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Materials and Methods 

Case history. A four-year-old male, neutered domestic medium-hair cat, became ill on December 

7, 2020 subsequent to a presumed exposure to a human household member who became ill on 

December 4 and was antigen test positive for SARS-CoV-2 on December 5. The owner reported 

that on December 7, the cat’s appetite decreased which was followed by lethargy beginning 

December 11 and then respiratory distress beginning December 13. The second household 

member also tested positive for SARS-CoV-2 by rRT-PCR. Due to the progressive and severe 

respiratory disease, the owner elected for humane euthanasia of the animal on December 15. 

Two other pets (a cat and a dog) in the same household did not develop any clinical signs. No 

further testing was performed in these animals.   

 

Diagnostic investigation. A full necropsy was performed on the animal. Following euthanasia, 

the body was immediately refrigerated and the necropsy was performed 72 hours after 

euthanasia. Despite the post-mortem interval, the carcass had mild postmortem autolysis. The 

body condition was good, with adequate deposits of adipose tissue in the sub cutis and 

abdominal cavity. A fragment of right cranial lung lobe was submitted to microbiology for 

aerobic culture Swabs from the nasal cavity, oropharynx, trachea and rectum were collected in 

phosphate buffer-saline solution, as well as fresh samples of lung, heart, liver, spleen, kidney and 

small intestine were frozen and submitted to the Animal Health Diagnostic Center, Cornell 

University for real-time reverse transcriptase PCR (rRT-PCR) testing for SARS-CoV-2 and PCR 

and virus isolation for other common feline respiratory pathogens. Samples of nasal turbinate, 

trachea, thyroid gland, lung, heart, diaphragm, liver, spleen, pancreas, adrenal gland, kidney, 

urinary bladder, esophagus, stomach, small intestine, mesenteric lymph node, cecum, colon and 

whole brain were collected for histopathology. All tissues were fixed in 10% neutral buffered 

formalin, pH 7.2, for 48 hours and processed by routine histological methods to obtain 5 µm 

thick, hematoxylin and eosin stained sections. Sections of the lung were additionally analyzed 

with PTAH stain. 

 

SARS-CoV-2 and feline respiratory rRT-PCRs. Total nucleic acid was extracted from clinical 

samples (respiratory secretions and tissues) using the the MagMax Core extraction kit (Thermo 

Fisher, Waltham, MA, USA) and the automated KingFisher Flex nucleic acid extractor (Thermo 

Fisher) as previously described (1). The rRT-PCRs were performed using the EZ-SARS-CoV-2 

real-time PCR assay following the manufacturer’s instructions (Tetracore Inc., Rockville, MD). 

This assay detects both genomic and subgenomic viral RNA for increased diagnostic sensitivity. 

An internal inhibition control was included in all reactions and positive and negative 

amplification controls were run with test samples. All RNA extractions and RT-rPCR were 

performed at the Cornell Animal Health Diagnostic Center (AHDC). 

 The respiratory swab specimens were also subjected to diagnostic testing for other 

common feline respiratory pathogens, including Bordetella sp., Chlamydia felis, Mycoplasma 

cynos, Mycoplasma felis, Streptococcus equi. ssp zooepidemicus, Influenza virus, pneumovirus, 

feline calicivirus and feline herpesvirus at the Cornell AHDC.  

 

Virus isolation and titrations. Nasal, oropharyngeal, tracheal and rectal swabs and tissues (lung, 

heart, kidney liver, spleen and small intestine) collected at necropsy and that tested positive for 

