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Although airborne transmission of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) 

has been proven possible among humans (1), cats (2), 
ferrets (3), and Syrian hamsters (4), the relative roles 
of droplets and aerosols in the airborne transmission 

of SARS-CoV-2 remain controversial. A recent study 
showed that coronavirus disease (COVID-19) patients 
exhaled millions of SARS-CoV-2 particles during ear-
ly infection stages (5). However, the size distribution 
of SARS-CoV-2 aerosol particles in exhaled breath of 
COVID-19 patients is not clear. 

To analyze size distribution of SARS-CoV-2 aero-
sols shed by cynomolgus monkeys, we inoculated 3 
monkeys with SARS-CoV-2 via a combination of in-
tranasal, intratracheal, and ocular routes. Monkeys 
were kept in individual cages placed in an isolator 
(biosafety housing with HEPA filters and indepen-
dent ventilation system). The exhaled breath and 
air in the isolator were collected by a 6-stage Ander-
sen sampler (https://tisch-env.com) at postinfection 
days 2, 4, and 6, and we quantified the viral RNA cop-
ies in samples (Appendix, https://wwwnc.cdc.gov/
EID/article/27/7/20-3948-App1.pdf). We also deter-
mined size distribution of SARS-CoV-2 particles.

The virus particles monkeys exhaled peaked at 
postinfection day 2 and ranged from 11,578 to 28,336 
RNA copies during a 40-minute period. On average, 
each monkey exhaled 503 virus particles/min and 
209.5 virus particles/L of exhaled breath. At postin-
fection day 4, the number of exhaled virus particles 
decreased substantially, ranging from 3,369 to 5,134 
RNA copies during a 40-minute period. On average, 
each monkey exhaled 106 virus particles/min and 
44 virus particles/L of breath. At postinfection day 
6, no viral RNA was detected in exhaled breath (Fig-
ure, panel A; Appendix Figure 1). At postinfection 
days 2, 4, and 6, viral RNA was detected in air with-
in the isolator housing the monkeys; we detected 
6,182–13,608 RNA copies during a 30-minute period 
(Figure, panel C).

We measured size distribution of SARS-CoV-2 
aerosol particles shed by the monkeys. In exhaled 
breath of inoculated monkeys and in air in the isolator, 
viral RNA was detected in all size bins, 0.65–2.1 mm, 
2.1–4.7 mm, and >4.7 mm, at postinfection days 2 and 4; 
most were concentrated in the 2.1–4.7-mm bin (Figure, 
panels B, D; Appendix Tables 1, 2). For exhaled breath, 
virus particles in each of the 3 size bins accounted for 
27.4%, 49.6%, and 23.0% of the total virus copies/40 
min, respectively; for air in the isolator, virus particles 
in each of the 3 size bins accounted for 3.8%, 75.0%, and 
21.2% of the total virus copies/30 min, respectively 
(Appendix Tables 1, 2,  Figure 3). Most virus particles 
were in the smaller particle size range (0.65–4.7 mm), 
accounting for 77% to 79% of the total virus particles 
shed by the monkeys; droplets (>4.7 mm) accounted 
for ≈21%– 23% (Appendix Tables 1, 2, Figure 3). We 
tried to isolate live virus by sequentially passaging 

We analyzed size of severe acute respiratory coronavirus 
2 (SARS-CoV-2) aerosol particles shed by experimental-
ly infected cynomolgus monkeys. Most exhaled particles 
were small, and virus was mainly released early during 
infection. By postinfection day 6, no virus was detected 
in breath, but air in the isolator contained large quantities 
of aerosolized virus.
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these samples in Vero-E6 cells 3 times (Appendix) but 
obtained no live virus and observed no cytopathic ef-
fects; the reasons for this failure are unknown. 

