (Ct) value 112 

<45 were considered positive.   113 

 114 

Virus isolation. Virus isolation was attempted for all RRT-PCR positive samples by 115 

inoculation into embryonated chicken eggs (Charles River, CT, USA) and Madin-Darby 116 

canine kidney cells (MDCK, ATCC, Manassas, Virginia). Each sample was inoculated 117 

into eggs and cells twice using a described protocol [6].  After each isolation attempt, 118 

egg samples were screened by RRT-PCR for IAV RNA, and cells were observed for 119 

cytopathic effects characteristic of IAV infection. 120 

 121 

Hemagglutinin (HA) subtyping and genome sequencing. We amplified and sequenced a 122 

portion of the IAV HA gene from RRT-PCR positive samples before conducting whole-123 

genome sequencing. HA subtyping was performed using a protocol modified from [12] 124 

that generates a 640 base pair (bp) PCR product. The forward primer 5’ 125 
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GGRATGRTHGAYGGNTGGTAYGG 3’ was modified from a validated primer [12] to 126 

include HA sequences detected in California. The HARK reverse primer 5’ 127 

ATATGGCGCCGTATTAGTAGAAACAAGGGTGTTTT 3’ was first reported in Bragstad 128 

et al. [13] . The 25 µL PCR reaction used 0.08 U Amplitaq Gold polymerase (Invitrogen, 129 

Carlsbad CA) and 10x buffer without MgCl2, 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.6 µM 130 

of each primer, and 7 µL of RNA extract from each sample. The PCR conditions were 131 

10 min at 95˚C, followed by 45 cycles of 94˚C for 1 min, 58˚C for 1 min, and 72˚C for 1 132 

min, with a final extension of 72˚C for 7 min. Following electrophoresis on a 1.5% 133 

agarose gel, the 640 bp band was excised and purified using a QIAquick gel extraction 134 

kit (Qiagen, Valencia, CA) with an elution volume of 30 µL. Direct Sanger sequencing of 135 

the amplicons was performed using the HARK reverse primer. Sequences were 136 

BLASTed (http://www.ncbi.nlm.nih.gov/BLAST) to identify the most similar HA 137 

sequences in GenBank. Whole-genome sequencing was next performed from samples 138 

where HA sequencing was successful using methods described previously [14].   139 

 140 

Phylogenetic analyses. Phylogenetic analyses for all eight IAV segments were 141 

performed. We downloaded all available human A(H1N1)pdm09 sequences sampled 142 

between January 2016 and December 2021 from the EpiFlu database hosted by the 143 

Global Initiative on Sharing All Influenza Data (GISAID; platform.gisaid.org) that were 144 

available on July 1, 2022. We removed all sequences missing an exact sampling date, 145 

duplicates (by strain names) and those with non-completed genome segments. 146 

Sequences were grouped according to each geographic location (South America, North 147 

America, Europe, Africa, Asia and Oceania) and by year (2016, 2017, 2018, 2019, 148 

2020, 2021). CD-HIT v4.8.1 was then used to remove highly similar sequences (sharing 149 

99-100% nucleotide identity) [15]. This allowed us to downsample the datasets and 150 
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select representative sequences from each group to analyze genetic diversity. 151 

Additionally, two available H1N1pdm09 sequences from NES in 2010 were included in 152 

the analyses along with a reference sequence set for the clade/subclade assignation. 153 

The reference dataset was prepared using a nomenclature method introduced by the 154 

European Centre for Disease Prevention and Control (ECDC) that classifies a genetic 155 

clade/subclade based on unique amino acid substitutions in the HA1 or HA2 proteins 156 

(Supplementary Table 1)  [16]. Sequence alignments were constructed using MAFFT 157 

v7.490 [17]. The alignments were trimmed and only gene coding regions were used. 158 

Phylogenetic trees for each segment were constructed by the maximum likelihood (ML) 159 

method using IQ-TREE with substitution model selection (ModelFinder implemented in 160 

