
Exposure to infected poultry is a suspected cause of avian 
influenza (H5N1) virus infections in humans. We detected 
infectious droplets and aerosols during laboratory-simu-
lated processing of asymptomatic chickens infected with 
human- (clades 1 and 2.2.1) and avian- (clades 1.1, 2.2, 
and 2.1) origin H5N1 viruses. We detected fewer airborne 
infectious particles in simulated processing of infected 
ducks. Influenza virus–naive chickens and ferrets exposed 
to the air space in which virus-infected chickens were pro-
cessed became infected and died, suggesting that the 
slaughter of infected chickens is an efficient source of air-
borne virus that can infect birds and mammals. We did not 
detect consistent infections in ducks and ferrets exposed 
to the air space in which virus-infected ducks were pro-
cessed. Our results support the hypothesis that airborne 
transmission of HPAI viruses can occur among poultry and 
from poultry to humans during home or live-poultry market 
slaughter of infected poultry.

Since 2003, approximately 850 human cases of Eur-
asian A/goose/Guangdong/1/1996 (Gs/GD) lineage 

H5N1 virus infection have been reported; case-fatality 
rate is 53% (1–3). Most human infections with highly 
pathogenic avian influenza (HPAI) subtype H5N1 virus 
have occurred following direct or indirect exposure to 
infected poultry in live-poultry markets (LPM) in devel-
oping countries (1–3). The main risk factors associated 
with human infections include visiting an LPM or per-
forming activities with intensive contact with infected 
poultry, like slaughtering, defeathering, or preparing 
poultry for cooking (3,4).

Poultry-to-human avian influenza (AI) virus transmis-
sion can occur from 3 types of exposure: fomite-contact 
transmission, including contact with contaminated surfac-
es; droplet transmission, in which large (>5 μm) particles 
contact a person’s conjunctiva or respiratory mucosa; and 
droplet nuclei transmission (or aerosol transmission), in 

which a person inhales small (<5 μm) particles suspended  
in the air (5–8). The LPM setting plays a critical role in 
maintaining, amplifying, and disseminating AI viruses 
among poultry and from poultry to humans (1,2,9), with 
indirect evidence of potential transmission via fomites, as 
supported by the detection of AI viruses in the environ-
ment (10–12), and airborne exposure, supported by the re-
cent isolation of influenza A viruses from air sampled at 
LPMs in China (12). Furthermore, viable AI viruses can 
be detected in the air where live poultry are kept and pro-
cessing activities, such as slaughtering and defeathering,  
are performed (12).

Collective epidemiologic and surveillance data sug-
gest that the slaughter of infected poultry is a major pub-
lic health concern. In our study, we determined that viable 
airborne HPAI virus particles were generated during simu-
lated processing of HPAI virus–infected poultry and that 
the airborne virus was transmitted to virus-naive poultry 
and mammals.

Materials and Methods

Viruses
Eurasian goose/Guangdong lineage H5N1 viruses were 
selected from human cases of influenza A(H5N1) virus, 
representing various years, hosts, countries, and clades 
(1,3) (Table 1). For experiment 1, we used 7 viruses 
(Table 1, all but Mong/05) for challenge in chickens, of 
which 4 that generated airborne virus particles were used 
in ducks. For experiment 2, we used Mong/05 and VN/04 
viruses as challenge viruses. We propagated and titrated 
the viruses in embryonating chicken eggs (ECE) by stan-
dard methods (13).