The World Health Organization cites the 2 main 
transmission routes of SARS-CoV-2 as large respira-
tory droplets and contact transmission. However, we 
found that monkeys infected with SARS-CoV-2 emit-
ted large quantities of virus aerosol particles, most 
of which were smaller (<4.7 µm). Ma et al. showed 
that COVID-19 patients exhaled millions of SARS-
CoV-2 particles/hour (5), far more than that noted for 
monkeys. This variation may result from biological 
differences between humans and monkeys and dif-
ferent sampling methods. Respiration is much slower 
in monkeys (2.4 L/min) than in humans (12 L/min). 
In addition, during sampling, monkeys were anes-
thetized and breathed slowly through their nostrils, 
possibly emitting fewer virus particles than when 
awake. The size of airborne particles determines how 
the virus is transmitted. Droplets (>4.7 µm) can travel 
limited distances; smaller particles (<4.7 µm) stay air-
borne longer and spread widely (6,7). Our findings 
suggest that aerosol transmission might contribute 
to SARS-CoV-2 spread. Personal protection requires 
wearing face masks, maintaining social distancing, 
and reducing gatherings. Infection risk in enclosed 
spaces is lowered by natural wind or mechanical air-
flow ventilation.

Cynomolgus monkeys infected with SARS-
CoV-2 emitted most virus particles in early infection 
stages; particles decreased substantially at postinfec-
tion day 6. Zhou et al. demonstrated that COVID-19 
patients emitted fewer virus particles when they 

were recovering and ready for discharge than did 
those in early infection stages (8). At postinfection 
day 6, no virus was detected in the breath of mon-
keys, but air in the isolator housing the monkeys 
still contained large quantities of aerosolized virus. 
These different seemingly noncoherent observations 
can be attributed to monkey activity, air flow, and 
some virus aerosol residues exhaled by monkeys for 
a relatively long period before sampling. Recently, 
Asadi et al. showed that aerosolized fomites (mi-
croscopic particles) played a role in influenza virus 
transmission between guinea pigs (9). SARS-CoV-2 
may be carried and transmitted between humans by 
aerosolized fomites. Most SARS-CoV-2 aerosol par-
ticles exhaled by the cynomolgus monkeys in this 
study were smaller, suggesting that aerosols might 
be a route for SARS-CoV-2 transmission.
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Figure. Viral RNA copies and 
size distribution of severe 
acute respiratory syndrome 
coronavirus 2 aerosols shed 
by experimentally infected 
cynomolgus monkeys. A) Viral 
RNA copies in aerosols directly 
expelled during 40 minutes of 
breathing. B) Size distribution of 
virus aerosols directly expelled 
during 40 minutes of breathing. 
C) Viral RNA copies in aerosols 
from the housing isolator during 
30 minutes of sampling. D) Size 
distribution of virus aerosols in 
the isolator during 30 minutes of 
sampling. dpi, days postinfection. 
The pink dotted line indicates the 
limit of detection.
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Coronavirus disease (COVID-19), caused by infec-
tion with severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2), emerged in humans in Wu-
han, China, in late December 2019, probably because 
of spillover from an unidentified animal host (1). Dogs 
and cats, to which some coronaviruses are endemic 
(2), are also susceptible to SARS-CoV-2 infection (3,4). 
Although the spread of SARS-CoV-2 is maintained 
mainly by human-to-human transmission, the epide-
miologic implications of animal susceptibility remain 
uncertain (4). We characterized the full genome of a 
SARS-CoV-2 isolate detected in a dog. 

A female poodle, who was 1.5 years of age, lived 
with 4 family members in Bitonto, Italy. All family 
members had signs and symptoms of COVID-19, the 
illness caused by SARS-CoV-2 infection. High tem-
perature (37.5°C–38.5°C), coughing, anosmia, and 
ageusia developed in the mother, who was 54 years 
of age, on October 31, 2020. The woman tested posi-
tive for SARS-CoV-2 by a rapid antigen test conduct-
ed on November 3, 2020. The local health authority  

We detected severe acute respiratory syndrome corona-
virus 2 in an otherwise healthy poodle living with 4 family 
members who had coronavirus disease. We observed an-
tibodies in serum samples taken from the dog, indicating 
seroconversion. Full-length genome sequencing showed 
that the canine and human viruses were identical, sug-
gesting human-to-animal transmission.