IQ-TREE) option and 1000 bootstraps [18].  161 

The evolutionary relationships and timescale of the concatenated eight segments 162 

were inferred using a Bayesian Markov chain Monte Carlo (MCMC) method, as 163 

implemented in the BEAST v1.10.4 package [19]. The final dataset of 165 sequences 164 

were downsampled with the CD-HIT by geographic origin and year of sampling along 165 

with two available A(H1N1)pdm09 sequences sampled from NES in 2010 and the 166 

reference set. After the MAFFT aligning, we trimmed sequences to 13,154 bp. A strict 167 

molecular clock was used, under the general time reversible model allowing for rate 168 

heterogeneity among sites and proportion of invariable sites (GTR+G+I). The MCMC 169 

was run for 100 million iterations, with subsampling every 10,000 iterations at least two 170 

times. All parameters reached convergence, as assessed visually using Tracer v1.7.1 171 

[20], with statistical uncertainty reflected by values of the 95% Highest Posterior Density 172 

(HPD) interval. The initial 10% of the chain was removed as burn-in, and maximum 173 

clade credibility (MCC) tree was summarized using TreeAnnotator v1.10.4. The tree 174 
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 8

was visualized and annotated using FigTree v1.4.4 175 

(http://tree.bio.ed.ac.uk/software/figtree). 176 

 177 

Data reporting and statistical analyses. Raw data showing serology results from 178 

individual marine mammals are located at 179 

https://ucdavis.box.com/s/0mwgj8q4av0kb8xr5iuaec4tbgz6hnsg. The GenBank 180 

accession numbers for the 8 IAV genome segments sequenced from a Northern 181 

elephant seal, IAV A/elephantseal/California/ES4506NS/2019(H1N1) are MW132314 182 

and MW132331-132337. Rates of ELISA seropositivity were compared using Chi-183 

squared statistics with Yates’ correction. P values <0.05 were considered statistically 184 

significant. Statistical analyses were performed using GraphPad Prism. 185 

 186 

Results 187 

 188 

After the first detection of pandemic H1N1 IAV in two NES in 2010, we performed 189 

continuous IAV surveillance in multiple pinniped species stranded on the California 190 

coast and admitted to TMMC from 2011-2019. Our approach entails screening marine 191 

mammals for IAV antibody in serum via ELISA and sometimes HI as well as viral RNA 192 

in nasal and rectal swabs after RNA isolation and RRT-PCR. We tested at least 800 193 

swabs samples annually. Most samples were from CSL (Zalophus californianus), NES 194 

(Mirounga angustirostris), PHS (Phoca vitulina), and Northern fur seals (Callorhinus 195 

ursinus). From 2011-2018, we detected 13 IAV RNA-positive nasal and/or rectal swabs 196 

(0 in 2011, 1 in 2012, 0 in 2013-2015, 5 in 2016, 3 in 2017, and 4 in 2018).  In 2019, we 197 

detected 10 IAV RNA-positive nasal and/or rectal swabs, 9 of which were from animals 198 

admitted during a 6-week period between March 12 and April 27, 2019 (Table 1; 2016-199 
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 9

2018 data included for historical reference). Given the increased number of IAV RNA 200 

detections in 2018-2019 compared to 2011-2018 and the temporal clustering of IAV 201 

RNA detections in spring 2019, this manuscript focuses on data from animals stranded 202 

during the 2018- 2019 period.  203 

 204 

 205 

 206 

Table 1: Metadata for IAV RNA positive marine mammals on the California Coast, 207 

2016-2019. The second sample on which ELISA or HI was performed upon was 208 

collected between 2 to 3 weeks after the admit sample. CSL is California sea lion, NES 209 

is northern elephant seal, NFS is northern fur seal, PHS is Pacific harbor seal. ND 210 

indicates no sample was available for testing, F is female, M is male, N/A indicates not 211 

applicable, Neg is negative, Pos is positive, HI is hemagglutination inhibition, ELISA is 212 

enzyme linked immunosorbent assay, RRT-PCR is real time reverse transcription 213 