Animals
For experiment 1, we obtained 9-week-old specific patho-
gen free (SPF) white Leghorn chickens (Gallus domes-
ticus from the US Department of Agriculture Southeast 
Poultry Research Laboratory, Athens, GA, USA) and 
8-week-old domestic Pekin ducks (Anas platyrhynchos 
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domestica, from McMurray Hatchery, Webster City, IA, 
USA). All birds were serologically negative for influenza 
A virus infection by hemagglutinin inhibition (HI) test 
(13) before inoculation. For experiment 2, chickens and 
ducks were used as either infected or virus-naive exposed 
birds. Intravenous injection of sodium pentobarbital (100 
mg/kg) was used to euthanize naive exposed survivors. 
Naive 3- to 5-month-old female domestic ferrets (Mus-
tela putorius furo; Marshall BioResources, North Rose, 
NY, USA, and Triple F Farms Inc., Sayre, PA, USA) 
were used as the mammalian model for HPAI virus trans-
mission to humans (4). Ferrets were anesthetized with 
an intramuscular injection of a mixture of ketamine (25 
mg/kg), xylazine (2 mg/kg), and atropine (0.05 mg/kg) 
before nasal sample collection or euthanasia by intracar-
diac injection of sodium pentobarbital. Ferrets were H5-
seronegative by HI test and virus neutralization test, and 
nasal wash samples were negative for virus isolation in 
ECE before exposure. All procedures were performed in 

accordance with protocols approved by the Institutional 
Animal Care and Use Committee and the Institutional Bi-
osecurity Committee.

Environmental Conditions in the Processing Enclosure
All experiments were conducted in Biosafety Level 3 ani-
mal facilities enhanced with additional biosafety features. 
The processing area was a high-efficiency particulate air 
(HEPA) enclosure (Class Biologically Clean Ltd., Madi-
son, WI, USA) 1.5 m wide × 6.7 m long × 2.1 m high with 
unidirectional and single-pass airflow of 8.3 air changes/h 
(340 m3/h) at 0.046 m/s from the processing area toward 
the air samplers or the naive animals (Figure 1). The mean 
temperature in the enclosure during the slaughter runs was 
24.2°C ± 0.4°C; mean relative humidity was 81.0% ± 1.7%. 
We performed all procedures using adequate personal pro-
tective equipment: respiratory protection (HEPA-filtered 
powered air purifying respirators with full-shroud shield), 
closed-front gown, double gloves, and rubber boots.
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Table 1. Information on Eurasian A/goose/Guangdong/1/1996 lineage (H5N1) virus isolates used in study of airborne transmission of 
highly pathogenic influenza virus during processing of infected poultry 

Isolate Abbreviation Country Host/source 
Genetic 
clade Accession nos.* 

A/Vietnam/1203/2004 VN/04 Vietnam Human 1 HM006756–63 
A/chicken/Vietnam/NCVD-878/2011 VN/878/11 Vietnam Poultry 1.1 Not available 
A/chicken/West Java-Subang/29/2007 WJ/07 West Java Poultry 2.1.3 EPI533441† 
A/whooper swan/Mongolia/244/2005 Mong/05 Mongolia Water fowl 2.2 GU186700–07 
A/chicken/Egypt/102d/2010 Eg/10 Egypt Poultry 2.2.1 HQ198270.1 
     HQ908480.1 
     KR732432.1 
     KR732440.1 
     KR732445.1 
     KR732492.1 
     KR732530.1 
A/Egypt/N6658/2011 Eg/11 Egypt Human 2.2.1 EPI372860–67† 
A/chicken/Vietnam/NCVD-675/2011 VN/675/11 Vietnam Poultry 2.3.2.1 KR732403 
     KR732406 
     KR732415 
     KR732468 
     KR732481 
     KR732506 
     KR732521 
     KR732536 
A/chicken/Vietnam/093/2008 VN/08 Vietnam Poultry 7.2 FJ538949.1 
     FJ538950.1 
     FJ842480.1 
*Accession numbers from GenBank except as indicated. Accession numbers represent sequences from all available segments of influenza A virus.  
†Accession number from GISAID (http://platform.gisaid.org). 

