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Materials and Methods 

Facility, Ethics, and Biosafety statement 

All experiments with infectious SARS-CoV-2 were performed in the biosafety level 

4 and animal biosafety level 4 facilities in the Harbin Veterinary Research Institute 

(HVRI) of the Chinese Academy of Agricultural Sciences (CAAS), which is approved 

for such use by the Ministry of Agriculture and Rural Affairs of China. The animal 

studies were carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the Ministry of Science and Technology of 

the People’s Republic of China. The protocols were approved by the Committee on the 

Ethics of Animal Experiments of the HVRI of CAAS (Approval number 2020-01-01JiPi). 

All experiments were conducted within the biosafety level 4 (P4) facilities in the 

Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of Agricultural 

Sciences (CAAS), which was completed in 2015 and accredited by the China National 

Accreditation Service for Conformity Assessment in 2018. Handling of SARS-CoV-2 

was approved by the Ministry of Agriculture and Rural Affairs of China on January 22, 

2020 and by the National Health Commission of China on January 31, 2020. All 

activities inside the P4 labs are monitored by trained guards via video cameras. Only 

authorized personnel that have received appropriate training can access the P4 facility. 

Experienced personnel work in pairs in the facilities. Our staff wear powered air-

purifying respirators that filter the air, and disposable coveralls (fig. S10A) when they 

culture the virus and handle animals (ferrets and cats) that are in isolators, and wear full 

body, air-supplied, positive pressure suits (fig. S10B) when they perform studies 

involving the use of dogs, pigs, chickens, and ducks, which are kept in a room (not in 

isolators); the researchers are disinfected before they leave the room and then shower on 

exiting the facility. The facility is secured by appropriate procedures approved by the 

HRVI institutional biosafety officers. All facilities, procedures, training records, safety 

drills, and inventory records are subject to periodic inspections and ongoing oversight by 

the institutional biosafety officers who consult frequently with the facility managers. The 

research program, procedures, occupational health plan, security, and facilities are 

reviewed annually by a Ministry of Agriculture and Rural Affairs official 

 

Cells  

Vero-E6 cells were obtained from ATCC (ATCC CRL-1586) and maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) 

and antibiotics and incubated at 37°C with 5% CO2. 

 

Virus  

SARS-CoV-2 strain BetaCoV/Wuhan/IVDC-HB-01/2019 (C-Tan-HB01) (GISAID 

accession no. EPI_ISL_402119) [formally designated as SARS-CoV-

2/CTan/human/2019/Wuhan (CTan-H) in this study] was isolated from a human patient 

(2) and SARS-CoV-2 strain BetaCoV/Wuhan/IVDC-HB-envF13-20/2020 (F13) 

(GISAID accession no. EPI_ISL_408514) [formally designated as SARS-CoV-

2/F13/environment/2020/Wuhan(F13-E) in this study] was isolated from an 

environmental sample collected in Huanan seafood market, Wuhan. The two viruses 

differ in two nucleotides in their non-coding region: CTan-H bears 15C and 48C, whereas 
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F13-E bears 15T and 48A. Viral stocks were prepared in Vero E6 cells with DMEM 

containing 2% FBS, 5 ug/ml TPCK-trypsin, and 30 mmol/L MgCl2. Viruses were 

harvested and the titers were determined by means of plaque assay in Vero E6 cells. 

 

qPCR 

To quantitate the viral RNA copies in the samples collected from the animals, viral 

RNA was extracted by using a QIAamp vRNA Minikit (Qiagen, Hilden, Germany). 

Reverse transcription was performed by using the HiScript® II Q RT SuperMix for 

qPCR (Vazyme, Nanjing, China). qPCR was conducted by using the Applied 

Biosystems® QuantStudio® 5 Real-Time PCR System (Thermo Fisher Scientific, 

Waltham, MA, USA) with Premix Ex Taq™ (Probe qPCR), Bulk (TaRaKa, Dalian, 

China). The N gene-specific primers (forward, 5’- GGGGAACTTCTCCTGCTAGAAT-

3’; reverse, 5’-CAGACATTTTGCTCTCAAGCTG-3’) and probe (5’-FAM-

TTGCTGCTGCTTGACAGATT-TAMRA-3’) were utilized according to the information 

provided by the National Institute for Viral Disease Control and Prevention, China 

(http://nmdc.cn/nCoV). The amount of vRNA for the target SARS-CoV-2 N gene was 

normalized to the standard curve obtained by using a plasmid (pBluescriptⅡSK-N, 4,221 

bp) containing the full-length cDNA of the SARS-CoV-2 N gene. 

