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Background Understanding the transmission of highly
pathogenic avian influenza virus (HPAIv) between poultry flocks
is essential to prevent and control epidemics. Dust, produced in
infected chicken flocks, has been hypothesized to be an important
mechanical vector for between-flock transmission of HPAIv.

Objectives The aim of our study was to quantify the amount of
virus shed by infected birds and its relation to deposition of virus
in the environment and the rate of dust-borne transmission
between groups of chickens.

Methods Four replicate experiments were performed, each
replicate with two groups of 14 chickens housed in two separate
rooms. In one group, chickens were inoculated with HPAIv.
Ventilation forced the air from that room to the second
(recipient) group through a tube. Deceased birds in the inoculated
group were replaced with new susceptible birds up to day 10 p.i.

Dust samples were collected daily. Trachea and cloaca swabs were
collected daily to determine virus shedding and virus spread to
the recipient group.

Results The amount of virus detected in dust samples in the
recipient room was, on average, 1037 EIDsy/ m°>. Virus
transmission from the inoculated to the recipient group occurred
in two experiments. The transmission rate parameter for dust-
borne transmission was estimated at 0-08 new
infections/infectious chicken/day.

Conclusions The results of this study are a first step to elucidate
the importance of dust-borne transmission of HPAIv between
flocks and help interpret environmental samples.
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Introduction

Highly pathogenic avian influenza (HPAI) is a contagious
and devastating viral disease of poultry caused by influenza
type A strains carrying the haemagglutinin H5 or H7. Out-
breaks of HPAI virus (HPAIv) H5N1 have occurred in sev-
eral countries in Europe, Asia and Africa, and the virus is
currently endemic in, amongst others, China, Egypt and
Indonesia, causing economic losses and animal welfare
problems." In addition, in 15 countries, human cases were
reported since the first outbreak in Hong Kong in 1997,
and the disease is considered a threat for public health
because of the risk of reassortment with other influenza A
viruses which may result in a new pandemic.”

Eradication of HPAIv is difficult and mainly achieved by
culling of large numbers of (infected) poultry.”” Because
of this massive culling of flocks, improvement of control
measures is necessary, which requires more knowledge on

the epidemiology of the disease and the role of different
routes of transmission between flocks.

One of the routes suggested is airborne transmission.
During the 2004 HPAI outbreak in British Colombia live
virus was found in dust samples collected around infected
flocks,® and Chen et al.” found RNA of influenza viruses
attached to dust particles originating from Asian dust
storms and hypothesized the possibility of dust-borne
transmission of HPAIv. Poultry flocks generate high con-
centrations of dust that consists of bedding, feathers and
faeces, but can also contain high concentrations of micro-
organisms.'®"* Previous studies detected Campylobacter,
Salmonella, Newcastle disease and Marek’s disease in dust
samples collected from broiler flocks.'>'>™'® Because of
artificial ventilation systems, but also during transport of
birds or manure, dust is emitted into the environment and
can become a mechanical vector for micro-organisms. Dust
particles may be subsequently transported by wind over
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large distances up to kilometres, and in that way may
become a route for the spread of infectious particles
between poultry flocks.'**°

Up to now, evidence for transmission of HPAIv by dust
is sparse and more insight into this matter may be helpful
for interpreting results from environmental samples and to
develop prevention strategies, for example, minimal accept-
able distance between flocks. Moreover, it might improve
control measures for personnel working on infected flocks,
which may become infected after exposure to contaminated
dust particles or to provide insight into the risk of expo-
sure for people living in the proximity to poultry flocks.
9,21-26

Studying dust-borne virus spread of HPAIv during a dis-
ease-free period is difficult, and the only way of gaining
insight into distance-related spread is by doing experi-
ments. In a previous study, the rate of airborne transmis-
sion of HPAIv over short distances (up to 1-2 m) within
an experimental unit was determined, and it was demon-
strated that virus could be transmitted over a short dis-
tance and that dust was the possible vector of
transmission.”® A study by Yee et al?® demonstrated that
airborne transmission of a low pathogenic avian influenza
virus could be an important route of transmission of virus
in life bird markets. However, in these studies, transmission
was only determined qualitatively, meaning that the rela-
tion between viral load and probability of infection remains
unknown.

Therefore, quantitative data are necessary for the risk
assessment on transmission of virus to human and animal.
However, up to now, no data are available on the amount
of shedding by infected birds and its relation to environ-
mental deposition of dust-borne virus and the rate of
dust-borne transmission. In this study, we performed four
animal experiments in which we quantified the amount of
virus shed by infected birds and its relation to deposition
of virus in the environment and the rate of dust-borne
transmission between groups of chickens.

