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Abstract

H7N9 influenza A first caused human infections in early 2013 in China. Virus genetics, histories 

of patient exposures to poultry, and previous experimental studies suggest the source of the virus 

is a domestic avian species, such as chickens. In order to better understand the ecology of this 

H7N9 in chickens, we evaluated the infectious dose and pathogenesis of A/Anhui/1/2013 H7N9 in 

two common breeds of chickens, White Leghorns (table-egg layers) and White Plymouth Rocks 

(meat chickens). No morbidity or mortality were observed with doses of 106 or 108 EID50 per bird 

when administered by the upper-respiratory route, and the mean infectious dose (106 EID50) was 

higher than expected, suggesting that the virus is poorly adapted to chickens. Virus was shed at 

higher titers and spread to the kidneys in chickens inoculated by the intravenous route. Challenge 

experiments with three other human-origin H7N9 viruses showed a similar pattern of virus 

replication.
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Introduction

A novel H7N9 influenza A virus emerged in humans in Eastern China in February of 2013. 

Cases were often severe and the case fatality rate is approximately 32%. The viral genome 

was rapidly characterized and was revealed to contain a novel constellation of genes from 

avian influenza viruses from several Eurasian sub-lineages most of which had been 
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previously detected in China (Kageyama et al., 2013; Van Ranst and Lemey, 2013; Xiong et 

al., 2013; Zhang et al., 2013a). An avian reservoir was immediately suspected as a likely 

origin of human infections because of the avian-origin influenza virus genes and because 

recent contact with poultry was documented with numerous human cases (Lee et al., 2013; 

Murhekar et al., 2013).

Isolates were obtained from the environment of live poultry markets (LPMs) and directly 

from avian species, including chickens, ducks and pigeons, during the surveillance that was 

implemented soon after the human cases began (Shi et al., 2013; Wang et al., 2013; Yu et 

al., 2014). Among poultry, chickens are considered to be a highly likely reservoir species for 

the H7N9 influenza virus because of the structure of the poultry markets in the affected 

areas and a previous experimental study of infectivity and transmission supported chickens 

and Japanese quail as likely reservoirs, but not pigeons, domestic ducks, or domestic geese 

(Pantin-Jackwood et al., 2014). Since Japanese quail are only available in the LPMs 

sporadically and typically only in low numbers, chickens were suspected as being a primary 

exposure source for human cases (FAO, 2014; Hamilton and Swayne, 2013)

The viral genomes of the chicken isolates were genetically similar to the human isolates, 

although some reassortment has occurred, so that the level of identity varies slightly 

between genes and isolates (Zhang et al., 2013a). Based on the hemagglutinin (HA) 

proteolytic cleavage site, the primary virulence marker of avian influenza virus (AIV) for 

gallinaceous poultry, the virus would be low pathogenic (LP) in chickens. In the absence of 

clinical disease, identifying infected birds is more difficult and people are less likely to 

handle poultry that appear healthy with adequate sanitation measures, which can make 

control of the virus in poultry more difficult. The regulatory LP classification was soon 

confirmed by in vivo testing by several reference laboratories using the World Organization 

for Animal Health (OIE) procedure (OIE, 2012) which primarily evaluates mortality with a 

non-standardized dose administered by the intravenous (IV) route.

The 2013 H7N9 LPAIV lineage is unusual for an influenza A virus that genetically belongs 

to avian lineages because of its ability to infect and cause disease in humans. The paucity of 

pathogenesis or transmission data makes it difficult to understanding the role of chickens in 

the maintenance and transmission of H7N9 to humans. In order to better characterize the 

2013 H7N9 LPAIV in chickens, comprehensive pathogenesis studies, and infectious dose 

studies were conducted.

Materials and Methods

Virus

Egg passage 2 of the A/Anhui/1/2013 H7N9 influenza A strain was obtained from the US, 

Centers for Disease Control and original material was provided by Chinese Centers for 

Diseases Control through World Health Organization Influenza Network. A single 

additional virus passage was completed in embryonating chickens eggs (ECE) using 

standard methods (Senne, 2008). Egg passage 3 was titrated in ECE with standard methods 

(Senne, 2008) and was used as inoculum for chicken studies or as antigen for 

hemagglutination inhibition (HI) assays.

Spackman et al. Page 2

Virology. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Six additional isolates were evaluated for transmission among chickens (Table 1). Two were 

sequence variants of A/Anhui/1/2013 that were isolated from chickens from earlier studies 

(Pantin-Jackwood et al., 2014) and included: 1) a variant had a leucine at position 217 of the 

HA (A/Anhui/1/2013 L217) which is the same as the parental virus and that is associated 

with human adaption and 2) a variant with glutamine at position 217 (A/Anhui/1/2013 

Q217) , which is the amino acid typically found in avian H7 viruses. Finally, 3 additional 

H7N9 human isolates: 3) A/Hong Kong/5942/2013; 4) A/Hong Kong/734/2014; 5) A/Hong 

Kong/2212982/2014; and 6) an H9N2 human isolate, A/Hong Kong/308/2014 with internal 

proteins that are all >99% similar to the H7N9 isolates in amino acid sequence.

