
 

Commensal gut microbiota and the initiation of antiviral immunity in 
chickens infected with low pathogenic influenza virus subtype H9N2 

 
by 

 
Alexander Bekele-Yitbarek 

 
 
 
 
 
 

A Thesis 
presented to 

The University of Guelph 
 
 

 
 

In partial fulfilment of requirements  
for the degree of 

Doctor of Philosophy 
in 

Pathobiology 
 
 
 
 
 

Guelph, Ontario, Canada 
 

© Alexander Bekele-Yitbarek, January 2019 
  



 

ABSTRACT 

 
COMMENSAL GUT MICROBIOTA AND THE INITIATION OF ANTIVIRAL 

IMMUNITY IN CHICKENS INFECTED WITH LOW PATHOGENIC INFLUENZA 
VIRUS SUBTYPE H9N2 

 
Alexander Bekele-Yitbarek       Advisor 
University of Guelph, 2018       Dr. Shayan Sharif 
 
 

 
     This thesis is an investigation of the role of commensal gut microbiota in the initiation of 

antiviral responses against influenza virus subtype H9N2 infection in chickens. Findings from the 

initial study showed a shift in the composition of the gut microbiota after H9N2 virus infection, 

which did not recover to its original state while virus shedding returned to levels of pre-infection. 

Furthermore, some bacterial populations, such as the phylum Proteobacteria, were enriched post-

infection, whereas the order Actinomycetales, which is linked to the production of antimicrobial 

proteins, were suppressed. Next, using a cocktail of antibiotics was used to induce dysbiosis of the 

gut microbiota showed that dysbiosis significantly downregulated type I interferon (IFN) 

responses both in the upper respiratory and gastrointestinal tracts, with higher viral shedding from 

both sites. Next, the recovery of the gut microbiota using a cocktail of five lactobacilli probiotics 

or fecal microbial transplant (FMT) on innate responses (type I IFN and interleukin (IL)-22 

expressions) were used to study the effect on virus shedding and innate anti-viral responses. Both 

methods of recovery from dysbiosis showed recovery of type I IFN responses and a significant 

recovery in IL-22 expression, a cytokine involved in tissue regeneration. Recovery of the gut 

microbiota was associated with significant reduction in cloacal virus shedding. The last study was 

conducted to assess the role of commensal gut microbiota in response to vaccination with a whole 

inactivated influenza virus subtype H9N2. Administration of probiotics to undepleted chickens 



 

resulted in a significantly higher mean hemagglutination inhibition (HI) titre and virus-specific 

IgM and IgG titres compared to antibiotic treated chickens. Furthermore, chickens treated with 

probiotics and FMT post-antibiotic treatment showed a significantly higher mean HI titre and virus 

specific IgG titre compared to undepleted chickens treated with probiotics. Analysis of IFN-g 

expression in splenocytes to assess recall responses showed a significantly lower expression in 

antibiotic depleted chickens compared to undepleted and FMT reconstituted chickens. Overall, the 

results of this thesis showed that commensal gut microbiota plays a critical role in the initiation of 

innate and adaptive immune responses to influenza virus subtype H9N2 virus infection and 

vaccination.
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CHAPTER 1 

Introduction 

Avian influenza viruses (AIV), categorized into high pathogenic (HP) and low pathogenic (LP) 

viruses, infect chickens and other animals including swine, horses, and marine mammals. HPAI 

viruses are often associated with significant losses to the poultry industry, and potential epidemics 

and pandemics in human populations. In chickens, LPAI viruses have tropism for several tissues, 

including the gastrointestinal tract (GIT) (Post et al., 2012). The H9N2 subtype of AIV, which is 

a LPAI virus, has recently reached a panzootic proportion with infections of chickens, turkeys, 

domestic ducks, ostriches and pheasants (Bano et al., 2003; Alexander, 2007; Umar et al., 2016). 

Furthermore, H9N2 poses a significant public health threat as it can replicate in permissive 

mammalian tissues without prior adaptation (Lin et al., 2000; Wan et al., 2008a; Zhang et al., 

2013b), and previous reassortant isolates of HPAI viruses in humans were shown to carry internal 

genes from avian H9N2 viruses (Lin et al., 2000; Shi et al., 2013; Guan et al., 2015). Therefore, in 

addition to improving poultry health and productivity, control or reduction of H9N2 associated 

outbreaks in chickens can have important benefits in reducing exposure of humans and other 

mammals to the virus. 

The GIT of chickens and mammals is colonized by a complex and diverse population of 

commensal microbiota, which includes bacteria, archaea, fungi, viruses, and eukaryotes (Dunkley 

et al., 2007; Ley et al., 2008; Yeoman et al., 2012). While the host influences the composition of 

the microbiota, it also benefits in different ways including, but not limited to, host metabolism, 

nutrition, immune development and modulation, and resistance to infection (Bäckhed et al., 2005; 

Hooper et al., 2012). Microbiota of the GIT has been reported to play an important role in the 

induction and regulation of host responses to various respiratory pathogens including bacteria 

(Fagundes et al., 2012; Clarke, 2014; Schuijt et al., 2016), fungi (McAleer et al., 2016) and viruses 
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(Ichinohe et al., 2011; Wu et al., 2013; Oh et al., 2014a). In regard to viral infections, commensal 

microbiota can have either a preventative effect as in the case of influenza virus infection (Ichinohe 

et al., 2011; Abt et al., 2012) or a promoting effect as in the case of reovirus, murine leukemia 

virus and mouse mammary tumor virus (Kane et al., 2011; Kuss et al., 2011; Wilks and Golovkina, 

2012). In chickens, Marek’s disease virus (MDV) infection has been shown to result in dysbiosis, 

or imbalance, of the gut microbiota even though the mode of action and whether there is a direct 

or indirect effect on the microbiota is still unknown (Perumbakkam et al., 2014, 2016). Infectious 

bursal disease virus, which is an acute, highly contagious and immunosuppressive virus resulted 

in changes in the composition of the gut microbiota of chickens compared to uninfected chickens 

(Li et al., 2018). Therefore, as in mammals, there is some indication that viruses can affect 

homeostatic relationship of commensal gut microbiota and the host.  

In influenza virus infection models, germ-free mice have been shown to be much more 

susceptible to influenza A virus infection compared to conventional mice. Specifically, members 

of the commensal microbiota, mainly neomycin-sensitive bacteria in conventional mice were 

shown to be responsible for host protection (Dolowy and Muldoon, 1964; Ichinohe et al., 2011; 

Abt et al., 2012). One of the mechanisms that was involved in gut microbiota modulated innate 

responses to influenza virus infection in mice was the inflammasome pathway highlighting the 

role of the innate response mechanisms (Ichinohe et al., 2011). Furthermore, commensal gut 

microbiota has also been reported to play a key role in response to vaccination. Both germ-free 

and antibiotic-depleted mice showed compromised antibody-mediated response to both influenza 

virus infection and trivalent inactivated influenza vaccination (Abt et al., 2012; Oh et al., 2014a). 

In a human study, treatment with Lactobacillus rhamnosus GG (LGG) (gelatin capsule containing 

1 ́  1010 LGG organisms and 295 mg Inulin) as an adjuvant to influenza vaccine, improved vaccine 



 3 

efficacy compared to those receiving placebo (gelatin capsule containing 355 mg Inulin) 

(Davidson et al., 2011).  

In the current study, two general hypotheses were used to study the relationship between gut 

microbiota of chickens and influenza virus infection. The first hypothesis, a causal hypothesis, 

looked at the effect of influenza virus infection in changing the composition of gut microbiota. 

The second hypothesis looked at the effect of changes in the composition of the gut microbiota, or 

dysbiosis, on severity of influenza virus infection in chickens. There are various models to study 

the role of commensal gut microbiota in health and disease, even though all of them have their 

own advantages and disadvantages. These models include germ-free, antibiotic treated, and 

gnotobiotic (mono- and bi-associated, and poly-associated) animal models. The antibiotic 

depletion model was employed for the induction of dysbiosis where chickens received a cocktail 

of broad-spectrum antibiotics before being inoculated with avian influenza virus. Also, in the 

studies presented in this thesis, we explored whether correcting dysbiosis via administration of 

probiotics or by fecal transplantation, can have an impact on induction of host responses against 

AIV.  
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Literature review 

1.1. Influenza A viruses 

Influenza viruses belonging to the family Orthomyxoviridae are enveloped, segmented and single-

stranded RNA (ssRNA) viruses, which include influenza A, B, C and D viruses and thogotovirus 

(Cox et al., 2000; Krug and Lamb, 2013). Influenza A viruses (AIV), mainly differentiated from 

influenza B and C on the basis of the identity of the nucleoproteins (NP) and matrix 1 protein 

(M1), are the major pathogens responsible for the seasonal flu and occasional pandemics, and can 

infect a wide range of hosts that include avian and mammalian species (Swayne and Suarez, 2000; 

Gao and Sun, 2010; Guan et al., 2010). The natural hosts of AIV are wild birds, and it is widely 

accepted that all influenza virus strains infecting mammalian species originate from wild birds 

(Webster et al., 1992). The most recent severe pandemic that occurred in 1918 resulted in the death 

of approximately 40 million people worldwide (Das et al., 2010). Since the appearance of new 

pandemic strains is a complex and unpredictable process, vaccination and antiviral treatments 

targeting viral proteins may not able to control the spread of the disease effectively. Especially 

with highly pathogenic virus outbreaks in poultry flocks, the commonly applied control strategy 

is euthanasia of birds, which can be detrimental to the economic sustainability of the poultry 

industry. Furthermore, highly pathogenic AIV strains pose an imminent danger to human 

populations (Tripathi et al., 2015). Therefore, there is an ever-increasing pressure to find 

prophylactic strategies to control the spread of influenza virus outbreaks in poultry as well as 

mammals. 