Materials and methods

Animals

Embryonated eggs from White leghorn chickens were pur-
chased from a commercial AIV-free poultry breeder farm
and hatched at the Central Veterinary Institute (CVI) in
Lelystad. After hatching, the chickens were housed in one
room. At 5 weeks of age, the chickens were tested for the
presence of antibodies against Al using a modified indi-
rect double-antibody sandwich (IDAS) nucleoprotein
(NP)-blocking ELISA.>” The chickens were housed on the
floor with bedding material of wood shavings and sawdust.
Irradiated rearing feed and tap water were provided ad
libitum.
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Inoculum

For inoculation, the HPAI virus strain A/turkey/
Turkey/1/2005 H5N1 (clade 2-2) was used as challenge
strain.”®* The virus was grown in the embryonated SPF
eggs, and vials with a known egg infectious dose (EIDs)
titre were stored at —70°C until use. On the day of chal-
lenge, one vial was thawed and diluted in 10-fold dilution
steps in tryptose phosphate buffer (TPB) to obtain the nec-
essary inoculation dose of 10* EIDs, Chickens were inocu-
lated with 0-1 ml inoculum applied intranasally and 0-1 ml
inoculum applied intratracheally using a blunt needle,
according to a standard protocol. ***°

Experimental design

Four replicate experiments, 1-4, were carried out consecu-
tively (Table 1). The experiments complied with the Dutch
law on animal experiments and were reviewed by an ani-
mal ethics committee. Each of the four replicate experi-
ments consisted of two separately housed groups of 14
chickens. Each group was housed in an isolation unit (vol-
ume of 22 m®) under BSL3+ conditions at the CVI in an
open cage of 2 m” The two isolation units were connected
with a tube (Figure 1). The inlet of the tube started above
the open cage from the first isolation room and the outlet
of the tube ended above the open cage from the second
room. Ventilation forced all air from the first room to the
second room through the tube. The units were ventilated
at an average flow of 225 m’/hour (range from
217-233 m’/hour) through the tube. At this air flow, dust
deposition on the plastic smooth tube is unlikely. Room
temperature was kept at 21°C and a relative humidity of
55%.

In the first room, eight of 14 chickens were inoculated
with HPAI H5N1 virus. The remaining six birds were con-
tact-exposed p.i. Deceased birds in this inoculated group
were replaced daily with new susceptible ones up to
10 days p.i. to generate a constant source of virus shedding
that was verified by taking swabs. In the second room,
birds were not treated. Deceased birds in this recipient
group were removed but not replaced.

Sampling procedures
At day 1 p.i., swabs from trachea and cloaca were collected
from inoculated chickens and at days 2 to 10 p.i., from all
chickens. In experiments 3 and 4, swabs from trachea and
cloaca were also collected on days 13 and 14 p.i. because of
the results of experiments 1 and 2. The swabs were put in
2 ml of 2:95% TPB with 5 x 10° IU of penicillin—sodium
and 5 mg streptomycin/ml and stored at —70°C until
analysed.

In experiments 3 and 4, from day 1 to 10, 13 and 14
p.i., additional dust samples were collected from the wall
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Table 1. Summary of variables and virus detection with RT-qPCR (expressed as log; EIDso equivalents/m? of wall or m? of air) in the different
dust samples p.i of the four replicate experiments. Samples not available are ‘na’

Trial Dust sampling

Virus titre (logo EIDso/m? or/m3)

Sampling Number of Number of Days post-inoculation
time Area infected non-infected
Room Apparatus (minutes) (m?) birds birds 12 3 4 5 6 7 8 9 10 13 14
1 Inoculated 48 0
Recipient MD8 90 0 14 029 21 31 26 28 29270 0 na na
2 Inoculated 35 1
Recipient  Andersen — non-respirable 90 14 0 00 O 230 150 0O O O na na
Recipient  Andersen — respirable 90 00 O O 200 O O 22 28 na na
3 Inoculated Dust cloths 01 30 7 0 39 50 37 49 51 48 49 48 44 49 35
Recipient  Dust cloths 01 0 14 0 29 40 39 39 45 40 44 45 39 38 27
Recipient  Andersen — non-respirable 270 00 O 250 310 31242527 34
Recipient  Andersen — respirable 270 0240 29270 0 332532 2528
4 Inoculated Dust cloths 01 47 0 0 33 45 46 41 46 49 48 50 49 54 39
Recipient  Dust cloths 01 14 0 00 35 32 39 41 47 48 39 42 47 35
Recipient MD8 270 0 25 29 35 32 41 39 35 40 37 35 37
L
Dust sampling lDust ;ampling] /
) | ) j
Inoculated chickens Recipient chickens

Inoculated room

Recipient room

Figure 1. Overview of the connected rooms with locations of the groups of chickens, dust sampling and air sampling. The arrows represent the

airflow from the inoculated to the recipient room.