 

ELISA  

Antibodies against SARS-CoV-2 were detected by using a Double Antigen 

Sandwich ELISA Kit (ProtTech, Luoyang, China) according to the manufacturer’s 

instructions. Briefly, 100 μL of sera were added to an antigen-precoated microtiter plate 

and incubated at 37 °C for 30 min. Plates were then washed 5 times with PBST, and 

incubated with HRP-conjugated antigen at 37 °C for 30 min. Plates were washed 5 times 

with PBST, and 100 μL of substrate solution was added to enable colorimetric analysis. 

The reaction was stopped by adding 50 μL of stop buffer, and optical density (OD) was 

measured at 450 nm. OD450 value greater than 0.2 is considered positive for 

seroconversion according to the manufacturer’s instructions. 

 

Animal studies 

    Randomization and blinding were not used for the allocation of animals to 

experimental groups. The number of animals used in each study was similar as reported 

in previous publications (20, 22, 33, 34) or was determined by following the “minimum-

quantity-principle” in our protocol. All of the animal studies were performed for one time, 

and the biological replicates (number of animals used in each experiment) were indicated 

in detail below. 

 

Ferret Study  

Three- to four-month-old female ferrets (Wuxi Cay Ferret Farm, Wuxi, China) were 

used in this study. Groups of five ferrets were anesthetized with Zoletil 50 (Virbac, 

Carros, France) and inoculated intranasally with 105 plaque forming unit (PFU) of SARS-

CoV-2 CTan-H or F13-E in a volume of 1 mL and each ferret was housed in a separate 

cage inside an isolator (20, 22, 33, 34). Two ferrets from each group were euthanized on 

day 4 post-inoculation (p.i.) and their organs and tissues, including lungs, tracheas, nasal 

turbinates, soft palates, brains, hearts, tonsils, kidneys, spleens, livers, pancreas, and 

http://nmdc.cn/nCoV)
http://nmdc.cn/nCoV)
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small intestines, were collected for viral RNA and virus detection. Nasal washes and 

rectal swabs were collected from the other three ferrets on days 2, 4, 6, 8, and 10 p.i. for 

viral RNA and virus detection. Body weights and body temperature were monitored 

every other day. The ferrets were scheduled to be euthanized on day 20 p.i. to assess 

them for antibodies against SARS-CoV-2 by using the Double Antigen Sandwich ELISA 

kit (ProtTech, Luoyang, China) and by use of a neutralization assay. 

Eight ferrets were also inoculated intratracheally with 105 PFU of CTan-H. On days 

2, 4, 8, and 14 p.i., two ferrets were each euthanized, and their organs were collected for 

virus detection. 

 

Cat study 

Male/female mixed ten outbred domestic juvenile cats (aged 70–100 days) and ten 

outbred subadult cats (aged 6–9 months), obtained from the National Engineering 

Research Center of Veterinary Biologics CORP. (Harbin, China) were used in this study. 

To evaluate the replication of SARS-CoV-2, four juvenile cats and four subadult cats 

were intranasally inoculated with 105 PFU of CTan-H. Two cats of each age group were 

euthanized on day 3 p.i. and day 6 p.i., respectively. Organs and tissues were collected 

for viral RNA detection, virus titration in Vero E6 cells, and histological studies. 

To investigate the transmissibility of SARS-CoV-2 in cats, six cats (three subadult 

and three juvenile) were anesthetized with Zoletil 50 and inoculated intranasally with 105 

PFU of CTan-H. Each animal was housed in a specially designed cage inside an isolator 

(20, 22, 33, 34), the schematic presentation of the isolator and cages are shown in Figure 

S10. Twenty-four hours later, a similar-aged naive cat was placed in an adjacent cage (4 

cm away), separated by a double-layered net divider (fig. S10C). The ambient conditions 

were set at 20–22℃and 30%–40% relative humidity. The airflow in the isolator was 

horizontal with a speed of 0.1 m/s; the airflow direction was from the inoculated animals 

to the exposed animals. Feces were collected on days 3, 5, 7, and 9 p.i. from the subadult 

cats, and nasal washes were collected from the juvenile cats on days 2, 4, 6, 8 and 10 p.i. 

for viral RNA detection. One pair and two pairs of the subadult cats were euthanized on 

days 11 and 12 p.i., respectively, and their organs, including lungs, tracheas, nasal 

turbinates, soft palates, tonsils, brains, hearts, submaxillary lymph nodes, kidneys, 

spleens, livers, pancreas, and small intestines, were collected for viral RNA detection. 