All studies were conducted in accordance with procedures approved by the SEPRL 

institutional biosafety committee.

Chickens and animal care

Four week-old specific pathogen free (SPF) White Leghorn (WL) (table-egg layer type) and 

4 and 10 week-old SPF White Plymouth Rock (WR) (meat type) chickens were obtained 

from SEPRL in-house flocks. Each bird was individually tagged and housed in HEPA 

ventilated modified Horsfall isolators with ad libitum access to feed and water. Chickens 

were observed daily for clinical signs and mortality. All studies were conducted in 

accordance with procedures approved by the SEPRL institutional animal care and use 

committee in BSL-3E certified facilities.

Mean infectious dose (MID), transmission and pathogenesis

Five chickens were inoculated with each dose of a 10-fold dilution series of 101 through 108 

EID50/bird in 0.1ml of A/Anhui/1/2013 H7N9 by the intrachoanal (ICh) route (simulates 

natural upper respiratory exposure as the virus is administered into the middle nasal cavity 

through the choanal cleft and is very accurate because it is easy to ensure that each bird 

receives the full dose). Two extra WL and 8 extra WR chickens were inoculated with the 

dose of 106 EID50/bird for the pathogenesis studies. The extra chickens were housed 

separately to maintain the same ratio of directly inoculated chickens (n=5) to contact 

exposure chickens (n=3) among the MID dose groups. The contact exposure chickens were 

non-inoculated hatch-mates that were added to each dose group at 2 DPI. Oropharyngeal 

(OP) swabs were collected 2, 4 and 7 days post inoculation (DPI) from direct inoculates and 

from the contact transmission birds at 2 and 5 DPI. The birds were observed daily for 

clinical signs and mortality. Serum was collected from all surviving chickens at 14 DPI.

Challenge studies with the A/Anhui/1/2013 sequence variants and the additional H7N9 and 

H9N2 human isolates were identical, however the doses were adjusted higher to: 104, 106, 

and 107.5 EID50/bird based on the results with the original A/Anhui/1/2013 experiment.

To evaluate gross and microscopic lesions 3 WR chickens and 2 WL chickens from the 106 

EID50/bird dose ICh inoculated groups were euthanized and necropsied at 3 DPI (two non-

infected hatch-mates were also necropsied to provide a set of age-matched control tissue 

samples). A full set of tissue samples were collected for microscopic evaluation: lungs 

(multiple transverse sections, including secondary and tertiary bronchi), bursa, kidney, 
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adrenal gland, thymus, thyroid, brain, liver, heart, ventriculus, pancreas, intestine, spleen, 

gonads, trachea (several sections anterior to the syrinx), beak (nasal cavity with middle and 

posterior regions) and thigh muscle. Tissues were fixed in 10% neutral buffered formalin 

solution, sectioned, and stained with hematoxylin-and-eosin. Duplicate sections were stained 

by IHC methods (Driskell et al., 2010; Pantin-Jackwood, 2008) to visualize influenza viral 

antigen distribution in individual tissues.

High challenge dose pathogenesis study with intrachoanal inoculation

A second set of pathogenesis studies was conducted with a high challenge dose of 108 EID50 

per bird administered by the ICh route in a volume of 0.1 ml. Sixteen, 4-week-old WL and 

ten, 10-week-old WR chickens were ICh-inoculated with A/Anhui/1/2013 H7N9. Five 

chickens served as age-matched, sham-inoculated controls. OP and cloacal (CL) swabs were 

collected at days 2, 4, 6, 8 and 10 DPI from all chickens. Titers of virus in OP and CL swabs 

were determined by quantitative real-time RT-PCR (qRRT-PCR).

Two to 4 chickens from each group were euthanized and necropsied at 3 and 6 DPI. Two 

non-infected controls per age group were also necropsied to serve as age-matched controls. 