SARS-CoV-2 by rRT-PCR were subjected to virus isolation under biosafety level 3 conditions at 

the Cornell Animal Health Diagnostic Center (AHDC). Twenty-four well plates were seeded 
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with ~75,000 Vero E6/TMPRSS2 cells per well 24 h prior to sample inoculation. Cells were 

rinsed with phosphate buffered saline (PBS) (Corning®) and inoculated with 150 µl of each 

sample and inoculum adsorbed for 1 h at 37 °C with 5% CO2. Mock-inoculated cells were used 

as negative controls. After adsorption, cells were rinsed with PBS and replacement cell culture 

media (Dulbecco’s modified eagle medium [DMEM], supplemented with 10% fetal bovine 

serum [FBS], L-glutamine [2mM], penicillin [100 U.mL−1], streptomycin [100 μg.mL−1] and 

gentamycin [50 μg.mL−1]) was added, and cells were incubated at 37 °C with 5% CO2 and 

monitored daily for viral cytopathic effect (CPE) for 3 days. Cell cultures with no CPE were 

frozen, thawed, and subjected to two additional blind passages/inoculations in Vero 

E6/TMPRSS2 cell cultures. Cell cultures presenting viral CPE and those negative at the end of 

the third passage were subjected to an immunofluorescence assay (IFA) as follows. At 24 h post-

inoculation, cells were fixed with 3.7% formaldehyde for 30 min at room temperature, 

permeabilized with 0.1% Triton X-100 (in PBS) and subjected to IFA using a rabbit polyclonal 

antibody specific for SARS-CoV-2 nucleoprotein (N) and a mouse monoclonal antibody specific 

for the S2 subunit of the spike protein (clone DL153-19). Cells were incubated with the N and 

S2-specific antibodies for 1 h at room temperature (rt), followed by 1 h at rt incubation with a 

goat anti-rabbit IgG (goat anti-rabbit IgG, Alexa Fluor® 488), and a goat anti-mouse IgG 

secondary antibody (goat anti-mouse IgG, Alexa Fluor® 594), then, and Nuclear counterstain 

was performed with DAPI and visualized under a fluorescence microscope. 

 

Virus isolation positive samples were subjected to end point titrations by limiting dilution 

using the Vero E6/TMPRSS2 cells. For this, the original sample or tissue homogenate (10% w/v 

solution) was serially diluted in DMEM (10-fold dilutions) and individual dilutions were 

inoculated into Vero E6/TMPRSS2 culture in 96-well plates. At 48h post-inoculation cells were 

fixed and subjected to IFA using the SARS-CoV-2 N-specific polyclonal antibody as described 

above. Virus titers were determined based on fluorescence positive wells using the Spearman and 

Karber’s method and expressed as TCID50.ml-1. 

 

In situ hybridization. Formalin-fixed paraffin-embedded (FFPE) tissues were used to detect 

SARS-CoV-2 RNA using a 20-pair oligonucleotide probe targeting the S gene of Wuhan Hu-1 

(NC_045512.2; Advanced Cell Diagnostics catalog no. 848561). A probe targeting feline host 

protein peptidylprolyl isomerase B (PPIB) was used as a positive control (Advanced Cell 

Diagnostics catalog no. 455011). A probe targeting DapB gene from Bacillus subtilis strain SMY 

was used as a negative control (Advanced Cell Diagnostics catalog no. 310043) (Fig. S2A). The 

in situ hybridization assay was performed using RNAscope 2.5 HD Detection Kit Red according 

to the manufacturer’s instructions (Advanced Cell Diagnostics catalog no. 320751). 

 

Immunohistochemistry. Immunohistochemical staining for SARS-CoV-2 was performed using 

Vectastain Elite ABC Peroxidase (HRP) Kit (Vector Laboratories catalog no. PK-6102). 

Formalin-fixed paraffin-embedded (FFPE) tissues were deparaffinized with xylene and 

rehydrated through a series of graded alcohol solutions. Antigen unmasking was performed using 

Tris-based antigen unmasking solution (pH 9.0) by boiling the slides in the unmasking solution 

for 15 minutes (Vector Laboratories, catalog no. H-3301). Quenching of endogenous peroxidase 

was performed using 0.3% hydrogen peroxide solution (Abcam catalog no. ab64218). A mouse 

monoclonal antibody targeting nucleoprotein (N) of SARS-CoV-2 (developed in Dr. Diel’s 

laboratory) was used was a primary antibody (SARS-CoV-2 NP mAb clone B6G11). For SARS-
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CoV-2 detection, tissue sections were incubated with anti-mouse biotinylated secondary 

antibody followed by incubation with the Vectastain Elite ABC HRP reagent. Finally, tissues 

sections were incubated with Vector DAB peroxidase substrate (3,3’ –diaminobenzidine) with 

nickel to produce grey-black reaction product (Vector Laboratories catalog no. SK-4100). 

