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Abstract 

Avian influenza virus (AIV) poses significant threats to poultry and human health. This study investigates the impact of H9N2 AIV 

infection on the r espirator y micr obiota of c hic kens using 16S rRN A g ene sequencing. Total 48 one-day-old specific pathog en-free c hic k- 
ens were assigned to six groups: a control and five post-infection groups (days 1, 3, 5, 7, and 9). After a 15-day microbiota stabilization 

period, the infected c hic kens r ecei v ed a vir al inoculum (10 7 TCID50/ml) via ocular, intr a-nasal, and intr a-tr ac heal routes. Tr ac heal and 

br oncho-alv eolar lav a ge samples wer e anal yzed. Significant r eductions in micr obiota di v ersity wer e observ ed on days 5, 7, and 9 post- 
infection, compared to d0 controls. Permutational Multivariate Analysis of Variance confirmed significant beta di v ersity differ ences 
( P = 0.001) between infected and uninfected groups. The microbial shifts from d5 to d9 were marked by increased Proteobacteria, 
decreased Actinobacteria and Firmicutes, and a rise in Dicke ya. Ele v ated type-I interfer on (IFN- β) and viperin gene expr ession at d5 
coincided with reduced microbiota diversity, highlighting the respiratory microbiota’s role in modulating host responses to AIV H9N2 
infection and suggesting potential biomarkers for r espirator y dysbiosis. 

Ke yw ords: avian influenza; r espirator y tract; microbiota; dysbiosis; type-I interferon; biomarkers 
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Introduction 

Avian influenza viruses (AIVs) are zoonotic pathogens that pose 
significant threats to both poultry and potentially human health 

(Cardona et al. 2009 ). These viruses ar e r esponsible for r espir a- 
tory infections in poultry, which frequently lead to high morbidity 
and mortality rates, as well as decreased egg production. Based 

on pathogenicity, there are two major AIV pathotypes: highly 
pathogenic avian influenza viruses ( HPAIs) such as H5N1, and low 

pathogenic avian influenza viruses (LPAIs), such as H9N2 (Pantin- 
J ackw ood and Swayne 2009 ). HPAIs exhibit a mortality rate of 
75% or greater in experimentally infected chickens and can cause 
100% mortality in infected poultry within 48 h (WHO 2007 , Suarez 
2010 ). The clinical signs of AIV infection vary based on patho- 
types, r anging fr om mild clinical signs such as lethargy, diarrhea,
coughing, sneezing, and mild r espir atory distr ess in LPAI-infected 

hosts, to se v er e clinical outcomes suc h as bleeding fr om the nar es,
incoordination, and e v en death in HPAI-infected hosts (P antin- 
J ackw ood and Swayne 2009 , Chrzastek et al. 2021 ). AIV H9N2 in- 
fections have been documented in various poultry species, includ- 
ing domestic ducks, turk e ys, and c hic kens in multiple countries 
since the mid-1990s, and are recently believed to have reached 

panzootic pr oportions (Na gy et al. 2017 ). Although the H9N2 AIV 

virus is classified as low pathogenicity, it still poses significant 
risks to both poultry and human health. This risk is amplified by 
its role in the genetic evolution of more virulent strains. For in- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
tance, the H5N2 AIV (A/c hic ken/Hebei/1102/2010), known for its
igh pathogenicity in c hic kens, acquir ed its internal gene cassette

rom H9N2 (Zhao et al. 2012 ). Additionally, the H9N2 virus has con-
ributed to the evolution of other dangerous strains, such as H7N9,
hich has caused severe human disease. H7N9 acquired internal 

enes, including PB2 and PA, from H9N2, leading to mutations that
nhance its transmissibility and pathogenicity (Huang and Wang 
020 , Pu et al. 2021 ). This highlights H9N2’s role in increasing the
athogenic potential of AIVs. 

AIV primaril y r e plicates in the e pithelial cells of the gastroin-
estinal and r espir atory tr acts, whic h host a complex microbial
ommunity known as the microbiota, and often serve as an in-
ormative index for overall health status (Taylor et al. 2020 ). For
xample, the composition of the r espir atory micr obiota influence
ost imm unocompetence thr ough v arious mec hanisms, includ-

ng inflammatory responses, and colonization resistance via pro- 
uction of antimicrobial substances, competition for nutrients 
nd attachment sites (Abt et al. 2012 , Poroyko et al. 2015 , Man
t al. 2017 ). Virus infections can also induce broad or site-specific
n host commensal microbiota (Yitbarek et al. 2018a , Zhao et al.
018 ). The host’s inflammatory response and gene expression, par-
icularl y type-I interfer ons (IFNs), ar e crucial in driving shifts in

icr obial comm unity structur e (Deriu et al. 2016 ). Type-I IFNs, in-
luding multiple IFN- α proteins and a single IFN- β protein, play
 centr al r ole in antivir al defenses in c hic kens (Santhakumar et
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l. 2017 ). An y quantitativ e or qualitativ e disruption to the host’s
icrobial homeostasis, also known as microbial dysbiosis, can po-

entiall y compr omise the host’s imm unocompetence. Various en-
ironmental and pathogenic stressors can trigger microbial dys-
iosis (Yitbarek et al. 2018a , Rostagno 2020 ). Epidemiological stud-

es in humans have associated microbial dysbiosis with r espir a-
ory disorders such as airway inflammation, asthma, and c hr onic
bstructive pulmonary disease (Russel et al. 2012 , Rutten et al.
014 ). Although r esearc h on the avian r espir atory micr obiota is
imited, there has been extensive study of gut microbiota in poul-
ry species. Se v er al studies (Yitbar ek et al. 2018a , Li et al. 2018 ,
018b ,c ) hav e demonstr ated the r ole of gut micr obiota in vir al
athogenesis. In particular, Yitbarek et al. ( 2018 a) established an
ssociation between H9N2 AIV infection and gut microbiota dys-
iosis by investigating the relationship between the gut micro-
iota and AIV in the c hic ken model. 