 

Figure 1. Processing area for study 
of airborne transmission of highly 
pathogenic influenza virus during 
processing of infected poultry. The 
star represents the location of the 
air sampler (experiment 1) or the 
naive hosts (experiment 2). The 
arrows indicate the airflow within 
the HEPA enclosure. The enclosure 
was 1.5 m wide × 6.7 m long × 2.1 
m high, with 8.3 air changes/h (340 
m3/h) and a velocity of 0.046 m/s.
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Air Sampling
The National Institute for Occupational Safety and Health 
(NIOSH) cyclone air sampler (model BC 251; NIOSH, 
Morgantown, WV, USA) collected particles and sorted 
them by their aerodynamic diameters into >4 µm, 1–4 µm, 
and <1 µm fractions at a flow rate of 0.0035 m3/min (14). 
We mounted 2 stationary samplers 1.2 m above ground, 1 
within the enclosure 80 cm downwind from the processing 
area (center to center) and the other outside the enclosure 
as negative control. Samplers were operated for the dura-
tion of each slaughter run plus 10 minutes; we sampled a 
total of 0.158–0.280 m3 air per study trial, depending on the 
number of birds processed per trial.

Experimental Design

Experiment 1: Generation of Airborne HPAI Virus Particles 
during Simulated Processing of Infected Poultry
Each run (i.e., tested virus per bird species) was repeated at 
least twice for reproducibility. Chickens (10 for VN/04 and 
5 for all other viruses) and ducks (5 per virus) were inocu-
lated intranasally with 105.3–106.5 mean egg infectious dose 
(EID50/)0.1 mL per virus and housed in negative-pressure 
isolators with HEPA-filtered ventilation. We moved chick-
ens at 24 h after inoculation and ducks at 2.5 days after 
inoculation, which corresponded to times of peak shed-
ding titers, to the processing enclosure while they were 
still asymptomatic. We anesthetized them by intramuscular 
injection of ketamine (10 g/kg) and xylazine (1 g/kg) and 
collected oral swab samples to confirm infection. The anes-
thetized birds were processed following 5 steps (total dura-
tion 6–7 min/bird) (15): 1) manual killing by severing the 
right jugular vein with a scalpel blade, causing bleeding and 
agonal involuntary muscle contractions (1 min); 2) scald-
ing in a covered pot (52–53°C/2 min); 3) manual defeath-
ering (2 min); 4) evisceration and removal of  head, feet, 
and internal organs (1.5 min); and 5) cleanup of processing  
area with water (0.5 min). We rubbed the ducks with deter-
gent before the scalding step to remove preening oils and 

facilitate defeathering. During the processing, air samplers 
were used as aforementioned. After each run, we disinfect-
ed all materials and surfaces within the enclosure, as well 
as the units holding the infected birds, with Virkon S 2% 
(DuPont, Wilmington, DE, USA). We tested swab samples 
for viable virus in ECE and titrated aerosol samples in ECE 
(16). The minimum detectable titer in ECE was 0.9 log10 
EID50/mL.

Experiment 2: Transmission of HPAI Viruses to Poultry and 
Ferrets during Simulated Processing of Infected Poultry
We performed 5 runs (Table 2). We inoculated chickens 
and ducks intranasally with 105.9–106.1 EID50/0.1 mL per 
virus (Table 2) and housed them in negative-pressure iso-
lators. As in experiment 1, we anesthetized asymptomatic 
chickens and ducks, took oral and cloacal swab samples, 
and processed the birds using the 5-step method. During 
the processing, naive chickens, ducks, or ferrets (Table 2) 
were placed in cages at the same location and height as the 
air samplers in experiment 1 (with variations in experiment 
2.1). After completion of each run, we placed the exposed 
animals in negative-pressure isolators and monitored them 
for clinical signs for 2 weeks. We collected oral and cloacal 
swab samples from exposed chickens at time of death and 
from exposed ducks at 3, 7, 10, and 14 days postexposure 
(dpe). We collected nasal wash samples and bodyweight 
measures from exposed ferrets at 3 and 7 dpe. We eutha-
nized ferrets that had lost > 25% bodyweight or exhibited 
neurologic dysfunction. We performed necropsies on dead 
or euthanized exposed animals and collected tissues in 10% 
buffered formalin for hematoxylin/eosin and immunohis-
tochemical staining (17). We titrated swab and nasal wash 
samples in ECE (16). At 14 dpe, we collected blood from 
the survivors for homologous HI and virus neutralization 
testing, then euthanized them.