Gross lesions were recorded and lung, spleen, kidney, brain, and muscle tissues were 

collected separately from each bird and were examined for virus replication by virus 

isolation in ECE. A full set of tissue samples was collected from the same birds for 

microscopic evaluation as described above. Serum was collected from all surviving chickens 

10 DPI to evaluate antibody titers by HI assay.

Intravenous versus intrachoanal route of inoculation at high challenge dose

To compare the effect of route of inoculation on pathogenesis, eighteen, 4-week-old WL 

were separated into 3 groups of 6 birds and each was inoculated by either the ICh or 

intravenous (IV) route with a dose of 108 EID50 in 0.1ml per bird, or sham inoculated with 

sterile PBS by the each of the same routes and volume. OP and CL swabs were collected at 

2 and 4 DPI to evaluate virus shed by virus isolation. Two birds from each group were 

euthanized and necropsied at 5 DPI (2 non-infected hatch-mates were also necropsied to 

provide a set of age-matched control tissue samples) and tissues were collected for 

microscopic evaluation and to evaluate virus replication as described above. Necropsy was 

conducted at 5 DPI instead of 3 DPI based on previous studies with LPAIV in chickens with 

IV inoculation which showed that a later time was optimal to observe lesions in visceral 

organs (Slemons et al., 1990; Slemons and Swayne, 1995; Swayne and Slemons, 1994).

Quantitative real-time RT-PCR and RNA extraction

RNA was extracted from OP swabs and CL swabs by adding 750[μ541]l Trizol LS 

(Invitrogen, Inc., Carlsbad, CA) to 250[μ541]l swab material. The sample material-Trizol 

LS mixture was mixed by vortexing and incubated at room temperature for 5 min., then 

200[μ541]l of chloroform was added. The material was mixed again by vortexing, incubated 

at room temperature a minimum of 10 min. and centrifuged for 15 min. at 12,000Xg. The 

RNA extraction was completed by binding and eluting the RNA from the aqueous phase 

using the MagMAX 96 AI/ND Viral RNA isolation kit (Ambion, Inc. Austin, TX) in 
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accordance with kit instructions using the KingFisher magnetic particle processor (Thermo 

Scientific, Waltham, MA) (Das et al., 2009).

Quantitative RRT-PCR which targets the influenza M gene (Spackman et al., 2002) was 

performed using the 7500 FAST Real-time PCR System, (Applied Biosystems, Foster City, 

CA) and the AgPath-ID OneStep RT-PCR kit (Ambion, Inc.) (Spackman, 2014). The 

standard curve for virus quantification was established with RNA extracted from dilutions of 

the same titrated stock of A/Anhui/1/2013 H7N9 that was used to inoculate the chickens and 

was run in duplicate. The cut-off for qRRT-PCR detection was calculated to be 102EID50 

per ml.

Hemagglutination inhibition assay

Sera were adsorbed for 30min. at room temperature with 1% chicken red blood cells to 

remove non-specific agglutinins. HI assay was performed in accordance with standard 

procedures (Pedersen, 2008). Briefly, 2-fold serial dilutions of 25[g541]l of serum were 

made in 25[μ541]l of phosphate buffered saline. Diluted sera were incubated for 30 min. at 

room temperature with 4HAU/25[μ541]l of antigen, then 50[μ541]l of 0.5% chicken red 

blood cells were added. The test was evaluated after 30 min. of incubation at room 

temperature. Titers were calculated as the reciprocal of the last HI positive serum dilution 

and samples with HI titers of 4 or below were considered negative.

Virus isolation

Virus detection from OP and CL swabs and tissues collected on day 2 and 4 post-inoculation 

from the route of inoculation study was performed as described previously (Tumpey et al., 

2004). Briefly, swabs were collected into 2 ml of brain-heart infusion broth with antibiotics 

(1,000 units/mL of penicillin G, 200 [μ541]g/ml of gentamicin sulfate, and 4 [μ541]g/ml of 

amphotericin B; Sigma Chemical Company, St. Louis, MO) from each bird and 0.2 ml was 

injected in 9- to 11-day-old embryonating SPF chicken eggs. Inoculated eggs were 

incubated at 37°C for 72 to 96 hours and allantoic fluid was harvested and screened for the 

presence of AI virus by hemagglutination assay following standard procedures (Killian, 

2008; Senne, 2008). Virus titers are reported as log10 EID50/ml and the threshold of 

detection was 100.9 EID50/ml.

Statistical methods

Virus titers were tested for statistical significance among treatment groups with one-way 

ANOVA within a DPI. If normality failed then one-way ANOVA on ranks, Dunn's method 

was used (SigmaPlot 12.0, Systat Software, Richmond, CA). The proportion of chickens 

positive for virus shed between treatment groups was tested by Fisher's Exact test for 

statistical significance. A p value of ≤ 0.05 was considered to be significant for all statistical 

tests.
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Results

Mean infectious dose and pathogenesis

The 50% infectious dose of A/Anhui/1/2013 H7N9 for WR and WL breed chickens was 

determined based on oral virus shed at 2 DPI. Titers from 4 and 7 days were used to evaluate 

shed patterns, but because of possible secondary spread within a group of birds, they were 

not used to determine infectious dose. A dose of 106 EID50 (mid-dose) resulted in 50% 

infection for both chicken breeds based virus shed at 2 DPI (Table 2). A 100% infection rate 

was only achieved at the highest dose of 108 EID50 per bird. The chickens (of both breeds) 

that seroconverted were always the same birds that shed virus (Table 1) (excluding two WR 

chickens which shed virus at 2 DPI but were euthanized and necropsied at 3 DPI so there 

was no sera available for HI assay). Virus detectable by qRRT-PCR was shed by the OP 

route at 2, 4 and 7 DPI by the directly inoculated WR starting at the dose of 104 EID50 per 

bird through a dose of 108 EID50 per bird, and starting at a dose of 10 EID50 per bird 

through dose of 108 EID50 per bird by the directly inoculated WL (Figure 1).