Counterstaining was performed using Hematoxylin QS Counter stain solution (Vector 

Laboratories catalog no. H-3404). Tissues from the uninfected cat were used a negative control 

(Fig S2B).  

To characterize the inflammatory infiltrate of the lung and trachea, 

immunohistochemistry for Pancytokeratin (Roche diagnostics, ready to use), Iba-1 (Rabbit, 

1:1000, Wako, Osaka, Japan), CD3 (Rabbit, 1:100, Dako, Trappes, France) and CD79a (Mouse, 

1:50, Santa Cruz) was performed following Standard operating procedures at ViTALS using a 

BenchMark Ultra IHC/ISHsystem (Roche, Basel, Switzerland). All reactions were detected with 

Ultraview red detection kit (Roche Diagnostics, Indianapolis, United States) and counterstained 

with Mayer’s hematoxylin following the manufacturer instructions. 

 

Transmission electron microscopy. Heart samples were collected from the left ventricle and 

fixed in 10% neutral buffered formalin. For electron microscopy, samples were trimmed into 

1mm cubes with a secondary fixation in 3% glutaraldehyde in phosphate buffer, followed by 

postfixation in 2% osmium tetroxide, dehydration in a graded ethanol series, and embedded in 

epoxy resin. Ultrathin sections (70-80 nm) were stained with alcoholic uranyl acetate and lead 

citrate and examined with a JEOL JEM-1400 transmission electron microscope at an accelerating 

voltage of 80kV. Digital images were obtained using a Gatan Orius SC1000 Model 832 CCD 

digital camera with Gatan Microscopy Suite Digital Micrograph software.  

 

Whole genome sequencing and phylogenetic analysis. Whole genome sequencing (WGS) of 

SARS-CoV-2 was performed directly on respiratory secretions and on feces from the affected cat 

as previously described (2). For this nucleic acid extracted from the nasal, tracheal, 

oropharyngeal, and rectal swabs from the affected animal was subjected to MinION-based 

targeted SARS-CoV-2 WGS. A multiplex RT-PCR was developed following the amplicon-based 

approach used by the ARTIC Network for sequencing SARS-CoV-2 (https://artic.network/ncov-

2019). Forty custom primers were designed using Primer3 (3) using the Geneious Prime 2019 

software (https://www.geneious.com). Each primer set, targeted approximately 1500bp long 

products with 100bp overlaping amplicons and covering the entire SARS-CoV-2 genome. First-

strand cDNA synthesis was performed with the Super Script IV First-Strand Synthesis System 

(ThermoFisher) using 11 μl of RNA and 1 μl of random hexamer primers at 50 μM. An initial 

denaturation step was carried out at 65°C for 5 min and samples were placed on ice for at least 1 

min. After adding the cDNA synthesis mix, the mixture was incubated at 23°C for 10 min, 50°C 

for 10 min, 55°C for 10 min and 10 min at 80°C. Then 2.5 µl cDNA was added in 2 separate 

PCR reactions with Q5 High-Fidelity 2X Master Mix (New England Biolabs). The PCR 

amplification conditions used were as follows: 30 s at 98°C, then 40 cycles of 94°C for 10 s, 

60°C for 1:30 min, and 72°C for 3 min, with a final extension at 72°C for 2 min. Libraries were 

generated using the Native Barcode Kit, EXP-NBD104, Ligation Sequencing Kit, SQK-SQK109 

(Oxford Nanopore Technologies) and sequenced on a R9.4 flow cell for 6 hours.  