Statistical Analysis
Using the D’Agostino-Pearson test, we determined that 
none of our parameters were normally distributed. We  
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Table 2. Experimental design and clinical outcome of animal hosts exposed to airborne highly pathogenic avian influenza (H5N1) 
viruses through simulated live-poultry market slaughter* 

Virus 

Intranasally 
infected birds 

processed (no.) 

Duration of 
slaughter 

process, min 
Naive exposed 

hosts (no.)† 

Deaths of  
exposed hosts  

(mean time of death) 
Virus detection in 
exposed hosts‡ 

Seroconversion  
in surviving 

exposed hosts§ 
Mong/05 Chickens (10) 60 Chickens (5) 5/5 (4.4 dpe) 5/5 at time of death¶ NA 
VN/04 Chickens (10) 60 Chickens (5) 5/5 (4.0 dpe) 5/5 at time of death¶ NA 
VN/04 Chickens (10) 60 Ferrets (4) 3/4 (8.3 dpe) 1/4 on 3 dpe (3.0)¶ 0/1 
VN/04 Ducks (5) 30 Ducks (5) 0/5 5/5 (1.6) 1/5 
VN/04 Ducks (5) 30 Ferrets (3) 0/3 0/3 0/3 
*dpe, days postexposure; EID, mean egg infectious dose; Mong/05, A/whooper swan/Mongolia/244/2005; NA, not available; VN/04, 
A/Vietnam/1203/2004. 
†Exposed hosts placed 75–80 cm from the slaughter area. 
‡No. positive/total no. Numbers in parentheses indicate mean virus titers (log10 EID50/mL) determined by virus isolation in embryonating chicken eggs 
from oral and cloacal swab samples of exposed poultry or by nasal wash samples of exposed ferrets. 
§Determined by hemagglutinin inhibition and virus neutralization tests when >12 dpe serum samples were available. 
¶Virus antigen was detected by immunohistochemistry in tissues of 5/5 Mong/05-exposed chickens, 5/5 VN/04-exposed chickens, and 3/4 VN/04-
exposed ferrets. 
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conducted 2-tailed Mann-Whitney test to determine signifi-
cant difference in mean viral titers (p<0.05) using Graph-
Pad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). 

Results

Experiment 1
Preslaughter swab samples were positive for virus in all  
asymptomatic birds with titers >1.5 log10 EID50/mL. We 
isolated VN/04, VN/878/11, WJ/07, and Eg/11 viruses 
from air samples collected when processing virus-infected 
chickens, with highest virus quantity in >4 µm particles, 
moderate quantities in 1–4 µm particles, and no virus in 
<1 µm particles. We did not detect Eg/10, VN/67511, or 
VN/09 viruses in air samples (Figure 2, panel A). We used 
these 4 airborne viruses recovered from the chicken study 
in the duck slaughter experiment; we detected VN/04 and 
Eg/11 viruses in both >4 µm and 1–4 μm particles, and 
VN/878/11 virus in >4 µm particles. We did not detect air-
borne virus from slaughter of WJ/07 virus–infected ducks 
(Figure 2, panel B). We detected no virus from aerosol 
samplers located outside the enclosure.