Only two contact transmission birds in the WR group housed with the group that received 

107EID50/bird could be confirmed to have been infected. One of these contact exposed 

chickens was positive for OP virus shed at 2 and 5 DPI and the other was only positive at 2 

DPI (Figure 1). Both were negative for antibody by HI assay; all contact exposure birds 

from both experiments were negative for antibody.

Pathogenesis with ICh inoculation with a dose of 106 EID50 per bird

No clinical signs, gross lesions or mortality were observed in any of the chickens. At the 

exposure dose of 106 EID50 per bird WL and WR shed sufficient virus by the OP route at 2, 

4 and 7 DPI as detected by qRRT-PCR (Figure 1). There was a trend (i.e. not statistically 

significant) toward higher titers to be shed by the WR (mean titers 4.6, 5.1 and 4.3 log10 

EID50 at 2, 4, 7 and DPI respectively) versus the WL (mean titers 2.4, 3.6 and 2.4 log10 

EID50 at 2, 4, 7 and DPI respectively). The number of positive WL was insufficient for 

statistical analysis of titers. The number of birds shedding was not significantly different 

between the WL and WR at any time (Table 3).

Because 100% infection was only observed at the dose of 108 EID50 per bird and 

observations of mortality in concurrent vaccination studies (manuscript in preparation) a 

second higher dose study with 108 EID50 per bird was conducted. Also both the IV and ICh 

routes were used to simulate the OIE standard test which uses the IV inoculation route and 

natural infection, respectively. Since the titer of the virus preparation utilized was 109 EID50 

per ml, a 1:10 dilution as called for in the OIE procedure would have resulted in a dose of 

108 EID50 per bird, therefore this would replicate the OIE test.

High dose pathogenesis study with intrachoanal inoculation

No clinical signs, lesions or mortality were observed in any of the pathogenesis studies with 

ICh virus inoculation regardless of chicken breed at a dose of 108 EID50 per bird.
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In chickens inoculated by the ICh route with the high virus dose (108 EID50 per bird), virus 

was detectable from 100% of OP swabs from both breeds taken at 2, 4 and 6 DPI (Table 2), 

with birds shedding an average of 104-6.2EID50/ml on days 2 and 4 DPI (Figure 2). By 8 DPI 

less than half of the birds were shedding virus through the OP route (Table 3) and at 10 DPI 

the number of birds shedding was significantly higher in the WL versus the WR (no virus 

was detected). Virus was detected in CL swabs in fewer birds at each time point than OP 

swabs and mean virus titers were lower at each time point (Figure 2). Mean OP shed titers 

were significantly higher than CL titers from the WL at 2, 4 and 6 DPI and from WR at 2 

and 4 DPI. There was no significant difference in the number of WL versus WR shedding 

detectable levels of virus at any time. At 10 DPI, all chickens inoculated with 108 EID50 of 

A/Anhui/1/2013 by the ICh route had detectable antibody titers against the virus (Table 2).

The titers of virus shed orally and number of chickens shedding virus was compared 

between the high dose and mid-dose groups at 2 and 4 DPI. The number of both WL and 

WR chickens shedding at 2 DPI was significantly higher in the high dose groups at 2 DPI, 

but not at 4 DPI. The titers were significantly higher from the high dose group at 2 DPI for 

both WL and WR, and at 4 DPI from WL.

Only mild gross lesions were observed at necropsy in chickens inoculated by the ICh route 

regardless of breed. Sinusitis was the primary lesion observed. Microscopic lesions were 

consistent with LPAIV infection; lesions were generally confined to the upper respiratory 

tract. Moderate to severe catarrhal and/or lymphocytic rhinitis and sinusitis, with 

mucocellular exudates containing sloughed epithelial cells, submucosal edema, and 

glandular hyperplasia was present. Mild degenerative changes of the overlying epithelium, 

and mild lymphocytic infiltration in the submucosa, and mild edema were observed in the 

trachea. In the lungs, mild congestion, mild interstitial inflammation with mixed 

mononuclear cells, and mild catarrhal bronchitis was observed. Lesions in the 

gastrointestinal tract consisted of mild to moderate proliferation of gut-associated lymphoid 

tissues. Mild focal lymphocytic infiltrations in the liver were also present. In one bird, 

lymphocytic infiltrations were also found in the heart. Other organs lacked significant 

histopathologic lesions. No lesions were found in age-matched controls.