Considering that the r espir atory tr act serv es as the primary
ortal point for AIV entry and replication sites, we hypothesized
hat influenza A virus infection could alter the resident microbiota
n the c hic ken r espir atory tr act. Suc h alter ations could signifi-
antly impact the host innate immune defense and susceptibility
o other infections . T hus , insights gained from such an investiga-
ion could inform future disease pr e v ention and tr eatment str ate-
ies. Despite the advancements in sequencing technologies, there
emains a dearth of information regarding how acute viral infec-
ions affect the composition, kinetics, and quantity of commensal

icrobiota in the chicken respiratory tract. The present study uti-
ized 16S ribosomal RNA (16S rRNA) gene sequencing to examine
he microbiota in the trachea and broncho-alveolar lavage (BAL),
 epr esenting the upper r espir atory tr act ( UR T) and lo w er r espir a-
ory tract (LRT) of chick ens, respecti vely, following infection with
9N2 influenza A virus. 

aterials and methods 

xperimental design 

ll experimental pr ocedur es r eceiv ed a ppr ov al fr om the Univ er-
ity of Guelph Animal Care Committee (AUP 5073) and were con-
ucted in strict compliance with the Canadian Council on Animal
are (CC AC) guidelines . T he study in volved 48 one-da y-old spe-
ific pathogen-free chickens (Canadian Food Inspection Agency-
FIA, Otta wa Laboratory, Nepean, ON, Canada). T hese chickens
er e r andoml y assigned to six tr eatment gr oups, eac h consist-

ng of 8 birds . T he groups included one control group (uninfected
 hic kens) and five experimental groups, corresponding to days
, 3, 5, 7, and 9 post-H9N2 infection. Each treatment group was
oused in separate cages within Horsfall units in a Biosafety Level

I isolation facility at the University of Guelph, Ontario, Canada.
lthough, all treatment groups were k e pt se parately in different
a ges, they wer e maintained under uniform environmental con-
itions and provided unrestricted access to an antibiotic-free diet
nd water. The experimental unit was defined as an individual
a ge. All c hic kens wer e giv en a 15-day period for microbiota sta-
ilization before the H9N2 AIV infection and sampling was carried
ut. 

irus pr opa gation and infection of c hic k ens 

pecific-pathogen-free eggs (CFIA, Ottawa Laboratory, Nepean,
N, Canada) underwent a 10-day incubation period at 37 ◦C. Each
gg was then inoculated with 4 hemagglutination units (4HA) of
he H9N2 LPAIV str ain, specificall y A/TK/IT/13VIR1864-45/2013
Istituto Zooprofilattico Spermentale delle Venezie (IZSVe), Leg-
ar o, P adua, Ital y], follo w ed b y an additional 72-h incubation at
7 ◦C. Embry os w er e subjected to r egular monitoring e v ery 24 h,
nd any dead embryo was pr omptl y disposed of. After the 72-h
ncubation period, the eggs wer e stor ed at 4 ◦C ov ernight. Subse-
uently, allantoic fluid was collected, pooled, and centrifuged at
00 × g for 15 min. This collected fluid was then stored at –80 ◦C
ntil further use. Virus quantification was carried out by titrat-

ng the virus on Madin–Darby canine kidney (MDCK) cells, with
iters calculated based on endpoint dilutions . T hese results were
xpressed as 50% tissue culture infectious dose (TCID50/ml) (Reed
nd Muenc h 1938 ). Chic kens in the H9N2 infection group were
nfected with a virus inoculum containing 10 7 TCID50/ml and
dminister ed thr ough a combination of ocular (80 μl/eye), intr a-
asal (80 μl/nostril), and intr a-tr ac heal (80 μl) routes. 

ssessment of viral load and shedding 

n days 1, 3, 5, 7, and 9 post-infection (pi), as well as on day
 pr e-infection, or al and cloacal sw abs w er e collected fr om all
 hic kens in each group. These swab samples were collected us-
ng 15 cm Puritan PurFlock Ultra sterile flocked collection devices
Gilfor d, Maine, USA). Collected Sw abs w ere then placed in 1.5-ml

icrocentrifuge tubes containing transport medium composed of
MEM (Dulbecco’s Modified Eagle’s medium) supplemented with
.5% BSA fraction V, 10 ml of penicillin (200 U/ml), 80 μg/ml of
tre ptom ycin, and 50 μg/ml of gentamycin. The samples were
 e pt on ice throughout the collection process until further pro-
essing and stor a ge at −80 ◦C. 

For virus load quantification, the swab samples were serially
iluted onto an 80%–95% confluent monolayer of MDCK cells and
ubsequently incubated at 37 ◦C for 72 h. The titer was determined
y identifying the highest dilution that displayed a cytopathic
ffect (CPE) under the microscope . T his determination was con-
rmed by conducting a hemagglutination test using 0.5% c hic ken
lood. The virus load, expressed as TCID50/ml, was subsequently
alculated using the Reed and Muench ( 1938 ) method. 

ollection of tracheal sw a bs and BAL fluid 

t each time point—day 0 (pre-infection), and days 1, 3, 5, 7, and
 post-infection (pi)—samples were collected from 8 chickens per
r eatment gr oup. Eac h tr eatment gr oup was housed in separ ate
a ges, with eac h ca ge containing 8 birds. For tr ac heal swab sam-
les , s wabs (Puritan PurFloc k, Maine, USA) wer e gentl y inserted

nto the tr ac hea and moved back and forth at least five times be-
ore immersing them in 1 ml of 1 × PBS (Wisent Inc., Saint-Jean-
aptiste, QC, Canada). In the case of BAL samples, 1 ml of 1 × PBS
 as slo wly flushed do wn a small tr ac heal slit, ∼3 cm fr om the
r onc hia, using pipettes attac hed to 10 ml syringes (BD, Franklin
akes, NJ, USA). Subsequently, the PBS solution was withdrawn
nd tr ansferr ed to 1.5 ml micr ocentrifuge tubes (MCT-150-Y, Axy-
en, Union City, CA, USA). All samples were collected and imme-
iatel y tr ansferr ed to the labor atory on ice. 