Experiment 2

Experiment 2.1. Transmission of A/whooper swan/
Mongolia/244/2005(H5N1) HPAI Virus to Naive Chickens 
Exposed During Simulated Processing of Infected Chickens
Swab samples were virus positive from asymptomatic 
Mong/05 virus–inoculated chickens. As a variation, for 
every 10 processed Mong/05 virus-infected chickens, we 
placed 5 exposed naive chickens 75 cm, 150 cm, or 300 
cm from the slaughter area (all distances found in an LPM 
scenario) 1.2 m above ground, in a holding cage similar to 
those used in LPMs. Regardless of the distance from the 
processing area, all exposed chickens died between 3 and 
6 dpe. All oral and cloacal swab samples collected at time 
of death were positive by virus isolation. We found lesions 
typical of those caused by HPAI and AI viral antigen in 
multiple internal organs of all exposed chickens, indicating 
infection after droplet/aerosol infection (Table 2).

Experiment 2.2. Transmission of A/Vietnam/1203/04(H5N1) 
HPAI Virus to Naive Chickens and Ferrets Exposed during 
Simulated Processing of Infected Chickens
Swab samples were virus positive from asymptomatic VN/04 
virus–inoculated chickens. Following the processing of in-
fected chickens, all 5 exposed naive chickens died between 
3 and 5 dpe, and all oral and cloacal swab samples we col-
lected at time of death were virus positive (Table 2). Out of 
4 exposed ferrets, 2 died, 1 on 6 dpe and the other on 7 dpe; 
another ferret was euthanized on 12 dpe. Neurologic disease, 
with lesions typical of those caused by HPAI and AI virus 
in multiple internal organs including the brain, developed  

in these 3 ferrets (Figure 3). The ferret that died on 7 dpe 
had positive nasal wash samples collected at 3 dpe (3.0 log10 
EID50/mL), and the ferret that was euthanized on 12 dpe se-
roconverted (Table 2). The survivor had no antibodies to AI 
or pathologic lesions and no virus in nasal wash samples, and 
it was the only ferret to gain weight; therefore, we consid-
ered it not infected. In summary, 3 of 4 naive ferrets became 
infected after droplet/aerosol exposure.

Experiment 2.3. Transmission of A/Vietnam/1203/04(H5N1) 
HPAI Virus to Naive Ducks and Ferrets Exposed during 
Simulated Processing of Infected Ducks
Swab samples were virus positive from asymptomatic VN/04 
virus–inoculated ducks. Following the processing of infected 
ducks, exposed naive ducks and ferrets did not exhibit clini-
cal signs nor did they die over the 2-week observation period 
(Table 2). We isolated virus from oral and cloacal samples of 
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Figure 2. Highly pathogenic avian influenza virus isolation from 
air samples collected using cyclone air sampler during simulated 
slaughter of infected chickens (A) and ducks (B) in study of 
airborne transmission of highly pathogenic influenza virus during 
processing of infected poultry. Detection of virus was attempted 
in 3 different airborne particle sizes. Error bars indicate virus 
recovery from >2 repeats per run. Dashed lines indicate limit of 
detection by virus isolation of 3.6 log10 EID50/m3 air sampled. 
Isolate names are as given in Table 1.
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exposed ducks; peak individual titers were 3.1 log10 EID50/
mL and mean titers were 1.6 log10 EID50/mL on 3 dpe (Figure 
4). All exposed ferrets gained weight and had negative nasal 
wash samples and were considered to be uninfected (Table 
2). All exposed ducks and ferrets were seronegative at termi-
nation with the exception of 1 duck (HI titer of 8) (Table 2). 

Discussion
The epidemiology of human influenza A (H5N1) infections 
suggests that LPM slaughter processing of infected poultry 
could provide sufficient exposure to cause transmission to 
humans (1–4). Zhou et al. showed that viable H5, H7, and 
H9 AI viruses with human zoonotic potential are detectable 
in the air of LPMs in China (12). Here we demonstrated 
that the processing of asymptomatic HPAI virus–infected 
poultry in high biocontainment laboratory facilities pro-
duced airborne HPAI virus particles, which are airborne 
transmissible to naive poultry and mammals.