1.1.1. AIV structure and genome organization 

Influenza virus can display different shapes; however, a roughly spherical shape with about 13 kb 

genomic size is the most predominant in lab adapted influenza viruses (Noda, 2012; Vasin et al., 

2014). Even though the genomic size of AIV is too small, it has evolved different molecular 
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mechanisms to express multiple viral proteins from a single gene segment. Up until 2001, the eight 

AIV viral RNA segments were believed to encode 10 proteins, namely the polymerase basic 

proteins 1 (PB1) and 2 (PB2), the polymerase acidic protein (PA), nucleoprotein (NP), 

hemagglutinin (HA), neuraminidase (NA), M1, M2, and the non-structural proteins 1 (NS1) and 2 

(NS2). However, in 2001, an eleventh protein called PB1-F2 translated from the alternative open 

reading frame (ORF) within the PB1 gene was discovered, and six additional viral proteins, namely 

PB1-N40, PA-X, PA-N155, PA-N182, M42, and NS3 have been identified after 2009 (Vasin et 

al., 2014). Some of the mechanisms that RNA viruses generally use to express different viral 

proteins from the small genome are translation from different reading frames, alternative splicing 

of viral mRNAs, and using the non-canonical translation mechanisms such as leaky ribosomal 

scanning, internal ribosome entry, non-AUG initiation, and re-initiation (Firth and Brierley, 2012; 

Vasin et al., 2014; Tripathi et al., 2015). The dependency on 5’ end in canonical eukaryotic 

translation initiation is a limitation for RNA viruses as this would mean that only a single protein 

can be expressed from a given RNA. However, RNA viruses generally need to express multiple 

structural and enzymatic proteins to complete their replicative cycle, and the above mechanisms 

help them to achieve this target (Firth and Brierley, 2012). For instance, leaky ribosomal scanning 

differs from the standard canonical scanning model of translation in that the 40S ribosomal subunit 

can either recognize the start codon of an upstream ORF and lead to the production of a short 

peptide or it can scan past the upstream codon and initiate translation at a downstream codon 

(Andrews and Rothnagel, 2014). One of the recently discovered AIV proteins that arises as a result 

of the leaky ribosomal scanning for the translation is PB1-F2 protein, which is translated from the 

fourth AUG codon in an alternative reading frame of PB1 (Muramoto et al., 2013). In the standard 

canonical scanning model, the 40S ribosomal subunit along with pre-initiation factors, binds to the 

5ʹ cap of the mRNA and scans along the transcript until the first initiation codon is recognized. 
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Then, the 60S subunit and additional factors combine with the 40S subunit to form the 80S 

elongation-competent ribosome, which translates the ORF (Andrews and Rothnagel, 2014). In the 

case of ribosomal re-initiation, the 40S subunit initiates translation at the start codon of a 

downstream coding DNA sequence after completing translation of an upstream ORF due to its 

continued association with the mRNA, resulting in the translation of the upstream ORF and 

production of a short peptide encoded by short ORFs (Andrews and Rothnagel, 2014). Therefore, 

using such mechanisms, AIV is able to overcome its limitation of small genomic size and succeeds 

in highjacking the host’s translational machinery to produce its proteins and successfully complete 

its replicative cycle.  

The function of PB1, PB2 and PA is to form polymerase complex, while PB1-F2, which is 

predominantly localized in mitochondria in addition to some levels of localization in the nucleus, 

can either have pro-apoptotic and pro-inflammatory functions, or regulate polymerase activity and 

innate response (Zamarin et al., 2005; Mazur et al., 2008; Muramoto et al., 2013). The most 

important function of the NP is to interact with PB1 and PB2 subunits of viral polymerase (Tripathi 

et al., 2015). The primary function of HA is initiation of infection, and interaction with sialic acid 

receptor of host cell. Once the virus is bound to the host cell, HA protein also facilitates the entry 

of the viral genome into the target cell by causing fusion of host endosomal membrane with the 

viral membrane. Along with NA proteins, HA proteins are the major glycoproteins detected by 

antibodies and determine the subtype of the virus (Iwasaki and Pillai, 2014). Currently, the most 

widespread HA subtypes of influenza A viruses in the human population are H1 and H3; however, 

avian HA subtypes H5, H7 and H9 can cause disease in humans (Krejcova et al., 2015). Proteolytic 

cleavage of the precursor HA0 gives rise to two subunits, namely HA1 and HA2. Three cleaved 

HA structures form the mushroom-shaped trimer, and the top mushroom consists of antiparallel 

β-sheet region HA1 subunit, which is the host receptor binding site, and lower part of mushroom 
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consists of three spirally twisted α-helices HA2 subunits (Krejcova et al., 2015). While human HA 

preferentially recognize α-2,6 glycosidic bond on sialic acid receptors, avian viruses prefer α-2,3 

glycosidic bond (Krejcova et al., 2015). The major function of NA is the enzymatic cleavage of 

sialic acid from the surface of host cells to facilitate the budding off of virions. In some instances, 

mutations in NA has been shown to change the function whereby the NA take-over of all HA 

functions have been observed under laboratory and field conditions (Zhu et al., 2012; Hooper and 

Bloom, 2013). Both M1 and M2 proteins play an important role in the coordination of the virion 

release out of the endosome once the virus is internalized by HA-silaic acid mediated endocytosis 

(Krejcova et al., 2015). The NS1 protein is the only truly non-structural protein, which mainly 

functions as a regulatory protein with numerous functions such as a critical role in the suppression 

of the production of host mRNAs by inhibiting the 3’-end processing of host pre-mRNAs, thus 

countering host immune response associated genes such as interferon-β (Nemeroff et al., 1998; 

Krug et al., 2003). PB1-N40 protein constitutes up to 5–10% of the full-length PB1 abundance in 

virus infected cells, and is clearly associated with the maintenance of the balance between PB1 

and PB1-F2 expression (Wise et al., 2009; Vasin et al., 2014). However, it is not yet known 

whether this protein has any additional regulatory roles in virus replication (Vasin et al., 2014). 

The proteins PA-X, PA-N155, and PA-N182 are the isoforms of the PA subunit of the viral RNA-

dependent RNA polymerase (RdRp)  (Vasin et al., 2014). The functional role of PA-X is in the 

modulation of the host immune response to AIV infection by degrading host immune associated 

mRNAs (Jagger et al., 2012). The functional properties of the other PA-related proteins, PA-N155 

and PA-N182, and M42 and NS3 have yet to be determined. However, they seem to play a very 

important role in the replication of AIV.  

1.1.2. AIV pathogenesis 
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Pathogenicity of AIV varies considerably with host species and age, the presence of other 

organisms, and environmental factors (Bano et al., 2003). In wild birds, influenza A viruses are 

fully adapted to their hosts and cause no disease (Webster et al., 1992). Many different species of 

domestic birds including chickens, turkeys, quail, and ostriches are susceptible to epidemics of 

AIV (Perez et al., 2009). Clinical signs associated with AIV infection in poultry range from 

asymptomatic infection to a wide range of signs such as mild to severe respiratory disease, loss of 

production, and an acute, fatal disease with high mortality and morbidity (Suarez and Schultz-

Cherry, 2000). Based on the World Organization for Animal Health (OIE) classification, AIV can 

be categorized in to two pathotypes; high pathogenicity avian influenza (HPAI) viruses and low 

pathogenicity avian influenza (LPAI) viruses. HPAI viruses cause at least 75% mortality in 4 to 8 

week old chickens, and LPAI viruses are generally much less virulent (Spickler et al., 2008; Lee 

and Saif, 2009). However, marked clinical signs are possible with infections of LPAI viruses in 

chickens, while most tend to cause disease when chickens are co-infected with other pathogens or 

are subjected to environmental stressors (Bano et al., 2003; Nili and Asasi, 2003). While LPAI 

viruses can contain any HA of the eighteen HA (H1 to H18) antigen types, all HPAI have only 

been associated with either H5 or H7 antigens (Swayne, 2007). The segmented nature of the 

influenza virus genome increases the chances for re-assortment of viral gene segments from a 

mixed infection of two or more virus subtypes resulting in the generation of pandemic viruses (de 

Silva et al., 2012). Cleavability of HA is one of the major determinants of tissue tropism of AI 

viruses (Webster and Rott, 1987). In the case of HPAI, the HAs are cleaved intracellularly in the 

Golgi apparatus by subtilisin-like proteases which are ubiquitous, allowing HPAI viruses to 

replicate in a broad range of different host cells causing fatal, systemic infections (Horimoto et al., 

1994). However, various genes are involved in the pathogenicity of the virus (Goto and Kawaoka, 

1998; Seo et al., 2002).  
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Globally, some LPAI viruses such as subtype H9N2, have become much more prevalent 

since the early 1990’s accompanied by high morbidity and mortality and a marked reduction in 

egg production (Naeem and Ullah, 1999; Bano et al., 2003; Alexander, 2007). However, there is 

still a paucity of information on the clinical signs in chickens experimentally infected with LPAI 

viruses. Previously, LPAI have been detected in the feces and respiratory secretions of chickens 

inoculated intranasally, intraorally or intratracheally with some viruses being recovered in the 

feces as early as day 2 p.i. (Horimoto et al., 1995; Lu and Castro, 2004; Swayne and Beck, 2005). 