Selected tissues were tested for virus. At 3 DPI, virus was detected by qRRT-PCR in the 

lung of two birds (102.3 and 103.4 EID50/g), in the kidney of two birds (102 and 104.5 

EID50/g), in muscle tissue of three birds (101.9-3.9 EID50/g), and in the brain and spleen of 

all four birds examined (102-3.2 and 103.5-3.9 EID50/g respectively). At 6 DPI, virus was 

detected in the lung of one bird (102.5 EID50/g) and in the spleen of all four birds (102-2.6 

EID50/g) examined.

Immunohistochemistry on tissues from ICh exposed chickens

Using immunohistochemistry viral staining in tissues from all of the chickens examined 

from the ICh inoculated groups (mid- and high dose) was commonly present in epithelial 

cells and macrophage in the nasal cavity and adjacent glands (Figure 3). Minimal staining 

was present in tubule epithelium in the kidney. Rare viral antigen staining was observed in 

epithelial cells and infiltrating inflammatory cells in the intestine, in resident phagocytes in 

the spleen and liver, and in microglial cells in the brain.
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Intravenous versus intrachoanal route of inoculation

No mortality or clinical signs were observed in chickens inoculated with 108 EID50 per bird 

by either the ICh or IV routes or in sham inoculates. Oral and CL virus shed was evaluated 

at 2 and 4 DPI (Figure 4). The only significant difference between the IV and ICh inoculated 

chickens in either mean titers or the number of birds shedding was at 2DPI where the mean 

titers were significantly lower from the ICh as compared to the IV inoculated chickens (the 

difference in the number of chickens shedding was not significant).

Gross lesions observed at 5DPI in chickens inoculated by the IV route included necrotic 

areas in the kidney and petechial hemorrhages on the liver. Virus isolation was attempted 

with kidney tissue from each of the two birds necropsied from each treatment (sham, ICh 

inoculation, and IV inoculation). No virus was isolated from the kidneys from the 2 sham 

inoculates or the 2 ICh inoculates. Kidney tissue from both of the IV inoculates was positive 

for virus and both had a titer of 106.5EID50/g.

Microscopic lesions and viral antigen staining observed by immunohistochemistry in the 

tissues from the ICh-inoculated birds were similar to what was seen in the other studies 

described above. In the tissues from the birds that received the virus by the IV route, severe 

lymphocytic tubule-interstitial nephritis with necrosis of tubule epithelium, edema and 

hemorrhage was observed (Figure 5). Mild to moderate phagocyte ellipsoid-associated 

proliferation was present in the spleen (Figure 5) as well as mild necrosis of hepatocytes 

with sinusoidal histiocytosis in the liver. Viral antigen was present in necrotic tubule 

epithelium, infiltrating mononuclear cells, and debris in the kidney and in resident 

phagocytic cells in the spleen, associated with the microscopic lesions observed. No virus 

staining was found in any other tissue.

Transmission of other H7N9 isolates and an H9N2 human isolate in chickens
—Chickens were exposed to three additional human isolates of H7N9 at doses of 104, 106, 

and 107.5 EID50 per bird by the ICh route to evaluate viral replication and transmission. All 

three viruses infected 100% of the chickens at 106 and 107.5 EID50 per bird, but transmission 

by contact to non-inoculated cage-mates was limited to none or 1 of 3 birds with 2 isolates, 

and 2 of 3 with the third isolate (Table 1). Antibody titers detected by HI assay correlated 

closely to viral RNA detection by qRRT-PCR (i.e. the same birds were positive with both 

assays). In contrast, chickens exposed to the H9N2 human isolate were 100% infected and 

transmitted to 100% of the non-inoculated cage-mates when exposed at doses of 104 and 

106, EID50 per bird (Table 3). Also, the amount of virus in swabs was much lower from the 

contact transmission group as compared to the directly inoculated chickens. Additionally, 

the amount of virus detected in swabs from contact exposed birds was much lower than from 

the directly inoculated chickens.

Transmission of A/Ahui/1/2013 sequence variants—Two isolates of A/Anhui/

1/2013 from chickens from an earlier challenge study with the A/Anhui/1/2013 virus 

(Pantin-Jackwood et al., 2014) which had variant HA sequences: leucine or glutamine at site 

217 (H7 numbering). The change at residue 217 was the most prominent variation observed 

in the A/Anhui/1/2013 HA after passage in chickens or quail and this position is known to 
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be important in sialic acid binding; leucine is correlated to human isolates and glutamine 

associated with avian isolates. Therefore, an isolate with each of these residues were directly 

compared. The isolate with Q217 infected 100% of the chickens at 106 and 107.5 EID50 per 

bird, but transmission by contact to non-inoculated cage-mates was limited to 1 of 3 birds 

(Table 3). The isolate with L217 transmitted to all 3 un-inoculated cage-mates at the same 

doses.