(Figure 1) of the inoculated and recipient units, using elec-
trostatic dust cloths (Swiffer, Procter and Gamble, U.S.).
Per room, a defined section of 0-1 m* of wall was marked
and sampled daily to determine viral deposition in
24 hours. The dust cloths were put in 10 ml of 2:95% TPB
with 5 x 10° IU of penicillin-sodium and 5 mg streptomy-
cin/ml and stored at —70°C until analysed.

Air samples were collected during days 1-10 p.i. from
the air flowing to the recipient group (Figure 1) using
either an MDS8 air-scan air sampling device (Sartorius,
Nieuwegein, the Netherlands) (experiments 1 and 3) or
a two-stage viable Andersen Cascade Impactor (Thermo

Scientific, Franklin, MA, USA) (experiments 2 and 4). In
experiments 3 and 4, air samples were also collected on
days 13 and 14.

MDS8 air samples were taken at an air speed of
2 m’/hour using sterile gelatine filters of 80 mm diameter
and 3 pm pore size, and Andersen air samples were taken
at an air speed of 17 m>/hour (283 I/minutes) using ster-
ile gelatine filters to collect the dust. In the latter, the parti-
cles were grouped by their aerodynamic diameters.”’ The
fractions of dust collected with the Andersen were divided
into a non-respirable fraction (PM > 8 pm) and a respira-
ble fraction (PM < 8 pum). In experiments 1 and 2, air was
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sampled for 90 minutes; in experiments 3 and 4, this time
was increased to 270 minutes.

After sampling, the gelatine filters were dissolved in
10 ml of 2:95% TPB with 5 x 10’ IU of penicillin—sodium
and 5 mg streptomycin/ml at a temperature of 37°C. Dis-
solved filter solutions were stored at —70°C until analysed.
Viral load was determined for each gelatine filter, and posi-
tive RT-qPCR results were confirmed with virus isolation.
The experiments were terminated 21 days p.i. by euthaniz-
ing surviving birds with an intracardiac injection of T-61.

RNA isolation and quantitative real-time reverse
transcriptase PCR (RT-qPCR)

RNA isolation was performed with the MagNA Pure LC 2:0
instrument (Roche Applied Science, Mannheim, Germany)
using the MagNA Pure LC total Nucleic Acid Isolation Kit
(Roche Applied Science). The viral RNA was isolated from
200 pl of swab fluid or filter solution according to the man-
ufacturer’s instructions. The nucleic acids were collected in
elution buffer and stored at —70°C or directly processed for
the quantitative real-time reverse transcriptase PCR (RT-
qPCR). The RT-qPCR and data analysis were performed
using the MX4000 Quantitative PCR system (Stratagene,
Santa Clara, CA, USA) with version 4-20 software. To detect
the matrix gene of the influenza A virus, 5 pl of the elution
buffer with extracted RNA was used for RT-qPCR as
described in van der Goot.”> The viral RNA concentration
of each sample could be calculated using a calibration curve
of serial dilutions of a standard batch of the virus with a
known EIDs titre. Dilutions of the standard batch were run
along with the unknown samples. Quantification of the viral
concentration in each sample was based on the calibration
curve generated by plotting the cycle threshold value against
known virus titres. Results are given in'’log virus titres,
expressed as equivalent units of EID5y/ml.

Serology

Blood samples were taken from the ulnar vein 7 days
before and at days 7, 14 and 21 p.i. from all chickens. The
blood was coagulated at room temperature and serum col-
lected and stored at —20°C until use. Sera were incubated
for 30 minutes at 56 °C and tested using a modified IDAS
nucleoprotein (NP)-blocking ELISA to detect antibodies
against the nucleoprotein of influenza A.*

Virus isolation

For virus isolation, for each swab, three embryonated SPF
chicken eggs incubated for 9-11 days were inoculated in
the allantoic cavity with 0-2 ml swab fluid/egg and candled
daily. Dead embryos were stored at 4°C. After 72 hour, the
allantoic fluid was harvested from all eggs and a standard
hemagglutination assay (HA) with chicken red blood cells
was performed, and allantoic fluid was tested with
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RT-qPCR.>> When at least one egg of three eggs was posi-
tive in HA, the swab was considered to be positive. Viral
load in the different fractions of dust and on the gelatine
filters used in the MDS air scan was determined using RT-
qPCR and confirmed by virus isolation.