N A extr action and 16S rRN A gene sequencing 

icrobial genomic DN A w as extracted from each tracheal
nd BAL sample using the PureLink Microbiome DNA Purifi-
ation Kit (Catalog Number A29790, Thermo Fisher Scientific,
 altham, MA, USA) following the manufacturer’ s instructions.

NA quality and concentration were assessed using a Nan-
Dr op spectr ophotometer (NanoDr op Tec hnologies, Wilmington,
E). Extracted DNA samples (volume: 50 μl, concentration: 10–
00 ng/ μl) were subsequently sent to the Integrated Microbiome
esource (IMR) ( http://imr.bio ) for library preparation and se-

http://imr.bio
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Figure 1. Oral and Cloacal H9N2 virus titer in chickens infected with 400 μl of 10 7 TCID 50 /ml LPAI H9N2. Virus titer was determined at Days 0, 1, 3, 5, 7, 
and 9 post-infection using TCID 50 in MDCK cells. 
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quencing. Libr aries tar geting the V3–V4 hyperv ariable r egion of 
the 16S rRNA gene were PCR-amplified using dual-barcoded 

primers (341F = 5 ′ -CCTA CGGGNGGCWGCA G-3 ′ and 805R = 3 ′ - 
GA CTA CHV GGGTATCTAATCC-5 ′ ). 

RN A extr action, cDN A synthesis and real-time 

PCR 

On days 1, 3, 5, 7, and 9 pi, as well as on day 0 pr e-infection, tr a- 
c heal tissues wer e collected fr om euthanized c hic kens ( n = 8) in 

all gr oups. RNA extr action and cDNA synthesis followed estab- 
lished protocols using TRIzol ® (In vitrogen, In vitrogen, Carlsbad,
CA, USA) and Superscript ® II First-Strand Synthesis kit (Invitro- 
gen) (Barjesteh et al. 2015 ). Real-time PCR was conducted using 
diluted cDNA on the LightCycler ® 480 II instrument (Roche Di- 
agnostics GmbH, Mannheim, DE, Germany) employing the SyBR 

Green Mix from the same manufacturer. Primers were procured 

fr om Sigma–Aldric h in Oakville, Canada, with specific sequences 
provided in Supplementary Table S1 (Barjesteh et al. 2015 ; Bood- 
hoo et al. 2023 , Raj et al. 2023 ). Relativ e expr ession le v els of tar- 
get genes were normalized to the housek ee ping gene β-actin and 

calculated using LightCycler ® 480 II system (Roche Diagnostics 
GmbH, Mannheim, DE) (Alizadeh et al. 2020 ). 

Statistical and bioinformatics analysis 

All datasets were analyzed using the Minitab statistical package 
(v.18.1). Generalized linear models were applied to analyze non- 
viral datasets, with mean differences assessed using Tuk e y’s Hon- 
est Significant Differ ence test. Vir al shedding data were analyzed 

using repeated measures analysis of variance (ANOVA). The nor- 
mality of the data was tested with the Sha pir o–Wilk test. For data 
that did not follow a normal distribution, the Kruskal–Wallis test 
was used. Statistical significance was determined at a threshold 

of P ≤ 0.05. 
Bioinformatic analysis of microbiome data, including pro- 

cessing and filtering, follo w ed the Microbiome Helper pipeline 
(Oladokun et al. 2022 ) using QIIME 2 (version 2023.7) software 
pac ka ge. Rar e ASVs were filtered out based on the criteria of be- 
ing present in at least 1 sample and frequency of < 0.1% of the 
mean sample depth (26 757 reads per sample). Additionally mito- 
chondrial and chloroplast 16S sequences were filtered out as con- 
taminants. PCR negativ e contr ols wer e included and sequenced 

on each plate in the run (4 per run) to identify potential con- 
tamination. These contr ols ar e gener all y not pr ovided to clients 
y the sequencing core since they usually (as in the case of the
uns in this paper) contain very little sequence content, primar-
l y r epr esenting sequence bleedthr ough on the MiSeqs (whic h is
ontrolled for in Step 4.1 of the pipeline). Visualization was con-
ucted using the Micr obiomeAnal yst 2.0 web-based platform (Lu
t al. 2023 ). Individual alpha diversity was assessed via rarefaction
urves, employing the default observed operational taxonomic 
nit (OTU) metric. Statistical significance of alpha diversity dif- 

erences was determined using the Shannon index and assessed 

hrough Kruskal–Wallis test. Pearson correlation coefficient (r) 
as used to measure the strength and direction of the associa-

ion between diversity metrics (Shannon diversity and beta diver- 
ity, assessed using PERMANOVA models) and viral metrics (viral 
oad and shedding), as well as infection gr oups (days). Corr elation
nal yses wer e performed in R (version 2024.04.2). Results were vi-
ualized using ggplot2, with bar plots r epr esenting Pearson’s r val-
es and color-coded P -values on a gr adient fr om r ed (high P -v alue)
o green (low P -value). Beta diversity was assessed using princi-
al coordinates analysis (PCoA) plots based on weighted UniFrac 
istance matrices. Statistical significance of beta diversity differ- 
nces was determined using Permutational Multivariate Analysis 
f Variance (PERMANOVA), considering only experimental factors 
site- BAL or Tr ac heal s wabs; da ys- d0, d1, d3, d5, d7, d9 pi) in the
nal ysis. Relativ e abundances at various taxonomic le v els wer e
isualized using stacked bar c harts. Significant micr obiota pr opor-
ions were identified using the Statistical Analysis of Metagenomic 
rofiles (STAMP v2.1.3) software (Parks et al. 2014 ). 