Discussion

The mean infectious dose of A/Anhui/1/2013 H7N9 was 106EID50 in both WL and WR 

chickens. This dose seems higher than one would expect if this lineage was well adapted to 

chickens. In a previous study the mean infectious dose for 10 LPAIV isolates in WL 

chickens varied from <102.9 EID50 to greater than 107.5 EID50 per bird (Swayne and 

Slemons, 2008). In that study the isolates which had a history of circulating in chickens had 

mean infectious doses of <102.9 EID50 per bird versus doses above 104.2EID50 per bird with 

isolates from waterfowl, ratites and shore birds (Swayne and Slemons, 2008). The 2013 

H7N9 lineage has been isolated from numerous and diverse avian species, which makes it 

difficult to speculate to what species this lineage is best adapted. Surveillance data from 

LPMs shows that the H7N9 lineage is detected in chickens at the LPMs at higher rates than 

from other species (Chen et al., 2014). However the number of chickens tested was much 

higher than any other species, so there may be some sample bias since the prevalence, even 

in chickens was very low (2.1%) (Chen et al., 2014). Since the LPM's are comprised of 

numerous species mixed together and in Chen's study the highest rates of virus detection 

were in environmental samples, the chickens may be infected at the markets (which is 

supported by the lack of detection at farms) (Chen et al., 2014).

Several reports on the pathogenesis of A/Anhui/1/2013 in gallinaceous and other avian 

species have been reported. In older WL chickens a dose of 106EID50 per bird by the ICh 

route achieved 100% infection (Pantin-Jackwood et al., 2014) versus 60% (WL) and 70% 

(WR) here. In that study the chickens were 59 week-old hens that were in-lay, so the 

difference may be age related and be affected by the physiological stress of egg laying 

which could cause the hens to be more susceptible to infection with a lower dose of virus 

(Pantin-Jackwood et al., 2014). That examined infection of numerous species including 

quail, pigeons and Pekin ducks with doses of 102, 104 and 106 EID50 per bird and only quail 

could be infected 100% at 102 EID50 versus 106 for 50% infection in Pekin ducks and >106 

for pigeons (Pantin-Jackwood et al., 2014). This shows that a relatively high 50% bird 

infectious dose is needed to infect pigeons and Pekin ducks. Other studies in younger 

chickens with a single dose have also shown similar results. Ku et al. observed poor 

replication and transmission at a dose of 109.6EID50/bird (Ku et al., 2014). Kalthoff et al. 

were able to achieve 100% infection of young chickens at 106EID50/bird with a small group 

of 4 chickens (Kalthoff et al., 2014). Similarly, Zhang et al. were able to achieve a high 

proportion of infection in chickens using a chicken and a pigeon origin isolate at a dose of 

106EID50/bird (Zhang et al., 2013b). The varying data suggest that chicken adaptation may 

vary among isolates.
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Importantly laboratory studies often do not replicate the real world situation. In the field 

chickens are physiologically stressed, nutrition may not be adequate, other infectious agents, 

including the immunosuppressive viruses of chickens could affect susceptibility to infection. 

The difference between the lab and field is not a complete explanation because the H9N2 

and other viruses have much lower infectious doses for chickens under the same conditions 

(Swayne and Slemons, 2008; Tumpey et al., 2004).

Consideration must be given that the A/Anhui/1/2013 is a human isolate, and there may be 

some adaptation of the virus to humans which potentially limits its replication in poultry. 

However, different lines of evidence don't support this theory. First the deduced protein 

sequences of all viral proteins of the A/Anhui/1/2013 have 100% identity with numerous 

chicken isolates based on sequence from 35 chicken isolates in public databases 

(Eurosurveillance editorial, 2013; Van Ranst and Lemey, 2013; Xiong et al., 2013). Two 

mutations in the Anhui strain, Q217L in the hemagglutinin and the PB2 E627K mutation, 

are associated with mammalian adaptation of avian influenza viruses (Subbarao et al., 1993). 

However, some poultry H7N9 isolates had both human associated mutations, which makes it 

unlikely that these mutations are responsible for the poor replication in chickens. 