Swayne et al. (1997) showed that LPAI subtype H5N2 virus was detected mainly in the 

oropharyngeal than cloacal swabs during clinical stage, but viruses were more consistently 

detected in the feces than respiratory secretions after recovery. Earlier studies showed LPAI 

viruses are mainly limited to the respiratory and intestinal tracts as those sites contain host 

proteases such as trypsin-like enzymes required for the cleavage and HA glycoprotein production 

(Webster and Rott, 1987; Alexander, 2000). However, recent studies have demonstrated a much 

wider tissue tropism of LPAI viruses such as in the heart, liver, kidney, spleen and brain (Spickler 

et al., 2008; Post et al., 2012, 2013). Induction of immune responses in the gut with readily 

replicating LPAI virus has been suggested to be important in protecting chickens from lethal 

effects of HPAI (Smith et al., 2014). The gut microbiota, which are considered as part of the organ 

system of the gastrointestinal tract (GIT) are key in providing the tonic signals that calibrate the 

immune responses in the gut and other mucosal surfaces, and the maintenance of the fitness of 

antiviral pathways in the host (Abt et al., 2012).  

1.1.3. AIV and host innate responses 

After a successful passage through the mucous layer, the first and major targets of AIV infection 

are ciliated bronchial, alveolar and intestinal epithelial cells, and infection results in rapid killing 

of cells as a result of cell disruption caused by budding of virus particles (Hofmann et al., 1997; 
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Kaufmann et al., 2001). After a successful infection of host cells, viral RNA is recognized by 

various pattern recognition receptors (PRRs) of the innate immune system leading to the release 

of type I interferons (IFNs), pro-inflammatory cytokines, eicosanoids and chemokines (Iwasaki 

and Pillai, 2014). If the virus is not successfully cleared by innate response and establishes 

infection, then the adaptive immune response takes charge in clearing the infection.  

At least three classes of PRRs recognize pathogen-associated molecular patterns (PAMPs) 

of AIV that are either present on the virus or generated during infection. These receptors are Toll-

like receptors (TLRs), retinoic acid-inducible gene I (RIG-I) and nucleotide oligomerization 

domain (NOD)-like receptors (NLRs) (Pulendran and Maddur, 2012). In the case of TLRs, TLR3 

recognizes double stranded RNA (dsRNA) in endosomes (Alexopoulou et al., 2001), while both 

TLR7 and TLR8 recognize ssRNA in the endosome (Lund et al., 2004; Pang and Iwasaki, 2012). 

It is currently unknown which RNA structure TLR3 recognizes since AIV infected cells do not 

lead to production of viral dsRNA. However, TLR3 is constitutively expressed in AIV infected 

cells and can lead to pathology. For instance, knocking out TLR3 results in significant reduction 

in inflammation and increased survival of mice compared to wild type even when viral load is 

significantly higher in the knockout mice suggesting that TLR3 indeed plays a major role in host 

response against AIV (Le Goffic et al., 2006, 2007; Iwasaki and Pillai, 2014). In the case of 

recognition of ssRNA by TLR7, no viral replication is required as the receptor can recognize 

genomic ssRNA, and recognition results in myeloid differentiation primary response 88 (MyD88)-

mediated activation of the transcription factor nuclear factor-κB (NF-κB) or interferon regulatory 

factor 7 (IRF7) leading to the expression of pro-inflammatory cytokines and type I IFNs, 

respectively (Lund et al., 2004; Iwasaki and Pillai, 2014). Furthermore, TLR7 promotes antibody 

responses against AIV infection through the instruction of B cells (Koyama et al., 2007; Iwasaki 

and Pillai, 2014). Currently, the significance of TLR8 in AIV infection is unknown, while 
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recognition of its ligand results in the production of IL-12 (Iwasaki and Pillai, 2014). RIG-I-like 

receptors, which are ubiquitously expressed in the cytoplasm comprise the three helicases, namely 

RIG-I, melanoma differentiation associated protein 5 (MDA5), and laboratory of genetics and 

physiology 2 (LGP2) (Yoneyama and Fujita, 2009). RIG-I recognizes post-viral replication 5’ 

triphosphate present either in intact genomic ssRNA, short genomic segments, or subgenomic 

defective interfering particles in the cytosol. This results in the binding of RIG-I to ATP followed 

by its caspase-recruitment domains binding to the signaling adaptor mitochondrial antiviral 

signaling (MAVS) leading to the production of type I IFN in infected epithelial cells, conventional 

DCs and alveolar macrophages (Hornung et al., 2006; Iwasaki and Pillai, 2014). Influenza virus 

infection has been shown to result in early transient expression and activation of RIG-I in 

respiratory epithelial cells, macrophages, and mast cells, while in patients with nonfunctional 

variant of RIG-I, a severe reduction in antiviral responses against influenza virus has been 

observed highlighting RIG-I-mediated response as one of the critical pathways by which the host 

fends off AIV infection (Pulendran and Maddur, 2012). Chickens lack RIG-I receptor while 

MDA5 in chickens may recognize the same ligands as RIG-I (Barber et al., 2010). 

The NLR family of receptors are mainly expressed in the cytosol, and respond to various 

PAMPs leading to inflammatory responses in mitogen-activated protein kinases (MAPK), NF-κB 

and MAVS-IRF3 dependent pathways (Pulendran and Maddur, 2012). With regard to NLR 

responding to influenza virus, the pyrin domain-containing protein 3 or cryopyrin (NLRP3), NLR 

family CARD-containing protein 2 (NLRC2 or NOD2) and NLRX1 are the major NLRs involved. 

NLRP3 induces the production of pro-IL-1β and pro-IL-18 and both NLRC2 and NLRX1 induce 

the production of type I IFNs (Kanneganti, 2010; Pulendran and Maddur, 2012). Microbial ligands 

such as lipopolysaccharide (LPS) released by selective populations of microbiota induce 

transcriptional and translational activation of pro-IL-1β and pro-IL-18 (signal 1), often provided 
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through TLRs, IL-1R or tumor necrosis factor (TNF) receptor. In influenza-infected cells, virus 

inflicted damage provides signal 2 required for the formation of NLRP3 inflammasome and the 

activation of caspase-1 which cleaves the pro-IL-1β and pro-IL-18 into their mature forms for 

release into the extracellular space (Bauernfeind et al., 2011). Even though no specific PAMP has 

been defined as yet, which can interact with NLRP3, ligands from influenza viruses such as PB1-

F2, M2 and viral RNA, and ligands from commensal microbiota have clearly been shown to initiate 

NLRP3 activation (Ichinohe et al., 2011; Pulendran and Maddur, 2012; McAuley et al., 2013). In 

mice deficient for NLRP3 and infected with influenza virus, reduced inflammatory responses 

including neutrophils and monocytes recruitment to the lungs and airways resulting in higher 

mortality of mice was observed, and inflammasomes were critical for reduction of viral load in 

later stages rather than early stages of infection (up to 6 d p.i.) (Allen et al., 2009; Thomas et al., 

2009; Pulendran and Maddur, 2012). NLRC2 recognizes viral genomic ssRNA and recruits 

mitochondrial antiviral-signaling protein (MAVS) resulting in IRF3-mediated production of type 

I IFNs, and deficiency of NLRC2 in mice has been shown to result in enhanced susceptibility to 

virus-induced pathogenesis (Pulendran and Maddur, 2012; Lupfer et al., 2014). NLRX1, which is 

mainly localized in the mitochondria and binds to viral PB1-F2, results in reduced mitochondrial 

induced apoptosis and enhanced macrophage survival and type I IFN production in mice infected 

with AIV (Pulendran and Maddur, 2012; Jaworska et al., 2014). Furthermore, both NOD2 and 

NLRX1 play an important balancing act on the innate immunity against influenza virus infection 

by negatively regulating NLRP3 and RIG-I-induced inflammatory responses to AIV (Pulendran 

and Maddur, 2012). 

Recognition of the virus by innate receptors is followed by an early and rapid induction of 

antiviral effector mechanisms such as the secretion of tumour necrosis factor alpha (TNF-α), IL-

1β, and IL-6 resulting from the infection of resident macrophages and recruited monocytes that 
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die between 20 to 30 hours after infection (Nain et al., 1990; Gong et al., 1991; Hofmann et al., 

1997; Herold et al., 2006). Triggering of the innate antiviral response also involves type I IFNs 

secreted by virus-infected cells (Hiscott, 2007). Type I IFNs are the principal antiviral effectors to 

inhibit viral replication as well as promote greater activation of innate immune system cells, 

especially dendritic cells (DC) thereby facilitating the induction of adaptive immune response 

(Pulendran and Maddur, 2012). Binding of IFNs to their receptors results in the activation of the 

Janus kinase (JAK) and signal transducer and activator of transcription (STAT) (JAK-STAT) 

pathways that results in the induction of hundreds of interferon-stimulated genes (ISGs) (Yan and 

Chen, 2012). ISGs, which includes myxovirus resistance (Mx) proteins, IFN-inducible 

transmembrane (IFITM) proteins, RNA-activated protein kinase (PKR), 2’-5’-oligoadenylate 

synthase (OAS) and ribonuclease L (RNase L), viperin, and thethrin play crucial roles in immune 

responses against viral infections, including AIV (Iwasaki and Pillai, 2014).  