Raw reads were basecalled and demultiplexed with the MinIT device (Oxford Nanopore 

Technologies). NanoFilt (4) was used for filtering reads by quality, size filtering and to remove 

primer sequences from the ends of reads. Reads were assembled using the ARTIC nCoV-2019 
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Nanopore bioinformatics pipeline (https://artic.network/ncov-2019/ncov2019-bioinformatics-

sop.html) with Medaka (https://github.com/nanoporetech/medaka) variant calling. Samples with 

< 27,000 bases called were excluded from further analysis. Consensus sequences, along with a 

previously generated sequence of the inoculum isolate and the Wuhan-Hu-1 reference genome 

(NC_045512.2) were aligned using mafft v. 7.453 and a phylogenetic tree was built using the 

GTR-Gamma model in RAxML v. 8.2.9. VCF files were manually inspected at variable 

positions in the alignment in order to assess the presence of minor variants. 
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Fig. S1. 

Phylogenetic placement of SARS-CoV-2 from infected cat. Phylogenetic tree with branches 

scaled by genetic divergence, with SNPs and amino acid changes labeled on branches leading to 

the cat sample. Additional sequences, labeled by their state of origin were selected by genetic 

proximity to the cat sequence from the pool of sequences matching the pangolin B.1.240 lineage. 

Wuhan/Hu-1/2019 and Wuhan/WH01/2019 were included for rooting. Full names of the 

included sequences are given in Table S1. 

 



 

 

7 

 

 

Fig. S2. 

In situ hybridization and immunohistochemistry controls. (A) In situ hybridization: left top 

panel, probe targeting DapB gene from Bacillus subtilis strain SMY was used as a negative 

control (Advanced Cell Diagnostics catalog no. 310043); right top panel, probe targeting feline 

host protein peptidylprolyl isomerase B (PPIB) was used as a positive control (Advanced Cell 

Diagnostics catalog no. 455011); bottom panel, tissue from the SARS-CoV-2 cat probed with the 

S-gene probe. (B) Immunohistochemestry: left panel, negative cat control lung tissue incubated 

with SARS-CoV-2 mAb N-specific mAb B6G11; right panel, positive cat control lung tissue 

incubated with SARS-CoV-2 mAb N-specific mAb B6G11. 
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Table S1. 

SARS-CoV-2 sequences used for phylogenetic reconstruction and alias used in the phylogenetic 

tree in Fig. S1. 