Furthermore, numerous isolates of H5N1 HPAIV from chickens with the PB2 E627K 

mutation have been reported (Kayali et al., 2011; Li et al., 2010; Wasilenko et al., 2011), 

which suggests that influenza with this sequence is able to sufficiently transmit among 

chickens in a natural setting. Secondly, three additional H7N9 viruses from humans were 

compared at several different doses, and a similar pattern of virus replication and 

transmission and shedding were observed. Although, all three viruses had leucine in the 

hemagglutinin at 217 and lysine in the PB2 at 627, it provides evidence that the Anhui strain 

is not an outlier in its ability to replicate in chickens. Finally, the two variants of residue 

217, either Q or L, in A/Anhui/1/2013 behaved similarly to the parental strain, which 

appeared to be a mixed population with both variants. Based on the current information in 

public data bases most chicken viruses have Q and most human viruses have L, but neither 

is exclusive to a species.

One of the primary reasons that chickens were suspected in the epidemiology of H7N9 was 

that the virus appeared to be a reassortant virus which contained the 6 internal gene 

segments derived from the chicken adapted H9N2 lineage that is endemic in the region. The 

expectation was this would allow efficient virus replication in poultry. As a positive control, 

a human H9N2 from this lineage (>99% similarity in internal proteins) was included in the 

study and transmitted more efficiently than the H7N9 viruses, indicating that the HA and 

NA are important for transmission among chickens.

Importantly, although WL and WR derived commercial chicken lines are widespread in 

China, the most common chicken breed in the live poultry markets in China is a native, local 

breed, the “yellow chicken”. Therefore a breed difference in host susceptibility cannot be 

ruled out for the ecology of the 2013 H7N9 lineage in the live poultry markets where 

humans were being exposed. Other factors including: stress, infections with other agents, 

and immunosuppression, can affect the susceptibility of chickens to the H7N9 virus in field 

conditions. Additional infectious dose work with H7N9 isolates from different species and 
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breeds of poultry are needed to elucidate the species adaptation of the lineage from genetic 

and biological perspectives.

As expected, the pathogenesis of A/Anhui/1/2013 is clinically consistent with LPAIV in 

chickens (Morales et al., 2009; OIE, 2012; Pillai et al., 2010; Spackman et al., 2010; Swayne 

et al., 2008) regardless of breed or dose. Virus shed did differ based on challenge dose, 

where more chickens shed higher titers after a higher challenge dose earlier post exposure. 

This same dose effect has been reported with porcine reproductive and respiratory syndrome 

virus and foot and mouth disease virus in swine (Howey et al., 2009; Yoon et al., 1999) and 

demonstrates how challenge dose in laboratory studies can affect the course of infection. 

Also, virus was detected in internal organs at the high challenge dose, but not the lower 

dose.

Route of inoculation did have an effect on pathogenesis. Since a human or mammalian 

influenza isolate had not been evaluated for differences in pathogenesis in chickens based on 

these two common experimental routes of exposure, we evaluated A/Anhui/1/2013 by both 

the ICh and IV routes of infection. Unlike ICh inoculation, gross lesions, microscopic 

lesions and high viral titers was observed in the kidneys of chickens inoculated by the IV 

route. Intravenous inoculation of chickens has previously been shown to alter the 

pathogenesis of LPAIV by allowing direct exposure beyond the respiratory and enteric 

tracts, particularly to the kidneys (Condobery and Slemons, 1992; Slemons et al., 1990; 

Slemons and Swayne, 1995; Swayne et al., 1994; Swayne and Slemons, 1994). Thus 

infection and damage in tubular epithelial cells of the kidney may result in low level 

mortality, which could make an isolate appear more pathogenic than it is by more natural 

respiratory exposure route. We have observed kidney infection and nephrosis in vaccination 

studies in several chickens that died following ICh exposure to a high dose (108EID50 per 

bird) of the Anhui H7N9 virus (manuscript in preparation). Importantly, a high rate of 

mortality from renal infection could result in incorrectly classifying an LPAIV as HPAIV, 

which is important because IV inoculation is the standard route of inoculation for the OIE 

pathogenicity test (OIE, 2012). This has been reported with an H10 (Wood et al., 1996). In 

addition to the kidney lesions, virus shed titers by the CL route were increased early after 

exposure (2 DPI) as compared to the respiratory route. These data reinforce that IV 

inoculation will alter the apparent tissue tropism and pathogenesis of LPAIV in chickens 

versus a respiratory route of inoculation.

Conclusions

Consistent with other reports, no mortality or morbidity was observed in chickens regardless 

of breed, dose or route of inoculation. The mean infectious dose of A/Anhui/1/2013 in WL 

and WR chickens was 106 EID50 per chicken and 100% infection required a dose of 

108EID50 per bird. Similar results were observed with variants of A/Anhui/1/2013 and other 

H7N9 isolate. However, an H9N2 isolate with similar internal gene segments, did have a 

lower mean infectious dose indicating that the H7 and/or N9 are important for chicken 

susceptibility. More importantly, for chickens to serve as a primary reservoir for the H7N9 

lineage one would expect for the infectious dose to be lower and more inline with the 

infectious doses of other AIV isolates that are adapted to chickens. Therefore the role of 
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chickens in the ecology of the H7N9 lineage, at least early on (as the virus has continued to 

circulate it may have changed), may not have been efficient.
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Research highlights

• The 2013 H7N9 avian influenza virus was evaluated in two common breeds of 

chickens.