Among the first ISGs, Mx proteins interact with viral NP and RNA helicases that are 

involved in the transport of viral RNA to the nucleus, thereby interrupting viral RNA transcription 

and translation (Von Der Malsburg et al., 2011; Pulendran and Maddur, 2012). From the two Mx 

proteins (Mx1 and Mx2) identified in mice, Mx1 protein that is mainly present in the nucleus is a 

potent blocker of influenza virus while Mx2 protein present in the cytosol has no anti-AIV activity 

(Iwasaki and Pillai, 2014). The major role of IFITM proteins is inhibition of viral entry by blocking 

virus-host cell membrane fusion following viral attachment, and IFITM3 has mainly been 

associated with AIV infections by altering the functional properties of viral proteins that are mainly 

associated with entry (Pulendran and Maddur, 2012). Since chicken cells do not express IFITM3, 

it has been suggested that IFITM proteins might influence viral tropism (Pulendran and Maddur, 

2012; Yan and Chen, 2012). PKR protein binds to dsRNA in the cytosol, and under cellular stress 

due to AIV infection, PKR phosphorylates the translation initiation factor eIF2α, and also binds 
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and stabilizes IFN-α and IFN-β resulting in general translational blockage and robust production 

of IFN proteins, respectively (Schulz et al., 2010; Pindel and Sadler, 2011). Furthermore, PKR 

plays a role in signal transduction and transcriptional control through the activation of inhibitors 

of NF-κB pathways (Iwasaki and Pillai, 2014). The OAS family and RNase L, which are the first 

IFN-induced antiviral pathways to be discovered, act together to degrade viral RNA by binding to 

viral dsRNA in the cytosol (Pulendran and Maddur, 2012). OAS binding to dsRNA results in the 

conversion of ATP to 2’-5’-oligoadenylate, and activation of latent RNase L, which then cleaves 

viral and cellular RNA stopping the viral replication (Chakrabarti et al., 2011; Iwasaki and Pillai, 

2014). Viperin and thetherin are amongst recently discovered ISGs. Viperin, which is localized in 

the endoplasmic reticulum blocks AIV virion release by interfering with the formation of the lipid 

raft from which the virus buds while thetherin (also known as BST2) prevents the formation of 

AIV like particles by inhibiting the release of newly generated viral particles from the cell surface 

(García-Sastre, 2011).  

Even though the innate responses described above have potent antiviral activity against 

influenza virus infection, they are unable to prevent infection because influenza viruses have 

evolved different strategies to attenuate the responses and establish successful infection and 

replication in cells. The most important IFN-antagonist that is utilized by AIV is the NS1 protein, 

which is highly expressed in the cytoplasm and nucleus of infected cells enabling it to interact with 

different components of the IFN response (Hale et al., 2010; García-Sastre, 2011). NS1 can bind 

to OAS, RIG-I and PKR to inhibit their activity (García-Sastre, 2011; Iwasaki and Pillai, 2014). 

Another viral protein, PB1-F2, appears to inhibit IFN induction by interacting with MAVS, which 

is a critical mitochondrial adaptor required for IFN induction via the RIG-I-like receptors (RLR) 

pathway (Dudek et al., 2011). Furthermore, PB2, which is the subunit of viral polymerase can also 

be localized in the mitochondria in addition to its localization in the nucleus, and inhibit MAVS 
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function (García-Sastre, 2011). Another protein that is employed by AIV to outrun the IFN 

response is via the interference of cell autophagy and TLR induction using M2 protein (García-

Sastre, 2011). In addition to the direct counter of IFN production, AIV can also utilize the host’s 

cellular negative regulators of IFN to minimize antiviral effects of IFN such as the upregulation of 

cellular suppressors of cytokine signaling (SOCS) factors involved in inhibition of IFN signalling, 

and PKR inhibitor P58 (IPK) to indirectly inhibit PKR activity (García-Sastre, 2011).  

1.2. Commensal microbiota in health and disease 

The lumen of the GIT contains trillions of commensal bacteria that are estimated to 

outnumber the cells of the host. Furthermore, the microbiome, which is the collection of genes 

encoded by members of the microbiota, normally contains more than one-hundred times more 

genes compared to those encoded by the host genome (Gill et al., 2006; Qin et al., 2010). Among 

the diverse functions of the gut microbiota are the production of energy-rich short chain fatty acids 

(van Der Wielen et al., 2000; Dunkley et al., 2007; Sergeant et al., 2014), gut morphological 

development (McCracken et al., 1999; Shakouri et al., 2009), nutrient extraction, absorptions and 

utilization (Cole Jr and Boyd, 1967; Beckmann et al., 2006; Qu et al., 2008), and 

development/modulation of host immune system (Sommer and Bäckhed, 2013). Several 

mechanisms are involved in maintaining the tolerance of the gut mucosa to commensal microbiota 

to avoid excessive inflammatory responses. Members of specific microbial groups, such as 

members of Lactobacilli spp., can induce the conditioning of dendritic cells by intraepithelial 

lymphocytes towards a tolerogenic phenotype thereby inducing the differentiation of resident T 

cells into T helper (Th) 2 and regulatory T (Treg) subsets (Kelsall and Leon, 2005; Zeuthen et al., 

2008). Another way of induction of tolerance is to minimize the toxic potential of LPS, which is 

in abundance in the gut, and can result in toxic shock if it gains access to systemic circulations. 

This reduction of the toxic potential of LPS can be achieved via dephosphorylation of the LPS 
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endotoxin component through the action of alkaline phosphatases, specifically the intestinal 

alkaline phosphatase (Iap), which has been shown to reduce MyD88- and TNF-α-mediated 

recruitment of neutrophils to the intestinal epithelium, thereby minimizing the inflammatory 

response to the gut microbiota and promoting tolerance (Bates et al., 2007; Sekirov et al., 2010). 

The host and the microbiota are in constant communication whereby their interactions shape 

both host immunity and microbial ecology. While it is important for the host immune system to 

tolerate commensal microbiota to avoid excessive inflammation, it also needs to recognize 

potentially pathogenic microbes and induce responses to eliminate or control overgrowth of these 

microbes. Even though very little is known at this time on how this is achieved, some of the 

proposed mechanisms include identifying the nature of the microbe whereby only virulence factors 

can stimulate the innate immune system allowing the induction of inflammation selectively against 

pathogenic microbes. For instance, while signal 1 for the activation of the inflammasome pathways 

can be induced by MAMPs from commensal microbiota, only damage associated molecular 

patterns (DAMPs) can act as signal 2 allowing only pathogenic microbes to induce inflammatory 

pathways (Srinivasan, 2010). Furthermore, the gut mucosal barrier, that is classified into chemical 

and physical barriers, helps maintain host-microbial homeostasis. Chemical barriers, which 

include antimicrobial peptides, the regenerating islet-derived 3 (Reg3) family of proteins, 

lysozyme and secretory phospholipase A2 help with maintaining the segregation of gut 

microorganisms from intraepithelial cells (IECs) in the gut by killing of microbes that breach the 

mucosal barrier (Srinivasan, 2010; Okumura and Takeda, 2018). Physical barriers, which mainly 

include the gycocalyx on the microvilli of absorptive IECs and cell junctions firmly linking IECs 

help in the spatial separation of gut microbiota and IECs leading to the inhibition of microbial 

invasion of the mucosa (Srinivasan, 2010; Okumura and Takeda, 2018). Through these two 
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mechanisms, the host avoids unwanted responses to beneficial members of the gut microbiota 

while responding to pathogenic microbes resulting in their control or elimination.  

In germ-free mice that have been raised to be completely void of all microbes from birth, 

dramatically reduced numbers of intra-epithelial lymphocytes, reduced size and numbers of 

Peyer’s patches, altered crypt structure, and decreased goblet cells resulting in reduced mucus 

thickness have been observed highlighting the importance of commensal microbiota in host 

immune system development (Smith et al., 2007; Macpherson and McCoy, 2015). Commensal 

microbiota of the gut promotes maturation and maintenance of the intestinal immune system and 

homeostasis by the engagement of PRRs of the innate immune system of the intestinal mucosa 

(Rakoff-Nahoum and Paglino, 2004; Rakoff-Nahoum and Medzhitov, 2007). Commensal 

microbiota also regulates the adaptive immune system in the intestine where specific groups 

promote the development of effector and regulatory T cell populations such as Th17 and Treg cells 

(Ivanov et al., 2009; Round and Mazmanian, 2010; Hooper et al., 2012). For instance, segmented 

filamentous bacteria (SFB) induce potent specific and non-specific Th17 responses resulting in 

both beneficial and detrimental effects on the host. In murine infected with Citrobacter rodentium, 

SFB-induced Th17 cells enhance resistance by inducing increased antimicrobial activity in 

intestinal epithelial cells, while in T-cell dependent models of inflammatory bowel diseases, SFB 

result in hypersensitivity to colitis and the development of Th17 mediated arthritis (Stepankova et 

al., 2007; Ivanov et al., 2009; Wu et al., 2013). Commensal microbiota also play a major role in 

the protection against intestinal infection and prevent colonization and growth of potential 

pathogens via competitive exclusion involving the production of inhibitory molecules and 

depletion of nutrients (Hooper et al., 2012). A shift in the relative abundance of the gut microbial 

taxa, also known as dysbiosis, which results in the disruption of commensal-mediated colonization 

resistance to enteric infection has been associated with various diseases (Spor et al., 2011). 
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Furthermore, an altered bacterial community structure may also facilitate the overgrowth of 

potentially harmful subsets of indigenous bacteria, also known as pathobionts, within the GIT 

(Egan et al., 2012). 

1.2.1. Microbiota regulation by the immune system 

While the microbiota plays a major role in shaping the immune development of the host, at the 

same time, the immune system of the host also plays a major role in shaping the composition of 

the microbiota and hence maintaining a symbiotic relationship between the host and microbiota 

resulting in intestinal homeostasis. Both innate and adaptive arms of the immune system play a 

major role in this maintenance of homeostasis. In mice defective for TLR5, which senses bacterial 

flagellin, altered intestinal microbial composition was observed with implications in susceptibility 

to obesity, metabolic syndromes and colitis (Vijay-kumar et al., 2010; Carvalho et al., 2012; 

Chassaing et al., 2014). A lack of either Nod1 (Bouskra et al., 2008), Nod2 (Couturier-Maillard et 

al., 2013) or NLR family members that mediate inflammasome activation (Elinav et al., 2011; 

Henao-Mejia et al., 2012; Hu et al., 2013) resulted in alterations in the microbiota resulting in 

dysbiosis, which was also shown to be transmissible to wild type mice through co-housing, and 

predisposes mice to various syndromes and diseases. Furthermore, alterations in production of 

antimicrobial peptides resulted in alterations in gut microbiota and dysbiosis (Salzman et al., 2010; 

Vaishnava et al., 2011; Salzman and Bevins, 2013). These studies highlight the important role of 

innate response associated receptors and innate effector molecules in regulating the composition 

of microbiota and its symbiotic homeostasis with the host.  