Animals were anesthetized during the process of the nasal wash or blood collection, and 

exposed animals were always handled first. Sera were collected from subadult cats on the 

days they were euthanized, and sera were collected from the juvenile cats on days 10 and 

20 p.i. Antibodies against SARS-CoV-2 were detected by using the Double Antigen 

Sandwich ELISA kit (ProtTech, Luoyang, China) and a neutralization assay. 

 

Dog, pig, chicken, and duck study 

To access the susceptibility of dogs, pigs, chickens, and ducks to SARS-CoV-2, 

three-month-old beagles (Kangping Institute, Shenyang, China), male/female mixed 40-

day-old specific-pathogen-free (SPF) Landrace and Large White pigs (HVRI, Harbin, 

China), 4-week-old specific-pathogen-free (SPF) White Leghorn chickens (HVRI, Harbin, 

China), and 4-week-old SPF ducks (Shaoxin ducks, a local bred) (HVRI, Harbin, China) 

were used in this study. 
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Five animals of each species were intranasally inoculated with 105 PFU (dogs and 

pigs) or 104.5 PFU (chickens and ducks) of CTan-H, and two (dogs) or three (pigs, 

chickens, ducks) uninfected animals were housed in the same room with their infected 

counterparts to monitor the transmission of CTan-H. Oropharyngeal and rectal swabs 

from all animals were collected every other day for viral RNA detection. One beagle was 

viral RNA positive by its rectal swab on day 2 p.i. and was euthanized on day 4 p.i.; its 

organs, including nasal turbinates, soft palates, tonsils, tracheas, lungs, brains, hearts, 

kidneys, spleens, livers, pancreas, and small intestines, were collected for viral RNA 

detection by qPCR. Sera were collected from all remaining animals on day 14 p.i., and 

antibodies against SARS-CoV-2 were detected by using a Double Antigen Sandwich 

ELISA kit (ProtTech, Luoyang, China). 

 

Plaque reduction neutralization test  

SARS-CoV-2 CTan-H strain (100 PFU) was incubated with two-fold serial dilutions 

of sera for 1 h at 37°C. A plaque assay was then performed in Vero E6 cells with the 

neutralization mixtures. Neutralizing antibody titers were calculated as the maximum 

serum dilution yielding a 50% reduction in the number of plaques relative to control 

serum prepared from uninfected animals. 

 

Histological study  

Tissues of animals were fixed in 10% neutral-buffered formalin, embedded in 

paraffin, and cut into 4-µm sections. The sections were stained with hematoxylin-eosin 

(H&E) or used in immunohistochemical (IHC) assays. The sections used for 

immunohistochemistry were dewaxed in xylene and hydrated through a series of 

descending concentrations of alcohol to water. For viral antigen retrieval, sections were 

immersed in citric acid/sodium citrate solution at 121 °C for 15 minutes. After cooling, 

the sections were treated with 3% hydrogen peroxide for 30 minutes to remove 

endogenous peroxidase activity and blocked with 8% skim milk to reduce nonspecific 

binding. After three 5-minute washes in TBS, the sections were incubated with rabbit 

anti-SARS-CoV-2 nucleoprotein monoclonal antibody (1:500; Frdbio. Wuhan, China; 

catalog number: nCov-N-rmAb) in 8% skim milk at 4 °C overnight. The sections were 

then washed again with TBS and incubated with anti-rabbit IgG (whole molecule)-HRP 

(1:600, Sigma-Aldrich, catalog number: A-9169) at room temperature for 60 minutes. 

The immunostaining was visualized with DAB and counterstained with hematoxylin. 

 

Virus attachment study 

Attachment of SARS-CoV-2 virus to lung tissues of ferrets were tested as described 

previously with H5N1 influenza virus (35), with slight modification. Neutral buffered 

formalin-fixed health ferret lungs were processed into paraffin-embedded tissue sections. 

After dewaxing with xylene and hydrating with alcohol, β-propiolactone inactivated 

SARS-CoV-2 at a concentration of 5×107 PFU/ml was added to sections and incubated at 

4 °C overnight. After extensive washing in triethanolamine-buffered saline (TBS) buffer, 

sections were incubated with mouse serum anti recombinant SARS-CoV-2 S protein and 

then HRP-conjugated goat anti-mouse IgG (H+L) secondary antibody (1:400, Invitrogen, 

catalog number: 31430) at room temperature for 1 hour. The immunostaining was 
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visualized with diaminobenzidine (DAB) and counterstained with hematoxylin. Omission 

of incubation with inactivated virus was used as a negative control. 