esults 

IV H9N2 peak viral load and shedding 

onfirmed at d3 pi 
he virus load were assessed using TCID 50 method by titrating the
ral and cloacal swab samples on MDCK cell monola yers . T he AIV
 hallenge model pr ov ed effectiv e, with the peak AIV vir al shed-
ing occurring at d3 pi (Fig. 1 ). In oral s wabs , viral load exhibited
 gradual increase until d3 pi, thereafter, no cytopathic effects in
he MDCK cells were observed in oral s wabs . As for cloacal s wabs ,
iral shedding was only detected beginning at d3 pi, follo w ed b y
 61% reduction in shedding at d5 pi. No cytopathic effects in the
DCK cells were observed in cloacal swabs after d5 pi. Control
 hic kens (day 0 pre-infection group) were confirmed to be nega-
ive for the virus in both samples. 

https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtaf001#supplementary-data
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Figure 2. (A) Alpha diversity (Shannon index) box plots indicate significant difference ( P < 0.001) between H9N2-infected chickens at days 0, 1, 3, 5, 7, 
and 9 post-infection and (B) PCoA plots based on weighted UniFrac metric illustrating the respiratory microbiota beta diversity. The comparisons 
conducted include H9N2-infected c hic kens at days 0, 1, 3, 5, 7, and 9 post-infection (PERMANOVA F -value: 7.1365; R-squared: 0.35092; P -value: 0.001). 
Samples were collected before challenge (day 0) and days 1, 3, 5, 7, and 9 post infection in c hic kens that were infected with 400 μl of 10 7 TCID 50 /ml of 
H9N2 influenza virus. 

Table 1. Post-hoc comparisons of alpha diversity (Shannon index) 
between control (D0) and Avian influenza H9N2-infected groups. 

Comparisons P -value 
FDR-adjusted 

P -value 

D0 vs D5 7.209E −4 0.0015 
D0 vs D1 0.5159 0.7455 
D0 vs D3 0.8267 0.8267 
D0 vs D7 1.5878E −4 5.9544E −4 

D0 vs D9 1.6786E −5 1.5968E −4 

This table pr esents r esults fr om pairwise comparisons of Shannon div ersity in- 
dices, with multiple comparisons adjusted using the Benjamini–Hochberg pro- 
cedure (FDR). Samples were collected from chickens before challenge (day 0) 
and at days 1, 3, 5, 7, and 9 post-infection. Chic kens wer e inoculated with 400 
μl of 10 7 TCID50/ml H9N2 influenza virus. Samples included br onc ho-alv eolar 
lav a ge (BAL) and tr ac heal swabs. Significance was defined as P ≤ 0.05. 
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Ta ble 2. P erm utational Multiv ariate Anal ysis of Variance (PER- 
MANOVA) comparisons between control (D0) and Avian Influenza 
H9N2-infected groups. 

Comparisons P -value 
FDR-adjusted 

P -value 

D0 vs D5 0 .3200 0 .0017 
D0 vs D1 0 .0750 0 .0900 
D0 vs D3 0 .0987 0 .0330 
D0 vs D7 0 .3203 0 .0017 
D0 vs D9 0 .4130 0 .0017 

This table presents results from pairwise Permutational Multivariate Analysis 
of Variance (PERMANOVA) analyses, with multiple testing adjustments applied 
using the Benjamini-Hoc hber g pr ocedur e (FDR). Samples wer e collected fr om 

c hic kens befor e c hallenge (Day 0) and at Days 1, 3, 5, 7, and 9 post-infection. 
Chic kens wer e inoculated with 400 μl of 10 7 TCID50/ml H9N2 influenza virus. 
Samples included BAL and tr ac heal s wabs . Significance was defined as P ≤ 0.05. 
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IV H9N2 infection induces spatial and temporal 
eduction in microbiota di v ersity.
lpha div ersity, as measur ed b y the Shannon index, sho w ed a sig-
ificant reduction in microbiota diversity on Days 5, 7, and 9 post-

nfection with AIV compared to uninfected controls (d0). The low-
st reduction ( P < 0.001) was observed on d5 pi (Fig. 2 A, Table 1 ,
upplementary Table S2 and S3 ). Similarly, BAL samples recorded
 lo w er ( P = 0.02) Shannon index compared to tr ac heal swab
amples and distinct clustering patterns in beta diversity analy-
is, based on weighted UniFrac distances ( Supplementary Fig. S1 ).
dditionall y, perm utation m ultiv ariate anal ysis of v ariance (PER-
ANOVA) confirmed significant differences ( P = 0.001) in beta

iversity between infected and uninfected groups, with infected
amples forming unique clusters separate from uninfected con-
rols (Fig. 2 B, Table 2 ). 