The adaptive immune system also plays a critical role in regulating the composition of 

microbiota and has been suggested to have evolved in part to enable the mutual relationship of the 

microbiota and the host (Lee and Mazmanian, 2010; Kato et al., 2014; Kawamoto et al., 2014). T 

cells such as Th1, Th17 and Tregs influence the composition of microbiota indirectly, mainly by 
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providing help to B cells for the production of secretory IgA, which then influences gut microbiota 

composition (Tsuji et al., 2009; Hirota et al., 2013; Kato et al., 2014). Defects in T cell help for 

IgA production results in reduced diversity and outgrowth of specific gut microbes, and 

abnormalities such as hypersensitivity to colitis (Kawamoto et al., 2014; Kubinak et al., 2015). 

The reconstitution of intestinal IgA production in mice that are unable to undergo class switch 

recombination or somatic hypermutation due to the lack of activation-induced cytidine deaminase 

restored the microbial composition, which was mainly dominated with outgrowth of SFB (Suzuki 

et al., 2004). IgA also promotes mutual relationship between the host and the microbiota by the 

reduction of inflammatory response to microbiota, which is mainly achieved by preventing 

microbiota contact with mucosal epithelium (Peterson et al., 2007; Corthésy, 2013).  

1.2.2. Commensal microbiota and viral infections 

In most cases, the surfaces of the body that are enriched with microbiota are the main gates of 

access for pathogens highlighting the important evolutionary mutual relationship of commensal 

microbiota and mucosal surfaces in the protection against pathogens, including viruses. Many of 

the interactions between bacterial pathogens and commensal microbiota have been characterized. 

For instance, commensal microbiota prevent progression of bacterial infection by producing bio-

surfactants thereby competing with bacterial pathogens for attachment and nutrients, producing 

different metabolites with antimicrobial properties, and promoting the maturation of secondary 

lymphoid organs in the intestine, which are the first line of defense in the intestinal mucosa 

(Sekirov and Finlay, 2009; Lee and Mazmanian, 2010; Hooper et al., 2012). Even though little is 

known about the relationship between viral pathogens and commensal microbiota, recent work 

points to a strong evidence suggesting that commensal microbiota can either influence virally 

induced infections directly or indirectly to protect the host or promote propagation and 

transmission of viruses. In addition to localized effect, commensal microbiota can also influence 
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resistance/infection at other mucosal surfaces. The term ‘common mucosal immune system’ was 

coined nearly 40 years ago (McDermott and Bienenstock, 1979; McDermott et al., 1980). Even 

though much knowledge has been derived from the study of individual components of the mucosal 

immune system, there is scant information on the different immunological relationship between 

individual components. The GIT and the bronchial tree share a common embryological origin 

arising from the primitive gut, and a communication among organs sharing a common 

embryogenic origin, or similar cellular and molecular structure with no anatomical interaction has 

previously been established (Wang et al., 2013).  

1.2.3. Beneficial role of microbiota against viral infections 

Signals from commensal bacteria influence immune system cell development and calibrate the 

activation threshold of innate antiviral immunity (Abt et al., 2012). Commensal microbiota has 

been shown to inhibit rotavirus infection in the intestinal epithelial cells by the production of 

soluble factors that modify the intestinal epithelial cell-surface glycans resulting in altered 

attachment of rotavirus (Varyukhina et al., 2012). Microbiota has also been shown to influence 

viral infections of lymphocytic choriomeningitis virus (LCMV) in mice, where antibiotic-

treatment to create dysbiosis resulted in delayed clearance of LCMV, lower levels of antiviral 

response genes, reduced LCMV-specific CD8+ T cells and IgG antibody levels, with T cell 

exhaustion implicated in disrupted microbiota (Abt et al., 2012). In insects, species Aedes aegypti, 

treated with antibiotics to induce dysbiosis, and infected with dengue virus, higher viral loads and 

a possible role of Toll pathway for the basal immune stimulation of innate immune pathways and 

viral control have been observed (Xi et al., 2008). Findings from these studies suggest that 

commensal microbiota play an important role in the defense against viruses. 

In influenza virus infection models, germ-free mice have been shown to be much more 

susceptible to influenza A virus infection compared to conventional mice, and specific members 
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of the commensal microbiota, mainly neomycin-sensitive bacteria in conventional mice being 

responsible for host protection (Dolowy and Muldoon, 1964; Ichinohe et al., 2011; Abt et al., 

2012). The requirement for intact commensal microbiota was shown to be restricted to 

inflammasome-dependent priming (Ichinohe et al., 2011). In addition to promoting local intestinal 

innate defenses to infection, stimulation of PRRs by gut associated commensal microbiota has 

been shown to affect immune responses against viral and bacterial infections at other mucosal sites 

such as the lung (Ichinohe et al., 2011; Clarke, 2014). Pathogen-associated molecular patterns 

(PAMPs) of commensal microbiota origin have been detected in the circulation of healthy mice 

and humans, and depletion of commensal microbiota using antibiotics reduced the concentration 

of PRRs in the circulation (Rakoff-Nahoum and Paglino, 2004; Xu et al., 2008; Clarke et al., 2010).  

At steady state, low levels of microbial ligands released by selective populations of gut 

microbiota reach the respiratory tract via circulation and induce transcriptional and translational 

activation of pro-IL-1β, pro-IL-18 and NLRP3 (signal 1), often provided through TLRs, IL-1R or 

TNF receptor. In influenza infected cells, virus inflicted damage provides signal 2 required for the 

formation of NLRP3 inflammasome and the activation of caspase-1 which cleaves the pro-IL-1β 

and pro-IL-18 into their mature forms for release into the extracellular space (Bauernfeind et al., 

2011). Inflammasome dependent cytokine releases in the lung in turn modulate the up-regulation 

of co-stimulatory molecules by DCs, which then migrate to the draining lymph node to activate 

adaptive immune responses to AIV (Pang and Iwasaki, 2012; Yamazaki and Ichinohe, 2014). 

Ichinohe and colleagues (Ichinohe et al., 2011) showed that in mice depleted for their commensal 

microbiota and challenged with AIV, inoculation of TLR ligands either intranasally or intrarectally 

restored the immune response to AIV in the lung. In the same study, reduced expression of pro-

IL-1β, pro-IL-18 and NLRP3 mRNA was observed in the lung, resulting in reduced secretion of 

mature IL-1β after intranasal infection with influenza virus (Ichinohe et al., 2011). Similar 
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responses were also observed in mice treated with antibiotics and challenged with less pathogenic 

strain of influenza virus, X31-GP33, that causes minimal mortality and morbidity (Abt et al., 

2012). Impaired innate response genes to X31-GP33 and LCMV infection were observed in 

macrophages derived from antibiotic treated mice compared to those derived from conventional 

mice (Abt et al., 2012).  

Commensal microbiota also modulates the development of adaptive immune responses 

against viruses. In germ-free mice infected with PR8 influenza A virus, no viral HA-specific 

antibody response was detected 21 days after infection (Dolowy and Muldoon, 1964). In germ-

free mice, the frequency of murine cytomegalovirus (MCMV)-specific CD8+ T cells in the lung 

was significantly reduced after MCMV infection, and the levels were restored when fecal 

suspension containing gut microbes from conventionally housed specific-pathogen free mice was 

administered orally (Tanaka et al., 2007). In microbiota-depleted mice and challenged with 

influenza virus, impaired responses in alveolar macrophages, enhanced viral replication, reduced 

virus specific CD8+ T cell responses, and impaired IgG and IgM antibody levels were observed 

(Abt et al., 2012). Furthermore, impaired respiratory DC distribution and activation status at steady 

state as well as DC migration to draining lymph nodes for priming of naïve antigen-specific CD8+ 

T cells were observed after infection of antibiotic treated mice with HPAI virus (Ichinohe et al., 

2011). These studies highlight the critical role played by commensal microbiota in the defense 

against influenza virus infection in mice. Furthermore, these studies show the importance of gut 

associated commensal microbiota in the defense against pathogenic infections at other mucosal 

surfaces including the respiratory tract.  

1.2.4. Promotion of viral infections by commensal microbiota 

Commensal microbiota can also potentiate pathogenic viral infections. In mice, persistence of 

mouse mammary tumor virus (MMTV) mainly occurs as a result of MMTV-bound LPS inducing 
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the production of IL-10 that leads to depressed antiviral host immune responses (Kane et al., 2011). 

Poliovirus, an enteric human pathogen transmitted by the fecal-oral route, requires intact 

commensal microbiota of the gut for its replication and transmission, and antibiotic-mediated 

microbiota depletion diminishes its enteric infection (Kuss et al., 2011). Commensal microbiota 

has also been suggested to promote reovirus replication and pathogenesis in vivo, where antibiotic-

treated mice to deplete microbiota showed reduced viral replication and pathogenesis (Kuss et al., 

2011).  

These reports underline the dynamic nature of the relationship between commensal 

microbiota, viral pathogens, and the immune system of the host. Therefore, it is critical to 

understand the role and mechanisms of actions of commensal microbiota in the gut and other 

mucosal surfaces in host viral infections. With the advance of culture free technologies, important 

discoveries have been made on the interaction effect of gut microbiota with the host on the 

physiological, immunological and nutritional status of the host. However, there is limited research 

on the interaction of viruses and commensal microbiota on health and diseases of chickens. 