 

Supplementary Text 

Histopathologic and immunohistochemical studies 

Histopathologic and immunohistochemical studies were performed on samples from 

the virus-inoculated juvenile cats that died or euthanized on day 3 p.i. The nasal 

respiratory mucosa epithelium exhibited an abnormal arrangement with loss of cilia 

accompanied by lymphocyte infiltration into the lamina propria (fig. S7A). In the tonsils, 

the surface of the epithelium was covered with abundant neutrophils and cellular debris, 

and the epithelial cells showed varying degrees of degeneration and necrosis (fig. S7B). 

The tracheal mucosa was covered with cellular debris and mucous material, altered 

polarity, degeneration, and necrosis was observed in the epithelial cells (fig. S7C), and 

epithelial necrosis and lymphocyte infiltration were observed in the submucosal glands 

(fig. S7D). Inflammatory cell (including neutrophils, mononuclear cells, lymphocytes) 

aggregation and fibrin formation in the lung vasculature were seen (fig. S7F), infiltration 

of a large number of macrophages and lymphocytes into the alveolar spaces and 

interalveolar septa (fig. S7G), and intra-alveolar edema and congestion in the 

interalveolar septa were commonly observed (fig. S7H). In the small intestine, diffuse 

degeneration of mucosal epithelial cells was observed, some of which showed necrosis, 

and moderate lymphocytic infiltration was observed in the mucosal lamina propria (fig. 

S7I). Large amounts of viral antigen were detected in the epithelium of the nasal 

respiratory mucosa (fig. S7J) and in the epithelial cells of the tonsils; tonsillar surficial 

cellular debris was evident (fig. S7K). Although viral antigen was hardly detected in the 

tracheal epithelial cells, it was highly apparent in the serous cells of the tracheo-bronchial 

submucosal glands (fig. S7L). Numerous epithelial cells of the small intestine also 

showed strong positive staining for viral antigen (fig. S7M). 
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Fig. S1. Replication of SARS-CoV-2 in digestive tract of ferrets. 

Viral RNA in rectal swabs of ferrets inoculated with F13-E (A) and CTan-H (C). Viral 

titer in rectal swabs of ferrets inoculated with F13-E (B) and CTan-H (D). Each color bar 

represents the value from an individual animal. The horizontal dashed lines indicate the 

lower limit of detection. 
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Fig. S2. Replication of SARS-CoV-2 in ferrets. 

Ferrets inoculated with F13-E virus or CTan-H virus were euthanized on day 13 p.i. and 

their organs and tissues were collected for viral RNA detection. Each color bar represents 

the value from an individual animal. The horizontal dashed lines indicate the lower limit 

of detection. 
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Fig. S3. Histological study of a lung sample from a ferret infected with SARS-CoV-2 

CTan-H. 

 (A) Lung from uninfected animal shows normal structure. (B) Severe 

lymphoplasmacytic perivasculitis and vasculitis (arrow). (C) Increased numbers of Type 

II pneumocytes, macrophages, and neutrophils in the alveolar septa and alveolar lumen. 

Scale bar in A = 200 μm, in B, C = 100 μm. 
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Fig. S4. Attachment of SARS-CoV-2 to lung of ferrets. 

(A) Attachment of SARS-CoV-2 to a bronchiole as indicated as brown positive signals in 

epithelial cells. (B) Attachment of SARS-CoV-2 to type II pneumocytes (arrows). (C) No 

positive signal observed in negative control without incubation of inactivated SARS-

CoV-2. Scale bar in A = 100 μm, in B = 50 μm, in C = 200 μm. 
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Fig. S5. Viral RNA copies in the organs of ferrets intratracheally inoculated with 

CTan-H. 

Eight ferrets were inoculated intratracheally with 105 PFU of CTan-H. On days 2, 4, 8, 

and 14 p.i., two ferrets were each euthanized, and their organs were collected for virus 

detection by qPCR. Each color bar represents the value from an individual animal. The 

horizontal dashed lines indicate the lower limit of detection. 
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Fig. S6. Viral RNA in organs of a juvenile cat that died on day 13 post inoculation 

with the CTan-H virus in the transmission study. 

The horizontal dashed lines indicate the lower limit of detection. 
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Fig. S7. Histopathologic and immunohistochemical studies. 