The simulated slaughter of infected poultry gener-
ated viable virus predominantly in droplets (>4 µm) and 
aerosols (1–4 µm) but none in particles (<1 µm). Our 
findings align with those of previous studies that used 
air samplers in LPMs (12) and swine barns (18,19), and 
farm-to-farm dissemination studies to demonstrate air-
borne virus (20). Determining the particle size distribu-
tion has key implications for the control of influenza in 
humans through droplet and aerosol transmission. Infec-
tious particles with aerodynamic diameters <4 µm (i.e., 

aerosols) can more easily reach the lower respiratory 
tract of humans, where AI viruses with binding speci-
ficity for α-2,3 receptors primarily replicate, than larger 
particles can (21). The recovery efficiencies we obtained 
in this study (<10 log10 particles per m3 in >4 µm frac-
tion) were higher than those from similar sampling meth-
ods in LPMs (12) possibly due to standardized high-dose 
challenge of all birds, optimized timing of slaughter, 
controlled environmental conditions, or other reasons. 
Human-origin viruses of clades 1 and 2.2.1 and avian-
origin viruses of clades 1.1, 2.2, and 2.1.3 were detected 
in droplets and aerosols during the slaughter of infected 
chickens. However, other poultry-origin viruses (clades 
2.2.1, 2.3.2.1, and 7.2) were not detectable (Figure 2). 
Three viruses (VN/04, VN/878/11, and Eg/11) generated 
consistent infectious droplets, aerosols, or both during 
the slaughter of infected ducks (Figure 2). Our results 
suggest that differences in the potential for incorpora-
tion of infectious HPAI viruses in airborne particles 
generated while processing infected poultry vary with 
the infected poultry species and specific HPAI virus. 
This study aimed to detect infectious virus; whether the 
viruses that were not detected or transmitted were not 
aerosolized, or whether they were present in airborne 
particles but were not infectious, warrants further study.

The processing of HPAI virus–infected chickens 
seems to be more effective at generating infectious drop-
lets and aerosols than the processing of infected ducks. 
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Figure 3. Histologic lesions and immunohistochemical detection of viral antigen in samples from ferrets exposed to live poultry market 
processing of highly pathogenic avian influenza A/Vietnam/1203/04 (H5N1) virus–infected chickens in study of airborne transmission 
of highly pathogenic influenza virus during processing of infected poultry. A) Olfactory bulb, 7 dpe, showing diffuse and severe neuropil 
malacia with mild cavitation and focal hemorrhages. Scale bar = 50 μm. B) Olfactory bulb, 7 dpe, showing viral antigen detected in 
neuropil, astrocytes, and neurons. Scale bar = 50 μm. C) Liver, 8 dpe, showing confluent coagulative necrosis of hepatocytes and bile 
duct necrosis with mononuclear cellular infiltrate in the portal triad. Scale bar = 50 μm. D) Liver, 8 dpe, showing viral antigen detected in 
hepatocytes, bile duct epithelia, and cellular debris. Scale bar = 50 μm. E) Nasal cavity, 7 dpe, showing moderate necrotic rhinitis with 
coagulative necrosis of mucous glandular epithelial cells; insert shows no viral antigen detected in mucosal membrane. Scale bars = 
25 μm. F) Lung, 7 dpe, showing mild histiocytic interstitial pneumonia; insert shows viral antigen detected in type II pneumocytes. Scale 
bars = 25 μm. dpe, days postexposure.
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This finding may be due to greater infectivity, virulence, 
and pathogenicity (i.e., viral loads present systemically) 
in asymptomatic infected chickens than in ducks. Chick-
ens are highly susceptible to HPAI viruses and in particu-
lar to Gs/GD lineage H5N1 viruses, which usually causes 
multiple organ failure associated with systemic virus 
replication and high mortality rates (22). By comparison, 
domestic ducks have shown moderate to high suscepti-
bility to post-2002 Gs/GD H5N1 HPAI viruses (23). The 
lack of virus replication in duck endothelial cells and the 
absence of associated vascular damage has been identi-
fied as a key difference in pathogenesis between domestic 
ducks and chickens (23,24), which could determine not 
only the extent of replication for certain H5N1 HPAI vi-
ruses but also the quantities of virus found in different 
tissues. Previous reports have shown lower H5N1 virus 
titers in duck tissues than corresponding chicken tissues 
after intranasal inoculation (25–27). It is worth highlight-
ing that age at infection can affect the pathogenicity of Gs/
GD H5N1 HPAI viruses; VN/04 virus is more pathogenic 
and can replicate to higher titers (up to 4 log10 EID50/mL 
difference) in 2-week-old ducks than in 5-week-old ducks 
(23,28). The great majority of pathogenicity studies in 
domestic ducks use 2- to 5-week-old birds, whereas our 
studies required older ducks to match the age of slaugh-
ter in LPMs. The use of older ducks could have reduced 
the infectivity, replication, and virulence of H5N1 HPAI 
viruses, limiting systemic virus replication and reducing 
the quantity of virus incorporation into airborne particles 
generated during slaughter. Another factor responsible for 
differences between chickens and ducks is that the tested 