Recently, in chickens, MDV has been shown to influence the core gut microbiota at the early (2-7 

days) and late (28-35 days) phases of virus life cycles (Perumbakkam et al., 2014).  

1.3. Overview of the chicken microbiota 

As in the case of mammalian species, the composition of the chicken gut microbial communities 

is diverse, consisting of various bacteria, methanogenic archaea, fungi and viruses. Similarly, 

commensal gut microbiota plays an important role in the growth and development such as the 

production of energy-rich short chain fatty acids, the promotion of gut villus and crypt 

morphology, nutrient utilization and maturation of the immune system of the chicken (Yeoman et 

al., 2012). Microbiota generally reside across the entire length of the GIT with higher diversity 

and abundance in the ceca, 1010-1011 cells/g of cecal content, where longer digesta transit time 
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allows for more substantial microbial fermentation (Gong et al., 2007; Rehman et al., 2007; 

Yeoman et al., 2012). An age-dependent development of the chicken gut microbiota is observed 

in layer chickens with the first week of age being dominated mainly by the phylum Proteobacteria 

making up nearly 20% - 50% of the microbial communities, predominantly represented by the 

family Enterobacteriaceae and genus Escherichia, and the remaining comprised of representatives 

of the family Lachnospiraceae of the phylum Firmicutes (Videnska et al., 2014b). From the second 

to the fourth week of age, Proteobacteria dropped to less than 10% while Firmicutes, mainly 

families Lachnospiraceae and Ruminococcaceae, dominate, making up around 90% of the total 

microbiota (Videnska et al., 2014b). By two to six months of age, the phylum Bacteoridetes 

replaced Firmicutes with families Rikenellaceae, Porphyromonadaceae and Bacteroidaceae 

making up the majority (Videnska et al., 2014b). In chickens older than seven months of age, the 

phyla Firmicutes and Bacteroidetes share the dominant microbial populations approximately 

equally with phylum Proteobacteria returning by 34 weeks of age and making up 5% of the total 

microbiota with genera Desulfovibrio and Succinivibrio being dominant (Videnska et al., 2014b). 

Broiler chicken microbial composition differs from that of layer chickens. Gut microbiota of 

broilers is mainly dominated by the phyla Firmicutes and Proteobacteria making up to 76% and 

14% of the total microbial populations, respectively, while the phyla Bacteroidetes and 

Actinobacteria make up only 6.5% of the total microbiota (Videnska et al., 2014a).  

In addition to their role in nutrition by the production of enzymes that are able to catabolize 

dietary polysaccharides (Beckmann et al., 2006a), species complexity and diversity of commensal 

microbiota are closely associated with resistance to infections (Yeoman et al., 2012). The role of 

commensal gut microbiota of chickens in bacterial infections, such as Salmonella spp. (Rantala 

and Nurmi, 1973; Videnska et al., 2013; Varmuzova et al., 2016) and Clostridium perfringens 

(Stanley et al., 2012; Lin et al., 2017) has been studied extensively. Furthermore, in chickens 



 25 

inoculated with Campylobacter jejuni, both antibiotic treated or germ-free chickens showed a 

significantly higher colony forming units (CFU) of C. jejuni in their cecal contents accompanied 

by gut lesions compared to conventional chickens administered with the same CFU (Han et al., 

2017). However, data on the role of gut microbiota in resistance or susceptibility to viral infections 

in chickens is limited. Recent studies showed that MDV infection of chickens results in a shift in 

the composition of gut microbiota with involvement of the immune system and metabolic 

pathways (Perumbakkam et al., 2014, 2016).  

1.4. Animal models for virus-microbiota interaction studies 

Various laboratory models have been employed to study virus-microbiota interactions with germ-

free or antibiotic-treated animals being the most utilized. Even though germ-free model animals 

can be colonized with one or more bacterial strains to examine virus-microbiota interaction as they 

provide a defined environment devoid of any microbes, they are expensive to maintain and require 

specialized facilities (Robinson and Pfeiffer, 2014). Furthermore, germ-free animals have 

dramatically impaired lymphoid organ development and immune responses with smaller Peyer’s 

patches, fewer plasma cells, impaired IgA, and impaired antimicrobial peptide release among other 

immune system deficiencies, making it difficult for the transfer of knowledge generated from 

germ-free studies to conventional settings (Smith et al., 2007; Round and Mazmanian, 2009). 

Other models to study the relationship between commensal microbiota and the host include the 

mono- and bi-associated animal models with just one or two commensal species associated with 

the host, respectively. These models provide information on how particular microbe’s ecological 

niche provides the host with, and vice versa, in the absence competition from complex microbial 

populations found in conventional animals (Sekirov et al., 2010). Poly-associated animal models, 

or more commonly known as “The Schaedler flora” (ASF) that uses eight standardized gut flora 

to colonize germ-free animals are also another alternative. The ASF consists of two Lactobacillus 
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spp., a relative of Bacteroides distasonis, spiral-shaped bacterium belonging to the Flexistripes 

phylum, and four fusiform extremely oxygen-sensitive bacteria (Dewhirst et al., 1999; Sekirov et 

al., 2010). In addition to their cost prohibitive nature, the inability of the above models to represent 

the complex microbial ecology of the host is a major caveat in using them to study complex 

microbiota-host-pathogen interactions. Recently, antibiotic-treated animal models have been used 

to investigate the interaction of viruses and microbiota and their relationship in health and disease 

(Rakoff-Nahoum and Paglino, 2004; Ichinohe et al., 2011; Kernbauer et al., 2014). In mice, it has 

been shown that depletion of commensal microbiota results in altered antimicrobial factors in 

intraepithelial cells similar to germ-free mice (Reikvam et al., 2011). However, it is also important 

to consider that the use of antibiotics to disrupt microbial composition and diversity can result in 

changes in the host physiology independent of microbiota disturbance, and treatment with 

antibiotics may not eliminate all microorganisms from the host as many microbes are known to be 

resistant to antimicrobial therapies (Wilks and Golovkina, 2012). In addition to pathogenic 

infections, using antibiotics to disrupt host-commensal interactions has resulted in recent 

appreciation of the diversity of commensal microbes and their role in a wide variety of disorders 

such as cancer (Iida et al., 2013), autoimmunity (Wu et al., 2010), chronic intestinal inflammation 

(Rakoff-Nahoum et al., 2006; Rakoff-Nahoum and Medzhitov, 2007), and bacterial and viral 

infections (Abt et al., 2012; Khosravi et al., 2014) among others.  

1.5. Techniques to study the microbiota 

Various techniques have been used to study the microbiota and are generally classified as culture-

dependent and culture-independent techniques.  

1.5.1. Culture-dependent technique 

Culture-dependent techniques to characterize the microbiota in the ecosystem involve the isolation 

and analysis of microbiota using commercial differential media such as Luria-Bertani medium, 
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Nutrient Aga, and Tryptic Soy Agar to select for specific populations of bacteria based on their 

metabolic requirements (Kirk et al., 2004). However, more than 80% of the microorganisms in 

any environment are not cultivable by these standard techniques, and the gut environment favoring 

more anaerobic bacteria adds to the limitations of culture-dependent techniques (Eckburg et al., 

2005; Sekirov et al., 2010). Therefore, culture-dependent techniques limit our ability to study the 

microbiota and many completely novel microbial groups remain untapped.  

1.5.2. Culture-independent techniques 

To address the limitations of culture-dependent techniques, culture-independent techniques, which 

study the biomolecules of the microbiota such as nucleic acids, lipids, and proteins have been 

developed. This review will mainly focus on the culture-independent technique that employ the 

nucleic acid approaches that includes whole genome or selected genes, mainly the 16S and 18S 

ribosomal RNA (rRNA). The advantage in using the16S rRNA gene is mainly because of its 

relatively small size (~1.5 kb) and its ability to identify variability between species while at the 

same time identifying similarities between members of the same higher levels of phylogenetic 

groups (Sekirov et al., 2010). Culture-independent techniques can be broadly divided into two 

major categories, partial community analysis approaches and whole community analysis 

approaches, depending on their capability of revealing the microbial diversity structure and 

function.  

Partial community analysis approaches include polymerase chain reaction (PCR)-based 

methods where total DNA/RNA, which are extracted from environmental samples, are used as a 

template for the characterization of microbiota, and are mainly analyzed using either clone library 

method, genetic fingerprinting, quantitative real-time PCR (qRT-PCR), or a combination, among 

several techniques (Rastogi and Sani, 2011). The clone library method is based on cloning and 

sequencing of individual gene fragments, which are then compared to known sequences in a 
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database such as GenBank or Ribosomal Database Project and assigned to their classifications at 

the phylum, class, order, family, subfamily or species levels (DeSantis et al., 2007). The main 

limitation with clone libraries is that, it is labor-intensive and time-consuming, and a typical clone 

library of 16S rRNA genes contain fewer than 2.5% of the total clones required to document 50% 

of the richness of the microbiota (Rastogi and Sani, 2011). Genetic fingerprinting methods, which 

include denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment length 

polymorphisms (T-RFLP), ribosomal intergenic spacer analysis (RISA) among others, are 

community analysis tools that generate a DNA profile of microbiota from samples allowing the 

comparison between samples. In DGGE, PCR products obtained using primers for specific 

molecular marker are electrophoresed on a polyacrylamide gel according to their G+C content, 

with the most stable DNA migrating further, resulting in distinct banding patterns according to 

microbial diversity in samples. This is followed by the quantification of DGGE bands by 

measuring number and thickness of bands and differences can be measured statistically using 

principal coordinate analysis method (Sekirov et al., 2010). Some of the limitations of using DGGE 

for microbial diversity analysis are, DGGE PCR amplicons provide limited information dues to 

their small size, which is normally <500 bp limiting the ability to correctly identify bands of 

interest and different DNA fragments having similar melting point (Rastogi and Sani, 2011). 