Alias Strain  Alias Strain 

NY-1 USA/NY-MSHSPSP-PV17829/2020  AZ-7 USA/AZ-TG483516/2020 
OR-1 USA/OR-OHSU-4261/2020  AZ-8 USA/AZ-TG446877/2020 
OR-2 USA/OR-OHSU-4398/2020  AZ-9 USA/AZ-TG448671/2020 
OR-3 USA/OR-OHSU-4788/2020  AZ-10 USA/AZ-TG487122/2020 
OR-4 USA/OR-OHSU-3793/2020  AZ-11 USA/AZ-TG426533/2020 
OR-5 USA/OR-OHSU-4163/2020  AZ-12 USA/AZ-TG493886/2020 
OR-6 USA/OR-OHSU-4154/2020  AZ-13 USA/AZ-TG569483/2020 
OR-8 USA/OR-OHSU-6566/2020  AZ-14 USA/AZ-TG486581/2020 
OR-9 USA/OR-OHSU-5320/2020  AZ-15 USA/AZ-TG493898/2020 
OR-10 USA/OR-OHSU-5309/2020  AZ-16 USA/AZ-TG602442/2020 
OR-11 USA/OR-OHSU-3965/2020  AZ-17 USA/AZ-TG486899/2020 
OR-12 USA/OR-OHSU-4441/2020  IL-1 USA/IL-IDPH-I-000292/2020 
AK-1 USA/AK-PHL597/2020  IL-2 USA/IL-IDPH-MAC-S-0001352/2020 
WA-2 USA/WA-S3255/2020  DE-2 USA/DE-CDC-2-3713992/2020 
WA-4 USA/WA-S4667/2020  DE-3 USA/DE-CDC-2-3713979/2020 
WA-5 USA/WA-S4406/2020  SC-1 USA/SC-CDC-2-3714351/2020 
WA-6 USA/WA-S5020/2020  MD-1 USA/MD-MDH-0372/2020 
WA-7 USA/WA-S3302/2020  ME-1 USA/ME-HETL-J0300/2020 
WA-8 USA/WA-S5022/2020  WA-1 USA/WA-UW-23609/2020 
WA-9 USA/WA-S4409/2020  WA-3 USA/WA-UW-31214/2020 
WA-10 USA/WA-S4127/2020  WA-17 USA/WA-UW-32819/2020 
WA-11 USA/WA-S4010/2021  WA-21 USA/WA-UW-60665/2021 
WA-12 USA/WA-S4017/2021  NV-1 USA/NV-CDC-LC0005839/2021 
WA-13 USA/WA-S4011/2021  VA-7 USA/VA-CDC-LC0006004/2021 
WA-14 USA/WA-S3608/2020  WA-18 USA/WA-CDC-LC0013210/2021 
WA-15 USA/WA-S4408/2020  WA-22 USA/WA-CDC-LC0013201/2021 
WA-16 USA/WA-S4128/2020  DC-1 USA/DC-CDC-LC0000359/2020 
WA-19 USA/WA-S4753/2021  OR-7 USA/OR-CDC-2-3693586/2020 
WA-20 USA/WA-S4373/2021  IL-3 USA/IL-NM-1708/2020 
WA-23 USA/WA-S5046/2020  IL-4 USA/IL-NM-4753/2020 
WA-24 USA/WA-S3937/2021  CA-1 USA/CA-ALSR-3879/2020 
WA-25 USA/WA-S4046/2021  VA-1 USA/VA-DCLS-1647/2020 
UT-1 USA/UT-UPHL-2009714/2020  VA-2 USA/VA-DCLS-1716/2020 
UT-2 USA/UT-UPHL-2012051821/2020  VA-3 USA/VA-DCLS-1735/2020 
SC-2 USA/SC-DHEC-0007/2020  VA-4 USA/VA-DCLS-1713/2020 
DE-1 USA/DE-DHSS-F1006556/2020  VA-5 USA/VA-DCLS-1683/2020 
AZ-1 USA/AZ-TG517518/2020  VA-6 USA/VA-DCLS-1744/2020 
AZ-2 USA/AZ-TG532109/2020  VA-8 USA/VA-DCLS-1714/2020 
AZ-3 USA/AZ-TG532103/2020  VA-9 USA/VA-DCLS-1724/2020 
AZ-4 USA/AZ-TG491777/2020  WH01 Wuhan/WH01/2019 
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AZ-5 USA/AZ-TG403434/2020  Hu-1 Wuhan/Hu-1/2019 
AZ-6 USA/AZ-TG490896/2020    
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Table S2. 

References and acknowledgements for the SARS-CoV-2 sequences used in phylogenetic 

analysis.  

Author n  
publication 
title 

publication 
URL 

strains 

Weijun Chen 
et al 

1 

Genomic 
characterisati
on and 
epidemiology 
of 2019 novel 
coronavirus: 
implications 
for virus 
origins and 
receptor 
binding 

https://dx.doi.
org/10.1016/S
0140-
6736(20)3025
1-8 

Wuhan/WH01/2019 

Zhang et al 1 

A new 
coronavirus 
associated 
with human 
respiratory 
disease in 
China 

https://dx.doi.
org/10.1038/s
41586-020-
2008-3 

Wuhan/Hu-1/2019 

Jolene 
Bowers et al 

1
7 

unknown unknown 

USA/AZ-TG517518/2020, USA/AZ-TG532109/2020, 
USA/AZ-TG532103/2020, USA/AZ-TG491777/2020, 
USA/AZ-TG403434/2020, USA/AZ-TG490896/2020, 
USA/AZ-TG483516/2020, USA/AZ-TG446877/2020, 
USA/AZ-TG448671/2020, USA/AZ-TG487122/2020, 
USA/AZ-TG426533/2020, USA/AZ-TG493886/2020, 
USA/AZ-TG569483/2020, USA/AZ-TG486581/2020, 
USA/AZ-TG493898/2020, USA/AZ-TG602442/2020, 
USA/AZ-TG486899/2020 