Animal 
ID 

IAV 
RRT-
PCR 
Ct 

ELISA Mean HI titer for 
second sample 

Age 
Class Sex Species Strand 

County Strand City Admit 
Date 

Disposition 

Diagnosis Cause of 
Death 

admit seco
nd H1 H3 H5 Date Status 

CSL-
13160 37.6 Neg ND ND ND ND Suba

dult F CSL San 
Mateo Pescadero 06/05/2016 06/18/2016 Died in 

Treatment malnutrition malnutrition 

CSL-
13161 42.0 Neg ND ND ND ND Adult F CSL Santa 

Cruz Watsonville 06/06/2016 06/10/2016 Euthanasia N/A 
euthanasia, 
domoic acid 

toxicity 

CSL-
13198 37.7 Neg ND ND ND ND Yearli

ng F CSL Monterey Moss 
Landing 07/04/2016 07/05/2016 Euthanasia N/A gunshot 

CSL-
13203 36.8 NA ND ND ND ND Adult F CSL San Luis 

Obispo Morro Bay 07/12/2016 07/31/2016 Euthanasia N/A domoic acid 
toxicity 

CSL-
13207 

37.1 NA ND ND ND ND Adult F CSL Monterey Pacific 
Grove 

07/14/2016 07/16/2016 Died in 
Treatment 

N/A renal failure, 
neoplasia 

ES-
4068 

36.5 Neg ND ND ND ND Pup M NES Santa 
Cruz 

Davenport 01/24/2017 06/07/2017 Released 
malnutrition, 

maternal 
separation 

N/A 

ES-
4121 35.8 Neg ND ND ND ND Pup M NES Monterey Pacific 

Grove 03/20/2017 04/27/2017 Released malnutrition N/A 

NFS-
435 35.7 Neg ND ND ND ND Pup F NFS Monterey Monterey 12/21/2017 02/02/2018 Released malnutrition N/A 

ES-
4254 35.4 Neg ND ND ND ND Pup F NES Santa 

Cruz Davenport 01/22/2018 06/22/2018 Released 
maternal, 

separation, 
malnutrition, 

N/A 

HS-
2754 35.3 Neg ND ND ND ND Pup M PHS Marin Bolinas 02/14/2018 02/14/2018 Died in 

Treatment N/A 
prematurity, 

maternal 
separation 

ES-
4311 36.5 Pos ND 32* 8* <8* Pup M NES Monterey Monterey 03/26/2018 06/22/2018 Released malnutrition N/A 

CSL-
14130 

37.6 Neg ND ND ND ND Pup M CSL San 
Mateo 

Princeton-
by-the-Sea 

12/17/2018 01/22/2019 Released 
malnutrition, 

maternal 
separation 

N/A 

ES-
4424 

35.8 Pos ND ND ND ND Pup F NES San Luis 
Obispo 

San Simeon 3/12/2019 4/24/2019 Released malnutrition N/A 

ES-
4506 20.9 Neg ND ND ND ND Pup M NES San Luis 

Obispo Avila Beach 4/9/2019 7/17/2019 Released malnutrition, oil N/A 

ES-
4507 28.6 Pos ND 8* <8* <8* Pup M NES Santa 

Cruz Live Oak 4/9/2019 4/26/2019 Euthanized malnutrition, 
otostrongyliasis otostrongyliasis 