RISA, a technique that is rather recent to the study of gut microbial ecology, involves the 

amplification of a portion of the intergenic spacer region between the 16S and 23S rRNA genes 

using primers annealing to conserved regions in both genes (Fisher and Triplett, 1999). Some of 

the limitations of RISA for use in gut microbial ecology studies is the lack of extensive database 

containing RIS for gut microbiota, and bacterial identification using RISA is complicated due to 

the fact that bacteria have multiple RIS regions (Sekirov et al., 2010) 



 29 

All of the above methods use agarose gel electrophoresis for end-point recognition. 

However, bacterial quantification based on qRT-PCR has been developed for monitoring the 

amplification reaction in real time by using intercalating fluorescent dyes such as SYBR Green or 

fluorescent probes such as TaqMan to measure accumulation of amplicons during each cycle of 

the PCR via a corresponding increase in the fluorescent signal associated with product formation 

(Smith and Osborn, 2009). qRT-PCR system provides greater sensitivity and the ability to 

discriminate gene numbers across a wider dynamic range compared to end-point PCR (Smith and 

Osborn, 2009). However, even qRT-PCR has limitation, in that using qRT-PCR to study microbial 

ecologic diversity is unable to identify novel species or strains of bacteria as primers are designed 

based on previously known sequence data (Smith and Osborn, 2009).  

Even though sequence analysis of 16S rRNA genes provides valuable information about 

microbiota, it does not provide sufficient resolution at the species and strain level; therefore, 

whole-genome molecular analysis methodologies have been shown to be effective at solving this 

limitation (Konstantinidis et al., 2006). Recently, next-generation DNA sequencing technologies 

have transformed our understanding of the microbial diversity in ecological samples. High-

throughput sequencing platforms, which include those platforms that depend on the production of 

libraries of clonally amplified templates produced through amplification of immobilized libraries 

made from a single DNA molecule in the initial sample and those with single-molecule sequencing 

platforms, which determine the sequence of single molecules without amplification have been 

useful in providing an unbiased view of phylogenetic composition and functional diversity of 

microbial communities in ecological samples (Rastogi and Sani, 2011; Loman et al., 2012). With 

the advent of new sequencing platforms such as Roch4/454, Illumina/Solexa (MiSeq and HiSeq), 

Life/APG, and HeliScope/Helicos Biosciences, the speed and cost of sequencing have significantly 

improved compared to traditional Sanger sequencing platforms that employ dideoxy sequencing 
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of cloned amplicons (Loman et al., 2012). The studies of microbial communities have been 

revolutionized and important insights have been made on the role of microbiota in health and 

diseases using next-generation sequencing technologies. Such experiments can be used to 

accurately estimate and understand the dynamic correlation (or lack thereof) between infectious 

agents, such as viruses, commensal microbiota and the host.  
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1.6. Statement of hypothesis and rationale 
 
Commensal gut microbiota has been known to play a very critical role in health and disease, while 

its role in influenza virus infection in chickens and other species has only been recently studied. 

To understand the role that gut microbiota play in influenza virus infection in chickens, we 

hypothesized that 1) Gut microbiota of chicken shift after infection with influenza virus subtype 

H9N2, and this is associated with higher virus shedding in the cloaca, 2) compromised gut 

microbiota (dysbiosis) of chickens results in impaired innate response against influenza virus 

subtype H9N2 infection both in the gut and respiratory system, 3) recovery of gut microbiota of 

chickens from dysbiosis is associated with the recovery of innate responses, mainly type I IFN 

responses, in the respiratory and gastrointestinal tract and the reduction in H9N2 virus shedding, 

4) composition of gut microbiota of chickens affects cell- and antibody-mediated immune response 

against influenza vaccination. Therefore, the objectives of the experiments described below were 

to 1) study the composition of gut microbiota and innate and antibody-mediated responses in 

chickens infected with influenza virus subtype H9N2, 2) evaluate gut and respiratory system 

associated innate responses, mainly type I IFNs, of chickens treated with a cocktail of broad-

spectrum antibiotics to induce dysbiosis and challenged with H9N2 virus, 3) study type I IFN 

responses after a recovery of the gut microbiota from dysbiosis and assess the oropharyngeal and 

cloacal H9N2 virus shedding of chickens treated with a cocktail of antibiotics followed by 

treatment with either probiotics or fecal microbial transplant (FMT), and 4) evaluate cell- and 

antibody-mediated immune response in chickens treated with cocktail of antibiotics to induce 

dysbiosis, administered with probiotics or FMT to recover from dysbiosis, and vaccinated with 

whole inactivated influenza virus. 
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ABSTRACT 

The impact of low pathogenic influenza viruses such as subtype H9N2, which infect the respiratory 

and the gastrointestinal tracts of chickens, on microbial composition are not known. Twenty day-

old specific pathogen free chickens were assigned to two treatment groups, control (Uninfected) 

and H9N2-infected (challenged via the oral-nasal route). Fecal genomic DNA was extracted, and 

the V3-V4 regions of the 16S rRNA gene was sequenced using the Illumina Miseq® platform. 

Sequences were curated using Mothur as described in the MiSeq SOP. Infection of chickens with 

H9N2 resulted in an increase in phylum Proteobacteria, and differential enrichment with the genera 

Vampirovibrio, Pseudoflavonifractor, Ruminococcus, Clostridium cluster XIVb and Isobaculum 

while control chickens were differentially enriched with genera Novosphingobium, Sphingomonas, 

Bradyrhizobium, and Bifidobacterium. Analysis of pre- and post-H9N2 infection of the same 

chickens showed that, before infection, the fecal microbiota was characterized by Lachnospiracea 

and Ruminocacaceae family and the genera Clostridium sensu stricto, Roseburia, and 

Lachnospiraceae incertae sedis. However, post-H9N2 infection, class Deltaproteobacteria, orders 

Clostridiales and Bacteroidiales and the genus Alistipes were differentially enriched. Findings 

from the current study show that influenza virus infection in chickens results in the shift of the gut 

microbiota, and the disruption of the host-microbial homeostasis in the gut might be one of the 

mechanisms by which influenza virus infection is established in chickens.  

 

Key words: Avian influenza viruses, Chicken gut microbiota, H9N2 virus 
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INTRODUCTION 

Influenza A viruses, categorized into highly pathogenic (HP) and low pathogenic (LP) avian 

influenza (AI), infect chickens and other animals including swine, horses, and marine mammals. 

HPAI viruses are often associated with significant losses to the poultry industry, and potential 

epidemics and pandemics in human populations. Globally, infections with some LPAI, such as 

subtype H9N2, have become more prevalent in poultry since the early 1990’s accompanied by 

high morbidity and mortality and a marked reduction in egg production of laying hens (Bano et 

al., 2003; Alexander, 2007; Umar et al., 2016). Furthermore, H9N2 poses a significant public 

health threat as it can replicate in permissive mammalian tissues without prior adaptation (Lin et 

al., 2000; Wan et al., 2008a; Zhang et al., 2013a), and previous reassortant isolates of HPAI in 

humans were shown to carry internal genes from avian H9N2 viruses (Lin et al., 2000; Shi et al., 

2013; Guan et al., 2015). Therefore, in addition to improving poultry health and productivity, 

control or reduction of H9N2 associated outbreaks in chickens can have important benefits in 

reducing exposure of humans and other mammals to the virus. 

In chickens, LPAI viruses have tropism for several tissues, including the gastrointestinal 

tract (GIT) (Post et al., 2012). The GIT of chickens and other mammals is inhabited by a complex 

and diverse microbiota, which includes bacteria, Archaea, fungi, viruses, and eukaryotes (Hooper 

and Gordon, 2001; Gong et al., 2007; Yeoman et al., 2012). While the host influences the 

composition of the microbiota, it also benefits in different ways including, but not limited to, host 

metabolism, nutrition, immune development and modulation, and resistance to infection (Bäckhed 

et al., 2005; Hooper et al., 2012). Trans-kingdom interactions where enteric viruses regulate or are 

themselves regulated by other members of the microbiota have recently been shown to be 

important conditions for enteric virus replication, transmission, and disease development and 

progression (Pfeiffer and Virgin, 2016). The gut microbiota can promote viral infections as in the 
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case of poliovirus, reovirus, and retroviruses, such as mouse mammary tumor virus (MMTV), 

while it can also have a protective role in other viral infections such as rotavirus, influenza virus, 

lymphocytic choriomeningitis virus, and dengue virus (Kuss et al., 2011; Robinson and Pfeiffer, 

2014; Robinson et al., 2014). 

A shift in the composition of the gut microbiota towards unhealthy imbalance, also known 

as dysbiosis, has been associated with various diseases (Spor et al., 2011). Both germ-free and 

antibiotic-treated mice showed exaggerated influenza pathogenesis, and the administration of poly 

I:C, a dsRNA molecule with innate immune stimulating property by binding Toll-like receptor 3, 

resulted in reduced mortality suggesting a strong link between a balanced gut microbiota and 

resistance to influenza virus infection (Ichinohe et al., 2011; Abt et al., 2012; Wang et al., 2014). 

Specific members of the gut microbiota, especially neomycin-susceptible bacteria, were able to 

confer protection against influenza virus infection, and in both mice and humans, influenza virus 

infection was shown to alter the composition of the gut microbiota (Ichinohe et al., 2011; Qin et 

al., 2015; Deriu et al., 2016).  