• No morbidity or mortality were observed with doses up to108 EID50 per bird.

• The mean infectious dose for chickens was 106 EID50.

• The pathogenesis was more invasive when inoculated by the intravenous route.
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Figure 1. 
Oral virus titers for White Plymouth Rock (WR) and White Leghorn (WL) chickens 

inoculated by the intrachoanal route with A/Anhui/1/2013 H7N9 by dose (50% egg 

infectious doses per bird) and day post inoculation as determined by quantitative real-time 

RT-PCR. Groups which did not shed virus are not shown (WL: 101 through 104 EID50 per 

bird not shown, WR: 101 through 103, and 105 EID50 per bird not shown). The thicker bar 

represents the mean and the error bars represent standard error. Each symbol represents an 

individual bird within the treatment group. The number of positive WL was insufficient for 

statistical camparison of titers to WR. CT= contact transmission, all other groups were 

directly exposed. The cut-off for rRT-PCR sensitivity was determined to be 102EID50/ml 

(equal to 100EID50/RT-PCR reaction).
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Figure 2. 
Titers of virus in oropharyngeal (OP) and cloacal (CL) swabs from White Plymouth Rock 

and White Leghorn chickens inoculated by the intrachoanal route with 108 EID50 of A/

Anhui/1/2013 H7N9 per chicken as determined by quantitative real-time RT-PCR. There 

were no positive samples from White Rocks at 10 DPI (days post inoculation). The thicker 

bar represents the mean and the error bars represent standard error. Each symbol represents 

an individual bird within the treatment group. The cutoff for rRT-PCR sensitivity was 

determined to be 102EID50/ml (equal to 100EID50/RT-PCR reaction).
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Figure 3. 
Histopathology and immunohistochemical staining for avian influenza virus antigen in 

tissues of chickens infected by the ICh route with the A/Anhui/1/2013 H7N9 virus, 3 and 6 

DPI. Photomicrographs, magnification 200-400X; virus staining in red. Nasal turbinates. 

Severe necrotizing rhinitis with submucosal congestion and edema, glandular hyperplasia, 

and lymphoplasmacytic infiltration (A and B). Demonstration of viral antigen in the 

epithelial cells of nasal glands (C) and nasal epithelium of the turbinates (D).
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Figure 4. 
Oropharyngeal (OP) and cloacal (CL) viral shed titers at 2 and 4 days post inoculation (DPI) 

for White Leghorn chickens inoculated by the intrachoanal (ICh) or intravenous (IV) route 

with 108 EID50 of A/Anhui/1/2013 H7N9 per chicken as determined by virus isolation. The 

thicker bar represents the mean and the error bars represent standard error. Each symbol 

represents an individual bird within the treatment group.
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Figure 5. 
Histopathology and immunohistochemical staining for avian influenza virus antigen in 

tissues of chickens intravenously infected with the A/Anhui/1/2013 H7N9 virus, 3 DPI. 

Photomicrographs, magnification 100-400X; virus staining in brown. A-F. Kidney. Severe 

lymphocytic tubulointerstitial nephritis with necrosis of tubular epithelium and tubular cast 

(arrows)(A and B). Demonstration of viral antigen in tubule epithelium, infiltrating 

mononuclear cells, and debri (C-F).
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Table 2

Number of directly inoculated chickens positive for virus shed at 2 DPI and antibody 14 DPI by dose of A/

Anhui/1/2013 H7N9. Virus shed was detected by quantitative real-time RT-PCR and antibody was detected by 

hemagglutination inhibition assay with homologous antigen.

Dose per bird (EID50) White Leghorns White Plymouth Rocks

rRT-PCR Antibody rRT-PCR Antibody

101
0/5

a
0/5 (0)

b 0/5 0/5 (0)

102 0/5 0/5 (0) 0/5 0/5 (0)

103 0/5 0/5 (0) 0/5 0/5 (0)

104 0/5 0/5 (0) 1/5 1/5 (64)

105 1/5 1/5 (64) 0/5 0/5 (0)

106 3/5 3/5 (81) 7/10 7/10 (18)

107 2/5 2/5 (45) 4/5 4/5 (38)

108 5/5 5/5 (37) 5/5 5/5 (28)

a
Number positive/total

b
Number positive/total (geometric mean titer)
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