Histopathologic and immunohistochemical studies were performed on samples from the 

virus-inoculated juvenile cats that died or euthanized on day 3 p.i. (A) Nasal respiratory 

mucosa, abnormal arrangement of the epithelium with loss of cilia (arrow) and 

lymphocytic infiltration into the lamina propria (arrow head). (B) Tonsil, epithelial 

degeneration and necrosis with numerous neutrophils (arrow) and cellular debris on the 

surface of the epithelium (asterisk). (C) Trachea, degeneration and necrosis of epithelial 

cells (arrow) accompanied by coverage with cellular debris and mucous material on the 

surface of the mucosa (asterisk). (D) Tracheae, epithelial necrosis and lymphocyte 

infiltration in the submucosal glands (arrow). (E) Lung from uninfected animal shows 

normal structure. (F) Lung, inflammatory cell aggregation and fibrin formation within a 

blood vessel (arrow). (G) Lung, infiltration of a large number of macrophages and 

lymphocytes into the alveolar spaces and interalveolar septa. (H) Lung, intra-alveolar 

edema and congestion in the interalveolar septa. (I) Small intestine, diffuse degeneration 

of mucosal epithelial cells, some of which showed necrosis (arrow), and moderate 

lymphocytic infiltration in the mucosal lamina propria. (J) Nasal turbinate, viral antigen 

in the epithelial cells of the respiratory mucosa. (K) Tonsils, viral antigen in the cellular 

debris and some of the epithelial cells. (L) Trachea, viral antigen in the serous cells of the 

submucosal glands. (M) Small intestine, viral antigen in the epithelial cells of the mucosa. 

Scale bar in A, I = 100 μm, in B-H, J-L = 200 μm, in M = 500 μm. 
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Fig. S8. Viral RNA detection in swabs and organs of a dog infected with CTan-H 

virus.   

(A) Viral RNA in swabs collected on day 2 p.i. (B) Viral RNA in organs or tissues of a 

dog that was euthanized on day 4 p.i. The horizontal dashed lines indicate the lower limit 

of detection. 
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Fig. S9. Seroconversion of CTan-H-inoculated and contact dogs. 

Three-month-old beagles were inoculated with 105 PFU of Ctan-H. Uninfected animals 

(contact) were housed in the same room with their infected counterparts to monitor the 

transmission of CTan-H. Sera were collected from animals before inoculation and on day 

14 p.i., and antibodies against SARS-CoV-2 were detected by using a Double Antigen 

Sandwich ELISA kit (ProtTech, Luoyang, China). Optical density (OD450) values 

greater than 0.2 (horizontal dashed line) were considered positive for seroconversion 

according to the manufacturer’s instructions. Each color bar represents the value from an 

individual animal. 
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Fig. S10. Images showing personal protective clothing and schematic presentation of 

the cat transmission study. 

 (A) Researchers wear powered air-purifying respirators that filter the air, and disposable 

coveralls when they culture the virus and handle animals (ferrets and cats) that are in 

isolators. (B) Researchers wear full body, air-supplied, positive pressure suits when they 

perform studies involving the use of dogs, pigs, chickens, and ducks, which are kept in a 

room (not in isolators). (C) The transmission cages were specifically designed to allow 

transmission experiments to be conducted in negatively pressurized isolators (150 cm x 

113 cm x 80 cm) in the ABSL4+ facility. The animals were housed in a clear solid steel 

cage (25 cm x 80 cm x 37 cm), which was divided into 2 small cages (25 cm x 38 cm x 

37 cm) by a double-layered net divider (the neighboring cages were 4 cm apart). Twenty-

four hours after the three inoculated animals were placed into the cages, three naïve 

animals were placed in the adjacent cages. Negative pressure within the isolator cage was 

used to direct a modest (0.1m/sec) flow of HEPA-filtered air (A) from the inoculated to 

the naïve animals. The outlet airflow (B) was HEPA-filtered to prevent continuous 

circulation of infectious influenza virus particles. 
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Table S1. Amino acids at SARS-CoV-2 spike-contacting positions of ACE2 protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Origin 
Amino acid residues at the SARS-CoV-2 spike-contacting positions of ACE2 protein 

24 27 28 30 31 34 35 37 38 41 42 45 82 83 330 353 354 355 357 393 

Human Q T F D K H E E D Y Q L M Y N K G D R R 

Cat L · · E · · · · E · · · T · · · · · · · 

Ferret L · · E · Y · · E · · · T · · · R · · · 
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