In order to assess the relationship between degree of viral load,
hedding, and microbiota div ersity, corr elation anal ysis was car-
ied out. Results r e v ealed that higher oral viral loads and cloaca
ir al shedding ar e str ongl y associated ( P < 0.001) with lo w er Shan-
on diversity at d3 pi (Fig. 3 ). The correlation between beta di-
 ersity (PERMANOVA models), vir al load, and vir al shedding was
ot statistically significant ( Supplementary Fig. S2 ). Ho w ever, d3
i sho w ed the highest positiv e corr elation with vir al shedding,
uggesting a potential association at this time point. Internal
ample alpha diversity was estimated using the number of ob-
erv ed featur es (ric hness). Rar efaction curv es of observ ed featur es
 eac hed a plateau in all samples, demonstrating that sequenc-
ng depth was adequate to cover bacterial diversity in all samples
 Supplementary Fig. S3 ). 

IV H9N2 infection induces differential microbial
omposition.
equencing of the 16S rRNA V4–V5 region generated 1 917 894
uality reads , a veraging 26 637 reads per sample after quality fil-
ering and demultiplexing. A total of 573 operational taxonomic
nits (OTUs) were identified at a 97% sequence similarity le v el
cross all samples. 

https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtaf001#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtaf001#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtaf001#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtaf001#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtaf001#supplementary-data
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Figure 3. Corr elation r esults between Alpha div ersity index: Shannon div ersity and vir al metrics. (A) Shannon div ersity and vir al shedding (Log 10 

TCID 50 ml cloaca). (B) Shannon diversity and viral load (Log 10 TCID 50 ml oral). The bar plots display Pearson correlation coefficients for each metric. 
Colors indicate P -values, with red representing higher P -values and green representing lo w er p-values. 
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The top three predominant phyla identified were Actinobacte- 
ria, Firmicutes, and Proteobacteria, with their r elativ e abundances 
depicted in Figs. 4 and 5 . Actinobacteria dominated at d0-d3 pi,
constituting 70%–75% of the micr obiota, decr easing to 6%–10% 

at d5-d9. Conv ersel y, Pr oteobacteria exhibited an incr easing tr end 

from 10%–12% at d0–d3 to 80%–85% at d5–d9. Firmicutes ranged 

from 3% to 15% across the sampling period. Analysis of genus- 
le v el taxa r e v ealed distinct shifts in micr obial composition acr oss 
days of AIV infection. The top fiv e pr edominant gener a based 

on high r elativ e abundances included Allorhizobium-Pararhizobium , 
Camamonas , Dickeya , Nocardia , and Pandoraea . Notably, the relative 
abundance of Dickeya increased from 5% to 85% with increasing 
exposure to AIV d 0 to 9. In addition to these predominant genera,
other gener a suc h as Zymomonas , Tepidibacter , and Staphylococcus 
wer e also pr e v alent acr oss both tr ac heal sw abs and B AL samples.

Statistical analysis of microbiota composition using the Statis- 
tical Analysis of Metagenomic Profiles (STAMP) software revealed 

significant alterations in microbiota proportions influenced by 
AIV H9N2 exposure across both sampled sites (Figs 6 and 7 ). In the 
tr ac hea, AIV infection led to a reduction in the proportions of Acti- 
nobacteria and Firmicutes on d5, d7, and d9, with a significant re- 
duction in Firmicutes alone on d7, and an accompanying increase 
in Proteobacteria on all these days ( P > 0.001). In BAL samples, a 
significant reduction in Actinobacteria and Firmicutes, accompa- 
nied by an increase in Pr oteobacteria, was observ ed onl y on d7 ( P > 

0.001). At the genus le v el, AIV exposur e decr eased the proportions 
of Nocardia and Tepidibacter on d5, d7, and d9, and Tepidibacter alone 
on d7, while the genus Dickeya showed increased abundance on all 
these days in BAL samples ( P > 0.001). In tr ac heal s wab samples ,
the abundance of Dickeya increased, and Nocardia decreased on d7 
and d9, with a similar pattern on d5, alongside a reduction in Te- 
pidibacter ( P > 0.001). At the species le v el, Dic keya phage abundance 
incr eased consistentl y following AIV exposur e on d5, d7, and d9 
in tr ac heal s wab samples ( P > 0.001). T his w as accompanied b y a 
r eduction in Streptom yces sp. on d5 and d9 ( P > 0.001). In BAL sam- 
ples, the increased abundance of Dickeya phage and reduction in 

Streptom yces sp. wer e also consistentl y observ ed on d5, d7, and d9 
following AIV exposure ( P > 0.001). 

AIV H9N2 infection induces peak expression of 
Type-I interferon (IFN- β) at d5 pi 
Ele v ated tr anscriptional upr egulation of imm unor egulatory genes 
associated with antiviral host defense was observed in the tra- 
cheal tissues of AIV H9N2 infected birds (Fig. 8 ). Specifically, the 
vir al infection trigger ed high-le v el expr ession ( P ≤ 0.05) expr ession 

of type-I interferon (IFN- β) at d5 pi compared to the pre-infection 
e v el (Fig. 8 C). Similarl y, expr ession of the other antiviral gene,
iperin, r eac hed the peak d5 pi ( P = 0.01) compared to the pre-
nfection le v el (Fig. 8 A). 

iscussion 

IVs primaril y r e plicate in e pithelial cells of the r espir atory and
ntestinal m ucosae, whic h inter act closel y with commensal mi-
robiota (Ngunjiri et al. 2019 , Taylor et al. 2020 ). These microbial
ommunities can influence viral infections by either enhancing or 
nhibiting them (Wilks and Golovkina 2012 ). While the role of in-
estinal microbiota in AIV pathogenesis is well-studied (Yitbarek 
t al. 2018a , b , 2018c ), the impact of r espir atory micr obiota r e-
ains less understood. Evidence from mouse and human stud- 

es indicates that commensal microbiota may protect against in- 
uenza virus infections (Ichinohe et al. 2011 , Budden et al. 2017 ),
hough the mec hanisms ar e not fully clear. In a bid to address this
nowledge gap, this study investigates changes in the URT and
RT microbiota and host immune response following AIV H9N2 
nfection. 