ES-
4509 

32.4 Neg Pos 64 11 <8 Pup F NES San 
Mateo 

Pacifica 4/10/2019 5/21/2019 Released malnutrition N/A 

ES-
4523 

34.7 Pos Pos 128 <8 <8 Pup F NES Monterey Pacific 
Grove 

4/14/2019 7/17/2019 Released malnutrition N/A 

ES-
4527 

32.6 Neg Pos 256 <8 <8 Pup F NES Sonoma Fort Ross 4/15/2019 6/12/2019 Released 
malnutrition, 

otostrongyliasis
, abscess 

N/A 

ES-
4530 

32.1 Neg Neg ND ND ND Pup M NES San 
Mateo 

Montara 4/16/2019 6/1/2019 Released malnutrition, 
otostrongyliasis 

N/A 

ES-
4538 

28.2 Pos ND 128* <8 <8 Pup F NES San Luis 
Obispo 

San Simeon 4/20/2019 6/12/2019 Released 
malnutrition, 

trauma, 
unknown 

N/A 

ES-
4539 24.2 Neg Neg >512 <8 <8 Pup F NES San Luis 

Obispo Cayucos 4/20/2019 5/2/2019 Euthanized 
malnutrition, 

trauma, 
unknown 

congenital 
defect 

HS-
2859 32.0 Neg ND ND ND ND Pup F PHS San 

Mateo Pacifica 4/27/2019 6/18/2019 Released 
maternal 

separation, 
malnutrition 

N/A 
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polymerase chain reaction, Ct is cycle threshold. Asterisks indicate that HI was 214 

performed on the first sample since for some animals a second sample was not 215 

available. The number after each H designation indicates the hemagglutinin subtype 216 

used in the HI assay. A non-HI reactive sample is annotated at <8, where a 1:8 dilution 217 

was the lowest tested. Each RRT-PCR Ct and ELISA represent testing of a single 218 

replicate for each sample. For HI, each sample was tested in triplicate and the mean HI 219 

titer is shown. 220 

 221 

We detected IAV NP antibody by ELISA in 42% (2018) and 54% (2019) of NES, in 6% 222 

(2018) and 0% (2019) of PHS, and in 6% (2018) and 21% (2019) of CSL (Figure 1A). 223 

There was no difference in the overall rate of ELISA seropositivity between 2018 and 224 

2019 in NES or PHS (p>0.05, Chi-squared). The rate of ELISA seropositivity in CSL 225 

was significantly higher in 2019 compared to 2018 (p=0.04, Chi-squared). Pups and 226 

weanlings represented most stranded animals and had higher rates of IAV NP antibody 227 

compared to juveniles, yearlings, and adults.  HI was performed on IAV ELISA-reactive 228 

sera from 70 animals (Table 2). Each serum sample was tested by HI using 3 IAV 229 

subtypes: H1N1 and H3N8, selected since they were previously reported in marine 230 

mammals, and H5N2 which is common in water birds that share shore environments 231 

with marine mammals. Of the 70 marine mammals for which HI titers were determined, 232 

60 had H1N1 HI antibody titers at least 4-fold higher than H3N8 and H5N2 titers. Seven 233 

were H1N1 reactive above the limit of detection of 8 but did not have titers that were 4-234 

fold higher than the other two subtypes. Two samples had detectable H3N8 titers that 235 

were less than 4-fold higher than H1N1 titers, and one sample was not reactive with any 236 

IAV subtype by HI. Most (85% in 2018, 93% in 2019) ELISA-reactive NES sera also 237 

contained detectable H1N1 HI titers. The IAV NP ELISA positivity rate was highest in 238 

the winter months, exceeding 20% from February to April in 2018 and from February to 239 

June in 2019, and peaking near 50% in March of both years (Figure 1B). This seasonal 240 
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bias in seropositivity may reflect higher sampling in winter, where NES are pelagic the 241 

rest of the year and therefore not available for sampling. Together these data indicate 242 

that H1N1 IAV infection is common in multiple pinniped species as evidenced by 243 

infection- or maternally-derived antibodies detected in pups and weanlings. 244 

 245 

Fig 1. Influenza A virus antibody detections in marine mammals, California, 2018-246 

2019. A) Rates of IAV nucleoprotein (NP) enzyme-linked immunosorbent assay (ELISA) 247 

and H1N1 hemagglutination inhibition (HI) reactivity in marine mammal sera from 248 