viruses were of chicken, human, and swan origin; wheth-
er a duck-origin virus would have been more efficient at 
generating infectious aerosols during duck manipulation 
needs to be investigated. In addition, all birds were con-
firmed to be infected at the moment of slaughter, but virus 
quantification in swab samples was not attempted; wheth-
er differences in oropharyngeal virus replication could 
explain differences in aerosolization and transmission is 
worth pursuing in future studies.

The slaughter of H5N1 virus–infected chickens had 
variable efficiency in producing infectious airborne parti-
cles and was not associated with specific HA genetic clades. 
However, specific changes in the HA and other gene seg-
ments could play a relevant role in airborne transmission. 
Similarly, sequence polymorphisms in internal proteins, in 
addition to those previously described for HA, may regu-
late airborne transmission of HPAI virus strains in mam-
mals (4,29). Furthermore, the processing of A/chicken/
Chile/184240–1(4322)/2002(H7N3) HPAI virus–infected 
chickens did not produce airborne virus (D.E. Swayne, un-
pub. data), compatible with the lack of human cases during 
the outbreak in Chile (30). However, human infections with 
H7N9 low pathogenicity AI virus have frequently been re-
ported in China since 2013 (31), with a clear link between 
human cases and LPM exposure (1,2,9). These data suggest 
that not only H5N1 HPAI viruses have the potential to gen-
erate transmissible particles but also some H7 AI viruses 
(4) and potentially H9N2 viruses (4).

The LPM setting offers a variety of live bird species, 
providing an ideal environment to introduce and main-
tain AI viruses in the poultry population (9). Although 
intranasal administration is considered a standard prac-
tice for the study of AI virus pathogenicity, it is not the 
natural route of infection by contact or airborne routes. 
To our knowledge, this study is the closest re-creation of 
airborne transmission in the home or LPM slaughter set-
ting. Naive chickens and ferrets exposed to the slaughter 
of Mong/05 and VN/04 virus–infected chickens, respec-
tively, became infected and died. This finding confirms 
that the slaughter of infected chickens is an efficient 
source of exposure not only to other birds but also to fer-
rets, which are the model for human influenza transmis-
sion. The pathogenicity observed in chickens exposed 
to airborne Mong/05 was consistent with that observed 
in previous studies of systemic disease after intranasal 
inoculation of Gs/GD HPAI viruses (22). Similarly, the 
high pathogenicity and systemic infection in ferrets ex-
posed to airborne VN/04 is consistent with that found by 
previous pathogenicity studies with this and other HPAI 
viruses in intranasally inoculated ferrets (32–35). Over-
all, these data confirm that the natural airborne route 
produces comparable infections to those produced by 
the commonly used intranasal route (5,36,37). Ocular 
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Figure 4. Virus titers in oral and cloacal samples of ducks 
exposed to simulated live poultry market slaughter of highly 
pathogenic avian influenza A/Vietnam/1203/04(H5N1) virus–
infected ducks in study of airborne transmission of highly 
pathogenic influenza virus during processing of infected poultry. 
Shedding titers are expressed as log10 with error bars included. 
Numbers on top of the bars indicate the number of positive 
samples out of the 5 tested samples at each time point. The limit 
of detection was 0.9 log10 median egg infection dose/mL.
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exposure probably contributed to transmission because 
ocular mucosa represents a potential site for both repli-
cation and entry of airborne respiratory viruses (38–40).