In the present study, the effectiveness of our AIV challenge
odel was confirmed, our model demonstrated peak infection 

nd viral shedding at day 3 pi, with viral clearance by day 5 pi.
ral and cloacal swabs from uninfected birds tested negative for

he virus, aligning with similar studies (Yitbarek 2018b et al. 2018b ,
qbal et al. 2013 , Ruiz-Hernandez et al. 2016 , Singh et al. 2016 ).
he pattern of infection and shedding indicates strain-specific 
e plication d ynamics. Viral infections can alter host microbiota,
eading to changes in microbial diversity (Yitbarek et al. 2018a ,
i et al. 2018 , Wen et al. 2018 , Zhao et al. 2018 ). AIV H9N2 infec-
ion reduced alpha diversity (species richness) at days 5, 7, and
 pi, compared to uninfected controls (d0), with the most signifi-
ant r eduction observ ed on day 5 pi. Similarl y, beta div ersity (mi-
r obial turnov er) also v aried with AIV infection. These findings
lign with pr e vious studies showing decr eased micr obial div er-
ity in infected c hic kens (Chrzastek et al. 2021 ) and swans (Zhao
t al. 2018 ). The decr ease in div ersity fr om nar es to lungs suggests
tronger disruption in upper respiratory sites (Ngunjiri et al. 2021 ).

The predominant phyla identified were Actinobacteria, Firmi- 
utes, and Proteobacteria, consistent with prior r esearc h (Sohail
t al. 2015 , Ngunjiri et al. 2019 , Wang et al. 2022 ). H9N2 infection
ed to shifts in microbial populations, including an increase in Pro-
eobacteria and decreases in Actinobacteria and Firmicutes, par- 
icularly between days 5–7. This pattern is observed in other mod-
ls following AIV infection (Yitbarek 2018a et al. 2018a , Deriu et
l. 2016 , Li et al. 2017 , Gr ov es et al. 2018 , Khatib et al. 2021 ). The
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Figure 4. Micr obiota pr ofiles of the pr edominant phyla in the c hic ken r espir atory micr obiota, showing (A) v ariations in H9N2-infected c hic kens acr oss 
days 0, 1, 3, 5, 7, and 9 post-infection, and (B) differ ences between br onc ho-alv eolar lav a ge (BAL) and tr ac heal s wab samples . Samples were collected 
pr e-c hallenge (day 0) and at days 1, 3, 5, 7, and 9 post-infection from chickens exposed to 400 μl of 10 7 TCID 50 /ml of H9N2 influenza virus. 

Figure 5. Micr obiota pr ofiles of the pr edominant gener a in the c hic ken r espir atory micr obiota, showing (A) v ariations in H9N2-infected c hic kens acr oss 
days 0, 1, 3, 5, 7, and 9 post-infection, and (B) differ ences between br onc ho-alv eolar lav a ge (BAL) and tr ac heal s wab samples . Samples were collected 
pr e-c hallenge (day 0) and at days 1, 3, 5, 7, and 9 post-infection from chickens exposed to 400 μl of 10 7 TCID 50 /ml of H9N2 influenza virus. 
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ncr eased Pr oteobacteria, associated with inflammation, and de-
reased Firmicutes and Actinobacteria, important for metabolic
nd immune functions, suggest microbial dysbiosis. 
N  
In terms of microbiota composition, the predominant phyla
dentified in this study were Actinobacteria, Firmicutes, and Pro-
eobacteria, consistent with pr e vious r esearc h (Sohail et al. 2015 ,
gunjiri et al. 2019 ; Wang et al. 2022). Infection with H9N2 AIV in-
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Figure 6. Significant differences ( P < 0.05) in the cumulative proportions of bacteria at the (A) phylum, (B) genus, and (C) species le v els in tr ac heal 
swab samples collected from chickens before infection (day 0) and at days 1, 3, 5, 7, and 9 post-infection with H9N2 avian influenza virus. Chickens 
were inoculated with 400 μl of 10 7 TCID 5 0 /ml of H9N2 influenza virus. 
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Figure 7. Significant differences ( P < 0.05) in cumulative bacterial proportions at the (A) phylum, (B) genus, and (C) species le v els in BAL samples from 

c hic kens infected with H9N2 avian influenza virus (AIV). Samples were collected pre-infection (day 0) and at days 1, 3, 5, 7, and 9 post-infection from 

c hic kens inoculated with 400 μl of 10 7 TCID 5 0 /ml H9N2 influenza virus. 
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uced shifts in microbial populations at both sampled sites, par-
icularl y on d5–d7, whic h coincided with the time-points recorded
ith reduced microbial diversity. Specifically blooms of Proteobac-

eria accompanied by declines in Actinobacteria and Firmicutes
bundances wer e r ecorded.This pattern is observed in other mod-
ls following AIV infection (Yitbarek 2018a et al. 2018a , Deriu et
l. 2016 , Li et al. 2017 , Gr ov es et al. 2018 , Khatib et al. 2021 ).
ctinobacteria and Firmicute s consist of beneficial Gr am-positiv e
pecies that have diverse metabolic capabilities. Increased Firmi-
utes populations have been associated with increased nutrient
bsorption and energy harvest from diets (Jumpertz et al. 2011 ),
hile Actinobacteria play a role in combating bacterial diseases
nd converting feed into microbial biomass (Anandan et al. 2016 ).
he functional roles of these bacterial communities include lipid
etabolism and c holester ol metabolism (Martínez et al. 2013 ), im-

lying that decreases in the microbial population of these groups
ay impair their functional capacity and overall gut function.
n the other hand, increased abundance of Proteobacteria, com-