January 2018 to July 2019. ELISA antibody detections by age class of marine mammals 249 

are also shown. nd indicates not done. B) IAV NP ELISA seroprevalence by month for 250 

the study period.  251 

 252 

 253  

Animal ID H1N1 H3N8 H5N2 Animal ID H1N1 H3N8 H5N2
ES-4266 256 <8 <8 ES-4505 512 <8 <8
ES-4280 352 11 8 ES-4507 8 <8 <8
ES-4284 >512 <8 <8 ES-4509 48 11 <8
ES-4298 64 16 <8 ES-4510 8 <8 <8
ES-4302 128 32 32 ES-4511 256 21 <8
ES-4307 8 16 8 ES-4513 48 <8 <8
ES-4310 16 <8 <8 ES-4514 256 <8 <8
ES-4311 32 8 <8 ES-4516 256 <8 <8
ES-4314 128 <8 <8 ES-4518 512 <8 <8
ES-4318 128 8 <8 ES-4520 256 <8 <8
ES-4319 64 8 <8 ES-4521 256 <8 <8
ES-4324 128 <8 <8 ES-4523 256 <8 <8
ES-4325 0 8 <8 ES-4524 128 <8 <8
ES-4327 64 <8 <8 ES-4526 512 <8 <8
ES-4330 16 <8 <8 ES-4527 256 <8 <8
ES-4333 128 <8 <8 ES-4529 128 <8 <8
ES-4335 16 <8 <8 ES-4531 128 <8 <8
ES-4339 32 32 <8 ES-4532 8 <8 <8
ES-4342 16 8 <8 ES-4535 256 <8 <8
ES-4343 128 <8 <8 ES-4537 128 <8 <8
ES-4347 128 <8 <8 ES-4538 128 <8 <8
ES-4348 128 32 32 ES-4539 >512 <8 <8
ES-4349 4 <8 <8 ES-4542 64 <8 <8
ES-4354 256 <8 <8 ES-4543 512 8 <8
ES-4357 <8 <8 <8 ES-4544 256 <8 <8
ES-4373 512 32 0 ES-4545 512 <8 <8
ES-4383 427 48 16 ES-4550 128 <8 <8
ES-4387 64 <8 <8 ES-4552 64 <8 <8
ES-4389 512 <8 <8 ES-4558 512 11 <8
ES-4470 128 <8 <8 ES-4562 320 21 16
ES-4472 128 <8 <8 ES-4564 256 8 8
ES-4477 384 <8 <8 HS-2861 <8 8 <8
ES-4479 512 <8 <8 HS-2883 >512 32 32
ES-4482 256 <8 <8 H1N1 positive >512 <8 <8
ES-4490 256 <8 <8 Negative control <8 <8 <8

Mean HI titer Mean HI titer
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Table 2: IAV antibody hemagglutination inhibition (HI) assays detections in 254 

ELISA-IAV reactive Northern elephant seals on California coasts in 2018-2019. 255 

Animals shaded in grey also contained IAV RNA detectable by RRT-PCR; the same HI 256 

data for those animals is also reproduced in Table 2 for comparison with RNA values. 257 

Ferret serum from an animal that was experimentally inoculated with IAV H1N1 was 258 

used as a positive control. Positive control sera for H3N8 and H5N2 were not available. 259 

The negative control consisted of serum diluent. 260 

 261 

In 2018, we assayed 1385 nasal and rectal swabs from 969 CSL, 332 NES, and 84 262 

PHS; four contained detectable IAV RNA. In 2019, we assayed 822 nasal and rectal 263 

swabs; 539 from CSL, 201 from NES, and 82 from PHS. From the 2019 samples, we 264 

detected IAV RNA in the nasal swab from one Northern elephant seal, combined nasal 265 

and rectal swabs from additional eight NES, and one nasal swab from a PHS, 266 

representing 10/822 (1.2%) of the 2019 total from all three species. In 2019, The IAV 267 

RNA-positive animals all stranded in March and April. All animals were pups, and six of 268 

the ten animals were female. All showed signs of malnutrition and most were released 269 

after rehabilitation. For the two animals that were euthanized, the cause of death was 270 

not IAV-related (Table 1). Each sample yielded a positive IAV matrix gene RRT-PCR 271 

result, with Ct values ranging from 20.9 to 35.8.  The stranding locations of the 10 IAV 272 