Data analysis

Chickens from the recipient group were considered to have
been infected with HPAIv H5N1 if they tested positive in
RT-qPCR and subsequently died from infection. In the
recipient group, infection was assumed to have been caused
by birds from the inoculated group if at least 2 days prior
to infection no infectious chickens had been present in the
recipient group. The day of infection of the chickens of
the recipient group was defined as the first day of virus
excretion minus a 1 day latent period.*

Transmission rate parameters (average number of new
infections caused by an infected chicken/day) between
chickens in the same group and between chickens in the
inoculated group and chickens in the recipient group were
estimated using a generalized linear model assuming a
stochastic SIR (Susceptible — Infectious — Recovered)
transmission process.”*

To determine whether the amount of virus excreted by
the inoculated groups was comparable across the four
experiments, the amounts of virus detected in the swabs of
the chickens of the four inoculated groups were compared
using ANOVA. To find the relation between time, amount
of virus shed and virus present in the dust or air samples,
log-transformed data of the amount of virus detected in
swabs, on the Swiffer dust cloths or on the gelatine filters
were analysed using a linear mixed effect model with exper-
iment as random effect and days post-inoculation as fixed
effect. All statistical tests were performed assuming a 2-
sided alternative hypothesis; P values smaller than 0-05
were considered significantly different. Analysis was per-
formed using commercially available statistical software
(spss 16:0; SPSS Inc., Chicago, IL, USA).

Results

All inoculated and contact birds housed in the inoculated
group became infected. The number of birds replaced in
the inoculated groups is listed in Table 1. RT-qPCR
detected on average 10>° EIDsy/day (95% C.L: 10°7-10°°
EIDs5) in the swabs of the inoculated group up to 10 days
p.i. No significant differences were detected between the
four experiments. No correlation in time was found
between the amount of virus shed and the amount of virus
detected in the environment. Results from each individual
chicken are listed in Table S1.

Transmission from the inoculated to the recipient group
occurred in experiments 2 and 4. In experiment 2, one bird
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from the recipient group tested positive in RT-qPCR on
day 3, and this bird died on the same day before infection
was transmitted to cage mates. Next, a second infection in
this group was observed on day 6 p.i. This infection initi-
ated a chain of infections ending with infection and death
of all birds in this group. In experiment 4, two birds of
the recipient group were found positive in RT-qPCR on
day 13 p.. Finally, all other birds in the group became
infected and all birds in the recipient group died before
the end of the experiment. In experiments 1 and 3, no
transmission from the inoculated to the recipient group
was observed.

The transmission rate parameter for the inoculated chick-
ens to the recipient chickens was estimated at 0-08 new
infections/infectious chicken/day (95% C.1.: 0-04—0-14). The
combined transmission rate parameter for direct transmis-
sion in the inoculated group was estimated at 1-71/day
(95% C.I.: 0-51-5-75) and in the recipient group at 1-45/day
(95% C.I.: 0-38-5-57). The estimated parameters for direct
transmission differed significantly from the airborne trans-
mission rate parameter (P < 0-05).

In Swiffer dust samples, RT-qPCR detected virus from
day 2 until day 10 p.i. at a mean level of 10*® EIDs,/-
day/m2 (95% C.L: 10*°-10*° EIDs,) for the inoculated
group, and 10*? EIDsy/day/m* (95% C.I: 10*°-10**
EIDs,) for the recipient group (Table 1). The amount of
virus detected in Swiffer dust cloths in the inoculated room
was significantly higher than in the recipient room. The
amount of virus detected in the two rooms was correlated
in time (P < 0-05). All positive RT-qPCR results from the
dust cloths from the inoculated room tested positive in
virus isolation, but no viable virus was found in any of the
dust cloths from the recipient room.

MDS8 samples contained on average 10°7 EIDsy/m’ air
(95% CJI. 10°*-10® EIDsy) (Table 1). All positive
RT-gPCR results of the MD8 samples tested positive in
virus isolation. No change was detected in the amount of
virus detected on MD8 samples during the course of the
experiment (P > 0-05).

The non-respirable and respirable fraction, collected by
the Andersen, tested in RT-qPCR on average 10**
EIDsy/m’ air (95% C.L: 10°°~10°?) and 10*” EID5/m’ air
(95% C.I.: 10°°-10°), respectively (Table 1). No change
was detected in the amount of virus detected in the differ-
ent fractions during the course of the experiment. On day
2, no viable virus was detected in the RT-qPCR positive
fractions. From day 3 to day 10, all fractions positive in
RT-qPCR tested positive in virus isolation.