Oladokun et al. | 9 

Figure 8. Results of the differential gene expression analysis for (A) Viperin, (B) IFITM5, (C) IFN- β, (D) TGF- β, (E) IL-6, and (F) IL-1- β in H9N2-infected 
c hic kens at various time points post-infection (days 0, 1, 3, 5, 7, and 9). Tracheal tissue samples ( n = 8) were collected before challenge (Day 0) and at 
Days 1, 3, 5, 7, and 9 post-infection fr om c hic kens inoculated with 400 μl of 10 7 TCID50/ml of H9N2 influenza virus. Gene expr ession le v els wer e 
measured using real-time PCR and normalized to β-actin. Statistical significance was determined using analysis of variance based on a generalized 
linear model and Tuk e y’s honest significant difference test, with results presented as means ± standard deviations. Significance was defined as P ≤
0.05. 
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rised primarily of Gram-negative bacteria, are known to be asso-
iated with inflammation and metabolic dysfunction (Maharshak
t al. 2013 , Vaughn et al. 2017 ). A range of avian pathogens ex-
st in this phylum, including Esc heric hia coli , Salmonella spp., and
amp ylobacter spp. An o v er gr owth of Pr oteobacteria, particularl y
sc heric hia coli , has been reported in several AIV infection studies,
uggesting that the increase in Proteobacteria abundance comes
t the expense of restricted anaerobic commensals (Wang et al.
014 , Qin et al. 2015 , Li et al. 2018 ). T he o v er gr owth of Pr oteobac-
eria following viral infection has also been linked to increased
usceptibility to secondary infections and inflammatory pathol-
gy (Qin et al. 2015 , Li et al. 2018 ). 

Furthermore, during the intermediate of AIV infection (d5–d9),
hen changes in signs, severity, immune response, and pathogen
ynamics may occur, AIV H9N2 led to a decrease in the propor-
ions of Nocardia and Tepidibacter , along with an increase in Dickeya
cross the sampled sites. Nocardia is a genus of aerobic, filamen-
ous, Gr am-positiv e bacteria. Nocardia species have been identi-
ed as part of dysbiotic intestinal microbiota and associated with
rolonged fasting states in some fish species (Kohl et al. 2014 ,
edina-Felix et al. 2024 ). Similar to our findings with AIV infec-

ion, Wang et al. ( 2022 ) reported a significant reduction in Nocar-
ia genera in adult zebrafish exposed to aquaculture effluents.
hile both studies inv estigate differ ent pathogenic and environ-
ental stressors, the observed changes in microbiome composi-

ion, essential for immune responses, indicate alterations in host-
icr obe inter actions due to external str essors, suc h as vir al in-

ection or environmental contamination. The Tepidibacter genus
onsists of thermophilic, Gr am-negativ e anaer obic Bacteroidetes
acteria reported as statistically predominant in the respiratory
icrobiota of healthy pigs , dogs , sheep, and c hic kens (Zeineldin

nd Barakat 2023 ). Lee et al. ( 2022 ) reported Tepidibacter enrich-
ent in the fecal microbiota of diarrheic cats following Bacil-

us licheniformis fermented product supplementation. While this
inks Tepidibacter abundance to eubiotic microbiota states, fur-
her analysis is required to elucidate the metabolic capabilities
f this genus. We also r ecorded incr eased Dic keya genus and Dic k-
ya phage abundance post AIV-H9N2 infection at this same time-
oint (d5–d9) across both sampled sites, suggesting potential use
s a biomarker of AIV-induced poultry r espir atory dysbiosis. Dic k-
ya ar e mostl y identified as plant pathogens (Samson et al. 2005 ),
ith little known regarding their animal metabolic roles. How-
 v er, Joat et al. ( 2023 ) r ecentl y identified Dic keya as residents of
he gut microbiota of commercially raised layer flocks. Increased
bundance of this genus has been linked to bacterial microbiomes
ound in smokeless tobacco, which poses a risk to human oral
ealth, potentially leading to oral tumorigenesis (Vishwakarma et
l. 2023 ). Additionall y, incr eased abundance of the Dickeya genus
as been linked to obesity in c hildr en (Nirmalkar et al. 2018 ) and
sh spoilage (Abdullah et al. 2023 ). These findings highlight the
 ultifaceted natur e of the Dic keya genus and their potential im-

act on host health. In the context of AIV, the ele v ated pr esence
f Dickeya may signify disruptions in the host’s microbiome com-
osition, potentially influencing disease progression and host sus-
eptibility. Further studies are needed to validate the association
etw een the Dicke ya genus and AIV H9N2 infection. At the species
e v el, the pr esent study sho w ed a reduction in the abundance of
nother beneficial bacterium, Streptomyces sp., in both e v aluated
ites on d5–d9, following AIV H9N2 infection. While the limita-
ion of 16S sequencing technology in terms of sequencing depth
t the specie le v el is ac knowledged, the V3V4 hyperv ariable r e-
ion have been reported to offer modest taxonomic resolution
t an increased cost (Garcia-Lopez et al. 2020 , Oladokun et al.
021 ). Members of the Streptomyces genera are known for pro-
ucing bioactive secondary metabolites, particularly antibiotics
sed in medical, a gricultur al, and v eterinary a pplications (Chater
006 ). The probiotic and beneficial effects of Streptom yces -deriv ed
etabolites have been demonstrated in various models, including

n vitro (García-Bernal et al. 2015 ), inv ertebr ate (Kr oiss et al. 2010 ,
we et al. 2019 , Mazón-Suástegui et al. 2020 ), and human models
Bolourian and Mojtahedi 2018 ). 