RRT-PCR positive marine mammals from 2019 spanned the California coast (Figure 2). 273 

Unfortunately, we were unsuccessful isolating infectious IAV from any RRT-PCR 274 

positive swab samples after inoculation into embryonated chicken eggs and MDCK 275 

cells.  We amplified and sequenced a 640 bp portion of the IAV HA gene from the nasal 276 

swab from one  NES (ES-4506NS) that exhibited the lowest RRT-PCR Ct value (Table 277 

1).  The complete IAV genome was then obtained by sequencing multi-segment RT-278 

PCR reactions generated from the nasal swab sample. This sequence was named 279 

A/Northern elephant seal/California/ES4506NS/2019(H1N1). The serum sample from 280 
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that animal at admission to TMMC was ELISA IAV NP antibody negative. Unfortunately, 281 

the second sample was not collected to evaluate whether seroconversion occurred 282 

during rehabilitation.  283 

 284 

Fig 2. Influenza A virus RNA detections in marine mammals, California, 2019. Map 285 

shows locations of stranded marine mammals on California coasts that contained IAV 286 

RNA in nasal swabs. The tree is a time-scaled Maximum Clade Credibility phylogeny 287 

representing concatenated coding regions of all 8 A(H1N1)pdm09 IAV segments. A total 288 

of 165 representative pandemic H1N1 isolates sampled globally are included in the tree. 289 

Sequences in black text are from humans. The sequence in blue text shows the position 290 

of the IAV genome from a Northern elephant seal in this study. Green text shows 291 

sequences of IAV from other seals not part of this study that were sampled in 2010. The 292 

yellow shading shows clade 6B.1A/subclade 6B.1A.1 IAV, represented by the reference 293 

2019-2020 vaccine virus A/Brisbane/02/2018. Bayesian posterior probability values 294 

>70% are included for key nodes. The tree is rooted through the assumption of a strict 295 

molecular clock, such that tip times represent the time (year/month/day) of sampling. 296 

The source of the Northern elephant seal illustration was 297 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/northern-298 

elephant-seal. The figure was generated using Biorender. 299 

The IAV genome detected in the NES in this study is closely related to pandemic 300 

A(H1N1)pdm09 virus that circulated in humans during the 2018-19 influenza season 301 

and is derived from clade 6B.1A/subclade 6B.1A1. A Maximum Clade Credibility 302 

phylogeny constructed from the concatenated coding regions of all eight segments 303 

(Figure 2) shows that the closest related strains are from the United States (e.g. 304 

A/Pennsylvania/541/2018 and A/Michigan/59/2019) with highest nucleotide identity of 305 

99.5% across the whole genome and supported by >90% Bayesian posterior 306 

probabilities.  The A/Northern elephant seal/California/ES4506NS/2019(H1N1) from the 307 

NES in this study belongs to clade 6B.1A/subclade 6B.1A.1, a sub-group of 308 
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H1N1pdm09 viruses that began circulating in the 2018/19 influenza season and which 309 

are characterized by a S183P mutation in the hemagglutinin (HA) protein. This subclade 310 

was contemporaneously circulating in the Northern Hemisphere in 2018/19 influenza 311 

season and is represented by the reference strain 2019-2020 vaccine virus 312 

A/Brisbane/02/2018. Separate analyses of each of the eight segments (PB2, PB1, PA, 313 

H1, NP, N1, M, and NS) of the H1N1 virus from the NES in this study was inferred using 314 

the H1 classified phylogeny as a reference and shows that all gene segments group 315 

within the same clade (Supplementary Figures 1-8). No reassortant events were 316 

detected in the H1N1pdm09 NES virus in our analyses. The predicted HA amino acid 317 

sequence of the NES virus described here is identical to the consensus of concurrently 318 

circulating human strains in the 6B.1A.1 subclade. To predict the timeframe of a 319 

possible spillover event(s) into the NES, the time of the most recent common ancestor 320 