SEARCH 
Alliance San 
Diego with 
Tracy Basler 
et al 

1 unknown unknown USA/CA-ALSR-3879/2020 

Pavitra 
Roychoudhur
y et al 

4 unknown unknown 
USA/WA-UW-23609/2020, USA/WA-UW-
31214/2020, USA/WA-UW-32819/2020, USA/WA-
UW-60665/2021 

Keith 
Gagnon et al 

2 unknown unknown 
USA/IL-IDPH-I-000292/2020, USA/IL-IDPH-MAC-S-
0001352/2020 

Erin L. Young 
et al 

2 unknown unknown 
USA/UT-UPHL-2009714/2020, USA/UT-UPHL-
2012051821/2020 
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Chen J et al 
with 
Pathogenomi
cs group 
Dagdag R et 
al 

1 unknown unknown USA/AK-PHL597/2020 

Ramon 
Lorenzo-
Redondo et 
al 

2 unknown unknown USA/IL-NM-1708/2020, USA/IL-NM-4753/2020 

Matluk et al 1 unknown unknown USA/ME-HETL-J0300/2020 

Peter W. 
Cook et al 

5 unknown unknown 

USA/NV-CDC-LC0005839/2021, USA/DC-CDC-
LC0000359/2020, USA/VA-CDC-LC0006004/2021, 
USA/WA-CDC-LC0013210/2021, USA/WA-CDC-
LC0013201/2021 

Virginia DCLS 
et al 

8 unknown unknown 

USA/VA-DCLS-1647/2020, USA/VA-DCLS-
1716/2020, USA/VA-DCLS-1735/2020, USA/VA-
DCLS-1713/2020, USA/VA-DCLS-1683/2020, 
USA/VA-DCLS-1744/2020, USA/VA-DCLS-
1714/2020, USA/VA-DCLS-1724/2020 

Gregory 
Hovan et al 

1 unknown unknown USA/DE-DHSS-F1006556/2020 

Krista Queen 
et al 

3 unknown unknown 
USA/SC-CDC-2-3714351/2020, USA/DE-CDC-2-
3713992/2020, USA/DE-CDC-2-3713979/2020 

Flores et al 1 unknown unknown USA/SC-DHEC-0007/2020 
Ana S. 
Gonzalez-
Reiche et al 

1 unknown unknown USA/NY-MSHSPSP-PV17829/2020 

Maryland 
Department 
of Health 
Laboratories 
Administrati
on et al 

1 unknown unknown USA/MD-MDH-0372/2020 

Deborah A. 
Nickerson et 
al 

1
9 

unknown unknown 

USA/WA-S3255/2020, USA/WA-S4667/2020, 
USA/WA-S4406/2020, USA/WA-S5020/2020, 
USA/WA-S3302/2020, USA/WA-S5022/2020, 
USA/WA-S4409/2020, USA/WA-S4127/2020, 
USA/WA-S4010/2021, USA/WA-S4017/2021, 
USA/WA-S4011/2021, USA/WA-S3608/2020, 
USA/WA-S4408/2020, USA/WA-S4128/2020, 
USA/WA-S4753/2021, USA/WA-S4373/2021, 
USA/WA-S5046/2020, USA/WA-S3937/2021, 
USA/WA-S4046/2021 
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Brendan L. 
O'Connell et 
al 

1
1 

unknown unknown 

USA/OR-OHSU-4261/2020, USA/OR-OHSU-
4398/2020, USA/OR-OHSU-4788/2020, USA/OR-
OHSU-3793/2020, USA/OR-OHSU-4163/2020, 
USA/OR-OHSU-4154/2020, USA/OR-OHSU-
6566/2020, USA/OR-OHSU-5320/2020, USA/OR-
OHSU-5309/2020, USA/OR-OHSU-3965/2020, 
USA/OR-OHSU-4441/2020 

Queen et al 1 unknown unknown USA/OR-CDC-2-3693586/2020 
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