In contrast, naive exposing ducks and ferrets exposed 
to the same air space as the processing of VN/04 virus–
infected ducks caused airborne infections in some of the 
animals. Although virus was isolated from swab samples of 
some exposed ducks, the lack of illness and death and lack 
of consistent seroconversion suggested that the slaughter-
ing of infected ducks did not generate sufficient quantities 
of airborne viable virus to consistently produce infection in 
exposed ducks and failed to transmit virus to ferrets. Low 
levels of local replication at the mucosal level could have 
induced low levels of circulating antibodies in exposed 
ducks; therefore, systemic antibody titers may have been 
under the limit of detection. Collectively, these findings 
suggest that the processing of infected 8-week-old ducks 
may not be as consistent a source of airborne virus as pro-
cessing infected chickens. One reason may be the age at 
slaughter: older ducks may not support such systemic vi-
rus replication as do chickens, lowering the quantities of 
generated airborne virus and, consequently, not reaching 
the minimum infectious dose required to efficiently infect 
naive adult ducks and ferrets. Another reason could be the 
lower number of slaughtered infected ducks (n = 5) com-
pared with chickens (n = 10) per airborne exposure group, 
which implies a shorter exposure time for naive ducks.

In addition to the slaughter processes and the environ-
mental conditions, time parameters were controlled to emu-
late field conditions (Table 2). Previous transmission studies 
in co-housed animals generally involve continuous exposure 
in which the recipient and donor animals are exposed to the 
same air space and sometimes fomites for 14 days (41). How-
ever, exposures of uninfected humans to others with seasonal 
influenza viruses are limited to a few hours (42), similar to 
HPAI virus exposure during slaughter or other manipulations 
of infected poultry. Each processing trial in our study lasted 
for < 1 h because of the need to mimic time-limited expo-
sure events (41). Because this limit of exposure probably de-
creased successful transmission events compared with other 
animal studies with longer exposure times, we believe that our 
experiments more appropriately reflect the transmissibility of 
airborne AI viruses to humans and emphasize the high risk 
that slaughtering infected poultry entails (41). Although all the 
steps in the slaughter procedure may contribute to virus aero-
solization, defeathering is often identified as a main risk activ-
ity (4,12). Further research to determine the most contaminat-
ing steps will help develop efficient mitigating measures.

This study recreates generation and transmission of 
infectious influenza airborne virus particles by processing 
infected poultry in an experimental setting, matching time 
exposure events. We confirmed that the simulated slaugh-
ter of chickens infected with different clades of Gs/GD  

lineage H5N1 viruses generated infectious droplets and 
aerosols. Moreover, naive chickens and ferrets exposed 
to the same air space as the slaughter of infected chick-
ens became infected and died, but the same could not be 
consistently confirmed following the slaughter of infected 
ducks. Further experiments investigating simple, feasible 
changes in slaughter methods to prevent or reduce infec-
tious airborne particles during the slaughter process, and 
determining the effectiveness of such strategies on reduc-
ing virus transmission, are critical for preventing zoonotic 
HPAI (H5N1) virus infections of humans.
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