Discussion

In this study, we determined the amount of virus shed by
infected birds and its relation to environmental deposition

of dust-borne virus and the rate of dust-borne transmis-
sion. Virus strain A/turkey/Turkey/1/2005 H5N1 was
transmitted through air, but not all recipient groups
became infected after exposure. The rate of indirect trans-
mission associated with dust was 20-fold lower than the
rate of direct transmission between chickens housed in the
same cage, suggesting that indirect transmission can occur
but is probably less efficient.

The amount of virus detected in air samples collected
above the cages in the units with the recipient groups
was on average 10°7 EIDso/m’. A chicken in this group
might have been exposed to 10°® EIDsy/day, given that
a chicken inhales on average 1-2 m’/day."” In a previous
study, the median infectious dose for the same virus
strain (CIDsy) was estimated to be 10*° EIDsy/chicken
after inoculation and falls within the range of 10'?-10*7
CIDs, as median infectious doses for other HPAI virus
strains, suggesting the model used to assess dust-borne
transmission has an application to other HPAIv.*>* If
this CIDs, also applied for infection after indirect expo-
sure of chickens to dust-contaminated particles, we
would expect a higher probability of infection. An expla-
nation for this difference between inoculation dose and
could be that the
immune system may be better capable of clearing a small

‘natural’ infectious dose innate
virus load inhaled over a prolonged period of time than
when it is overwhelmed with virus at one time.*
Another explanation is that the amount of viable virus
in the air samples was lower than measured in RT-
qPCR, as the latter also detects inactivated virus particles.
We detected viable virus in the air samples, but we did
not determine the virus titre, and therefore cannot make
a real association between RT-qPCR results and amount
of infectious virus. Nevertheless, our trials can help to
interpret results from environmental samples in the field
like samples taken from live bird markets or during out-
breaks, as it may help to get an indication of the proba-
bility of airborne transmission or exposure to infectious
virus, %77

We collected dust samples using two methods. With the
MDS8, we collected air samples for 90 or 270 minutes, in
which live virus was detected. Samples from dust that was
deposited on the wall of the rooms during 24 hours were
collected using dust cloths. Dust samples collected from the
wall of the recipient room tested only half-log lower than
dust samples collected in the inoculated room (10*® and
10** EIDso/day/m’ respectively). However, none of the
positive RT-qPCR dust samples from the wall of the recipi-
ent room tested positive in virus isolation test in contrary
to the dust samples of the inoculated room, despite infec-
tion of chickens in two of these recipient groups. Transport
of dust particles into the environment depends on wind,
and deposition of dust particles only occurs under certain
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conditions.”® Data from our study suggest that transmis-
sion of virus to other flocks during an outbreak may only
occur during a short time after being produced. It also
implies that during an outbreak, the location and technique
of environmental sampling in the surroundings of an
infected flock is essential to determine the amount of infec-
tious dust deposited in that environment and the implica-
tions of these findings for exposure. For example, during
the HPAI H7N7 outbreak in British Columbia in 2004,
dust samples were collected from the air around infected
flocks, and using high-volume sampling, virus was retrieved
in 3 of 16 samples at an average of 10> viral doses/m’.
Nevertheless, this information was too sparse to explain the
transmission of virus to other flocks as the sampling tech-
nique was not optimal.

Our results of dust-associated virus transmission may
also have relevance for human health issues. Personnel
working inside stables housing infected flocks may be
exposed to large quantities of virus contaminated dust par-
ticles. Bos et al.*® demonstrated that persons involved in
inspection and culling of infected poultry during the Dutch
H7N7 epidemic had a higher risk for infection. With the
results of our study, the level of exposure of humans can
be better assessed which may contribute to the optimiza-
tion of personal protective equipment for personnel
working on infected flocks.*!

We also examined the amount of virus attached to parti-
cles of different size as smaller dust particles can travel larger
distances, and as smaller particles can be deposited more eas-
ily in the lower respiratory tract of chickens affecting the
probability of infection.>*"*>** Infectious virus was
detected on both fractions after 2 days of shedding of virus
by the infected birds, but no difference was found between
the amount of virus detected in the respirable and non-respi-
rable fraction. Understanding the biological relevance of
these observations requires more research on, for example
viral load, particle size and transmission.

The results of this study are a first step to elucidate the
importance of the transmission of dust-borne HPAIv
between poultry flocks. Mathematical modelling, using the
results described here, can help extrapolating the results
from these experimental flocks to the size of commercial
flocks to examine whether they can, in part, explain the
transmission during epidemics.
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