(tMRCA) was estimated for both the concatenated coding region sequence and the HA 321 

alone. For the concatenated H1N1pdm09 genome, the tMRCA between the NES IAV 322 

and the closest human isolate A/Pennsylvania/541/2018 IAV was estimated to be 323 

November 19, 2018 (2018.8695 decimal year) with a 95% Highest Posterior Density 324 

(HPD) October 20, 2018 – December 6, 2018 (2018.8047 - 2018.9332). The tMRCA for 325 

the HA alone was in the same timeframe and comparably estimated to be November 326 

11, 2018, ranging between the end of September and late December 2018 (2018.8642 327 

decimal year (95% HPD 2018.7402 - 2018.9814) (Supplementary Figure S9). 328 

 329 

Discussion 330 

 331 

This study represents the second detection of pandemic H1N1pdm09 IAV RNA in 332 

marine mammals in California. Like the 2010 detections in two NES, the locations and 333 
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exact timing of exposures are not known. In this study, samples from other species, like 334 

gulls or shore birds sharing near or offshore environments with pinnipeds, were not 335 

available for IAV testing. 336 

 337 

Consistent with 2010, where two IAV RNA-positive NES were detected in two 338 

consecutive weeks in late April and early May [6], all the IAV RNA-positive animals in 339 

this study were detected in spring (March and April 2019), suggesting that H1N1pdm09 340 

IAV circulation in these species coincides with the period weaned pups are clustered on 341 

beaches at breeding sites for in spring before going to sea. Unlike in 2010, where both 342 

IAV detections were in adult female NES, half of the the IAV RNA-positive animals in 343 

2019 were pups and were both male and female. Consistent with the 2010 report, none 344 

of the animals in 2019 showed signs of recognized IAV-like disease, suggesting that 345 

infection is asymptomatic or self-limiting. A caveat of our study is that our surveillance 346 

approach employs opportunistic sampling of stranded marine mammals, which may not 347 

represent IAV circulation patterns, timing, or disease manifestations in the entire 348 

population. The species and age bias may reflect sampling bias where in spring TMMC 349 

rescues mostly young NES and PHS pups that have been separated from their 350 

mothers,  while in summer rescued animals are mostly one year old CSL showing signs 351 

of malnutrition or leptospirosis, cancer, domoic acid toxicity, or protozoal infections.  352 

Admission rates vary for each species and TMMC does not re-capture released 353 

animals.  Seals that die on the beaches at breeding colonies in California are not 354 

examined to ascertain the cause of death, so influenza-related mortalities similar to 355 

those reported in harbor seals in New England and in the North Sea [1,2,21], may go 356 

undetected. 357 

 358 
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IAV antibody detection in three pinniped species in 2018 and 2019 suggests that IAV 359 

infections occurred in this period or that antibody titers from infections prior to 2018 are 360 

durable. The higher rate of antibody detections in NES, exceeding 40% in both years, 361 

compared to lower rates in CSL or PHS, suggests that NES are the most frequently 362 

infected of the three species, similar to previous observations [6,22]. Frequent detection 363 

of IAV antibody in pups of all three species suggests either prior IAV exposure or 364 

transfer of maternal antibody from IAV-infected mothers [22]. The longevity of IAV 365 

maternal antibody in young marine mammals is not known. Three of the IAV RNA-366 

positive animals seroconverted in the interval between blood collected at admission and 367 

collection of the second sample, suggestive of recent infection. Detection of IAV NP 368 

antibody in serum at intake from four out of 10 IAV RNA positive pups suggests that the 369 

magnitude or composition of IAV antibody was not sufficient to prevent IAV infection, 370 

resulting in viral RNA replication, or, alternately, that sampling occurred during infection 371 

before IAV clearance but after the production of IAV NP antibody. Our previous explant 372 

studies show that respiratory tract tissues from recently euthanized marine mammals, 373 

including NES, support IAV infection with multiple subtypes, including H1N1 [23].  374 