To investigate the mechanism behind AIV H9N2-induced res-
ir atory micr obiota d ysbiosis in this stud y, selected cytokine gene
xpr ession wer e quantified. AIV H9N2 is known to replicate effi-
iently in the trachea compared to other respiratory sites (Ngun-
iri et al. 2021 ). Results r e v ealed a significant increase in IFN- β
nd viperin gene expression at d5 pi, indicating a peak antiviral
esponse at this time point. This coincided with the lo w est micro-
iota div ersity observ ed in the study. Type-I interfer ons, including
FN- α and IFN- β, are essential for innate antivir al r esponses in
 hic kens, inducing an ele v ated state of anti-viral responses at the
ellular le v el and r estricting vir al r eplication pr ocesses (McNab et
l. 2015 ). Consistent with pr e vious r eports , a vian type-I IFNs have
een associated with the pr olifer ation of Pr oteobacteria (Xia et al.
004 , Deriu et al. 2016 ). Ngunjiri et al. ( 2021 ) hav e demonstr ated
pregulation of IFN- β in the trachea during H5N2 AIV infection,
upporting the current findings. In a mouse model of influenza
nd bacterial coinfection, Lee et al. ( 2015 ) confirmed the crucial
ole of IFN- β in AIV-induced microbiota dysbiosis. Commensal mi-
r obiota normall y r egulates IFN- β pr oduction thr ough tr anscrip-
ion factors like c-Jun and NF-k β, vital for immune homeostasis
Abt et al. 2012 ). IFN- β production contributes to microbiota dys-
iosis by potentially exerting direct antimicrobial effects or indi-
 ectl y influencing bacterial gene expr ession. Furthermor e, dysr eg-
lated IFN- β signaling, commonly observed in chronic infections,
ould disrupt metabolic pathwa ys , impacting the acquisition of
utrients and metabolites necessary to maintain a balanced mi-
robiota composition (Zhou et al. 2022 ). The interaction between
he influenza A virus and host imm une-r egulatory factors influ-
nces vir al gr owth, with IFN- β and antivir al interfer on-stim ulated
enes (ISGs) playing a k e y role in the earl y sta ge of infection (Or-
igoza et al. 2012 ). As a k e y downstream anti-viral ISGs, Viperin is
r eatl y expr essed in the cells, inducible by both type-I and type-
I interferons and is known to inhibit AIV replication (Wang et al.
007 ). To this end, our observation of marked expression of the
iperin gene in the birds infected with AIV H9N2, is in line with
 pr e vious study wher e the peakexpr ession was observ ed at d5
i following AIV (H1N1) infection in a murine model (Tan et al.
012 ). The transcriptional signals observed, particularly the up-
egulation of IFN- β and viperin, suggests they likely play a sig-
ificant role in shaping the respiratory microbiome during H9N2

nfection. 
Despite the presented results, a few limitations could affect the

eneralization of the findings . P otential co variates , such as age at
he time of sampling and technical variations could influence the
bserv ed r esults. Futur e studies should consider including these
ovariates in their analysis to enhance the robustness of similar
n vestigations . While the longitudinal experimental design cap-
ur es c hanges ov er time, is logisticall y easier to mana ge, ethicall y
ound, and r educes str ess fr om bird handling, it might have less
o w er to detect individual-le v el c hanges ov er time. To incr ease
he robustness of the inv estigation, futur e studies could consider
ncreasing the sample size at each time point. Another potential
imitation is the absence of negative extraction controls during
he DNA extraction process. While the extraction kit has been
alidated with sterile PBS as a negative control in previous exper-
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iments, the risk of contamination remains in this study. Future 
r esearc h should incor por ate v alidated negativ e contr ols to miti- 
gate this risk. Additionally, while this study did not dir ectl y ana- 
l yze the r elationship between vir al r eplication and the r espir atory 
micr obiota, the observ ed r esults on cytokine expr ession and mi- 
cr obiota div ersity suggest a possible interpla y. T herefore , further 
tar geted r espir atory micr obiota manipulation r esearc h is needed 

to dir ectl y link these findings and explore the pr ecise mec ha- 
nisms through which the respiratory microbiota may influence 
vir al r eplication and imm une r esponses. 

Conclusions 

The study presented here demonstrated that AIV H9N2 replica- 
tion in the r espir atory tr act elicited micr obial dysbiosis, e videnced 

by reduced diversity and the lo w est levels observed at 5 days 
post-infection. In addition to the taxonomic alterations associated 

with AIV H9N2-induced r espir atory dysbiosis , further in vestiga- 
tions ar e warr anted to elucidate the functional dysbiotic c har ac- 
teristics of these shifts. Our findings also suggest that AIV H9N2- 
induced r espir atory dysbiosis is facilitated by type-I interferon- 
mediated mec hanisms, particularl y thr ough incr eased IFN- β ex- 
pr ession, potentiall y ac hie v ed via direct antimicrobial effects or 
indir ectl y thr ough modulation of micr obial gene expr ession or 
metabolite a vailability. T hese effects could subsequentl y r esult 
in ele v ated expr ession of interfer on-stim ulated genes suc h as 
viperin. Together, this study supports the hypothesis that c hic ken 

r espir atory micr obiota plays a r ole in limiting vir al r eplication 

and initiating anti-influenza imm une r esponses, likel y thr ough 

the modulation of type-I interferon signaling. T herefore , targeted 

manipulation of the r espir atory micr obiota might pr ovide addi- 
tional benefits in controlling avian influenza infections. 
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