 375 

The closest genetic identity of the 2019 NES IAV genome with contemporary pandemic 376 

human H1N1 shows that NES can be infected with pandemic human H1N1 viruses. The 377 

distant relatedness of the 2019 NES IAV genome with the two 2010 NES IAV genomes 378 

does not support the maintenance of a NES-exclusive IAV lineage. In contrast, the 379 

estimated time of most recent common ancestor, November, 2018, together with the 380 

phylogenetic analyses, suggested that the spillover event likely happened during the 381 

2018/19 human influenza season since the NES virus closely matches the 382 

contemporaneously circulating human A/(H1N1)pdm09 6B.1A.1 subclade. This clade 383 
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derived from the main clade 6B.1, or the A/Michigan/45/2015 vaccine virus relative 384 

clade. Since spring 2019, several genetic subclades within the 6B.1 clade were defined 385 

by specific amino acid substitutions in the HA and a new clade designated as 6B.1A 386 

became dominant. The 6B.1A clade contributed to a peak of influenza cases in humans 387 

in the 2018/19 season, where A/(H1N1)pdm09 represented 28% of cases [24]. After 388 

emergence of clade 6B.1A, many additional virus subclades that emerged encode a 389 

range of the HA amino acid substitutions, which were then assigned to 6B.1A1 - 6B.1A7 390 

[16]. While the spillover event and intermediate infection chains are not discernable, the 391 

finding that A/Northern elephant seal/California/ES4506NS/2019(H1N1) genetically 392 

matches the 2019 human 6B.1A.1 subclade in North America suggests that the spillover 393 

event occurred in the same influenza season, consistent with the tMRCA analysis. 394 

Subclade 6B.1A.1 viruses are characterized by S183P in HA, a mutation that occurs via 395 

mouse adaptation of A/(H1N1)pdm09 viruses, and may enhance receptor binding to 396 

bronchial α-2,3 sialic acid (SA)-linked receptors at the expense of decreased binding to 397 

α2,6 SA-linked receptors [25]. Whether this mutation contributed mechanistically to the 398 

observed spillover and infection of NES with 6B.1A.1 A/(H1N1)pdm09 in the 2018/19 399 

human influenza season is not known. 400 

 401 

The mechanism(s) by which IAV is transmitted from humans into pinnipeds is also 402 

unclear. Generally, there are three main routes of influenza virus transmission: airborne, 403 

large droplets, and contact (direct and indirect contact) [26]. Notably, influenza 404 

A(H1N1)pdm09 virus has been detected in stool samples with positive viral culture from 405 

hospitalized human patients, suggesting viable shedding of the virus through feces  406 

[27]. In this study, exposure of the NES to human A(H1N1)pdm09 virus could have 407 

occurred through feces discharged from sewage-dumping ships, urban run-off, or on-408 
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shore exposure to another IAV reservoir also infected with human H1N1, including other 409 

seals or waterbirds. The tMRCA between the NES sequence and the closest human 410 

sequence (A/Pennsylvania/541/2018) was estimated at November 19, 2018 (ranging 411 

between October and December 2018) suggesting that the cross-species spillover likely 412 

happened during this timeframe.  413 

 414 

In summary this study provides evidence of continued cross species transmission of 415 

pandemic influenza A virus from humans to free-ranging pinnipeds on the shores of 416 

California. 417 

 418 
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A

B

Northern elephant seal Pacific harbor seal California sea lion

2018 42 (56/135) 0 (0/29) 6 (17/267)
2019 54 (74/137) 6 (3/55) 21 (36/170)

Chi-square p>0.05 p>0.05 p=0.04
Age class

Weaner and pup 49 (130/264) 2(2/83) 16 (16/99)
Juvenile, yearling, 

and adult 0 (0/8) 100 (1/1) 11 (37/338)

Northern elephant seal Pacific harbor seal California sea lion

2018 85 (25/29) nd nd
2019 93 (34/37) 50 (1/2) nd

ELISA

HI

Species
Year Assay

2018 
and 
2019

% animals with detectable antibody (number positive/total)

% animals with detectable antibody (number positive/total)
Species

Year Assay
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