Recently, Marek’s disease virus (MDV) infection of chickens, a typical lymphoproliferative 

disease, was shown to result in dysbiosis of the gut microbiota corresponding with the life cycle 

of MDV in early and late phases of infection, even though the mode of action and whether there 

is a direct or indirect effect of the virus on the microbiota are still unknown (Perumbakkam et al., 

2014, 2016). These studies highlighted the presence of a trans-kingdom interaction in the chicken 

gut between viruses and the microbiota. Little is known about the effect of viral infection on the 

composition of the gut microbiota of chickens, even though all existing evidence from other 

vertebrates suggests that viral pathogens may influence the composition of the gut microbiota to 

establish infections (Pfeiffer and Virgin, 2016). Therefore, the current study was conducted to 

study the fecal microbiota of chickens after influenza A virus subtype H9N2 infection.  
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MATERIALS AND METHODS 

Experimental design 

All experimental procedures were approved by the University of Guelph Animal Care Committee 

and conducted according to specifications of the Canadian Council on Animal Care (CCAC). 

Chickens were handled according to the guidelines described by the CCAC (CCAC, 1993). 

Twenty day-old specific pathogen free chickens (SPF) (CFIA, Ottawa Laboratory, Nepean, ON, 

Canada) were randomly assigned to three treatment groups, which included a control (Uninfected 

chickens), and a group pre-H9N2 infection (day 0) and post-H9N2 infection. All chickens were 

kept in Horsfall units in a Biosafety level Il isolation facility at the University of Guelph, Ontario 

Canada. All chickens were kept under the same environmental condition, and antibiotic-free diet 

and water were provided ad libitum.  

Virus propagation and infection of chickens 

Embryonated SPF chicken eggs (CFIA, Ottawa Laboratory, Nepean, ON, Canada) were incubated 

at 37oC for 10 days before inoculating each egg with 4HA units of H9N2, and further incubated 

for 72 hours at 35oC. Embryos were monitored every 24 hours, and dead embryos were discarded. 

At 72 hours of incubation, eggs were kept at 4oC overnight, then allantoic fluid was collected after 

centrifugation at 400 x g for 5 minutes, pooled and stored at -80oC until further use. Virus titre of 

allantoic fluid was determined using Tissue Culture Infectious Dose50 (TCID50) on Madin-Darby 

canine kidney (MDCK) cells, and chickens in the H9N2 group were infected via the oral-nasal 

route with 400 µl of 107 TCID50/mL (200 µl/ each route). Cloacal swabs were collected at days 1, 

3, 5, 7 and 9 post-infection, and TCID50 on MDCK cells was used to determine virus shedding.  

DNA extraction and 16S rRNA gene sequencing  
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Fecal samples were collected using swabs at days 1, 3, 5, 7 and 9 post-infection from the same 5 

chickens per treatment and immediately frozen at -80 oC. Furthermore, for H9N2 challenged 

group, fecal samples were collected from the 5 chickens before infection to compare changes 

because of H9N2 chickens within the same group. Microbial genomic DNA extraction was 

performed with ZR fecal DNA kit (D6010; ZymoResearch Corp., CA, USA) according to 

manufacturer’s instruction. DNA concentrations were measured with a Qubit while DNA quality 

was assessed with a Nanodrop 1000. The V3-V4 hypervariable region of the 16S rRNA gene was 

PCR-amplified and sequenced on Illumina MiSeq (Illumina, San Diego, CA) using a dual-

indexing strategy for multiplexed sequencing developed at the University of Guelph’s Genomics 

Facility, Advanced Analysis Centre (Guelph, Ontario, Canada) as described previously (Fadrosh 

et al., 2014). 

Sequence Processing and Bioinformatics Analysis 

Sequences were curated using Mothur v.1.36.1 as described in the MiSeq SOP (Kozich et al., 

2013). Briefly, contigs were generated followed by screening to remove sequences with 

ambiguous base pairs and those with a length inconsistent with the target region using the 

screen.seqs command. Duplicate sequences were merged using the unique.seqs command 

followed by the alignment of the resulting non-redundant sequences to a trimmed references of 

SILVA 102 bacterial database (Quast et al., 2013) using the align.seqs command.  

Trimmed references of SILVA 102 bacterial database customized to our region of interest 

was created using the pcr.seqs command on an E. coli sequence with the primers followed by the 

alignment of the product to silva.bacteria.fasta and running summary.seqs command on the aligned 

sequence to obtain the start and stop coordinates. Sequences that were aligned to the expected 

position were then kept for further processing and analysis. The unique.seqs command was then 

used to create non-redundant sequences of the aligned reads followed by the removal of chimeric 
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sequences using the chimera.uchime (Edgar et al., 2011) and remove.seqs commands. Lineages 

belonging to chloroplasts, mitochondria, Archaea, or eukaryotes were removed using 

remove.lineage command. Sequences were binned into operational taxonomic units (OTUs) using 

the nearest neighbor algorithm with the cluster.split command (taxlevel=5, cutoff=0.07), and were 

then used before conversion to .shared format using the make.shared command followed by 

generation of consensus taxonomy for each OTU using the classify.otu command. The sub.sample 

command in Mothur was then used to ensure the same number of sequences, 9117 sequences, for 

each sample. Taxonomy was also assigned to each sequence using the Ribosomal Database Project 

(RDP) bacterial taxonomy classifier. Significant differences (P-values) for relative abundance 

were adjusted for false discovery rates using Benjamini-Hochberg. 

All OTU-based analyses were performed in Mothur. The phyloseq package in R (McMurdie 

and Holmes, 2013) was used to analyze the data set among the two groups, both in individual days 

as well as on a compiled data set, using the permutation-based multivariate ANOVA 

(PERMANOVA) and Bray Curtis dissimilarity. A permutation of 9999 of raw data units was used 

to calculate the P values. Non metric multi-dimensional scaling (NMDS) was performed with Bray 

Curtis dissimilarities. In order to identify and visualize taxa with differential abundance in the 

control and H9N2-infected chickens, the linear discriminant analysis (LDA) Effect Size (LEfSe) 

algorithm was used where treatment groups were assigned as comparison classes and LEfSe 

identified features that were statistically different between the two treatments were then compared 

using the non-parametric factorial Kruskal-Wallis (KW) sum-rank test, and Linear Discriminant 

Analysis (LDA) > 2 and a significant alpha value of less than 0.05 (Segata et al., 2011). 

 

RESULTS 

Viral load and shedding peaks at day 5 post-infection 
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Virus shedding was detected by TCID50 by titrating the cloacal swab samples on monolayers of 

MDCK cells. Virus shedding in the cloacal swabs of chickens showed an incremental increase 

until day 5 post-infection and declined thereafter with no cytopathic effects in the MDCK cells 

observed by day 9 post-infection (Figure 1). All control chickens were confirmed to be negative 

for the virus at all time points (data not shown).  

Alpha and Beta Diversity 

Fecal samples were collected from each chicken at 1, 3, 5, 7 and 9 days post-infection. DNA was 

extracted from each sample and libraries prepared based on the V3-V4 hypervariable regions of 

the 16S rRNA gene. Sequences were multiplexed on a single run of an Illumina MiSeq run and 

2.3 million sequence reads generated (mean and median reads of 26,925 and 1,142,815 sequences 

per sample, respectively). Based on Good’s coverage at 97% threshold, the sampling completeness 

was estimated at an average of 98% (with a range of 97 to 99%), while species richness and 

diversity were not significantly different at all time points between control and H9N2 groups 

(Figure 2).  

Beta diversity analysis showed that there was a significant day effect (P = 0.028) as 

calculated by the overall PERMANOVA analysis, while no significant effect was observed 

between control and H9N2 infected groups (Table 1). Comparison of pre- and post-H9N2 infection 

of the same chickens showed significant (P < 0.012) changes in diversity between pre-infection 

(Day 0) and all time points after day 3 post-infection, while no significant difference was observed 

between pre-infection and day 1 post-infection (P = 0.097). No significant difference in beta-

diversity was observed among all days post-H9N2 infection when samples of the same chickens 

were analyzed (P > 0.378) (Table 2 and Figure 3). PCoA and NMDS ordination plots also 

supported this observation where a clustering of the control group was observed compared to the 
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H9N2-infected chickens (Figure 4A). Plots of PCoA and NMDS for pre- and post-infection 

showed a trend for clustering by category of pre-infection and post-infection (Figure 4B). 

Bacterial taxa associated with H9N2 infection in chickens  

Supervised comparison of control and H9N2-infected chickens using the LEfSe algorithm and 

logarithmic LDA (P = 0.05, LDA score of at least 2) to identify differential abundance associated 

with control and H9N2 infection of chickens showed that, the phyla Firmicutes and Proteobacteria 

were differentially enriched in H9N2-infected chickens. Class Negativicutes order 

Slenomonadales were only differentially enriched in H9N2-infected chickens. At the family level 

of classification, control groups were enriched with Bradyrhizobiaceae, Bifidobacteriaceae, 

Sphingomonadaceae, while H9N2-infected chickens were differentially enriched with 

Bdellovibrionaceae, and Cryomorphaceae. Furthermore, when chickens were infected with H9N2, 

their fecal microbiota was characterized by an abundance of the genera Vampirovibrio, 

Pseudoflavonifractor, Ruminococcus, Clostridium cluster XIVb and Isobaculum while control 

chickens were differentially enriched with genera Novosphingobium, Sphingomonas, 

Bradyrhizobium, and Bifidobacterium (Figure 5A and 5B).  

Relative abundance at the phylum level of the same chickens pre- and post-infection was not 

significantly difference among days, both pre- and post- infection and all comparisons among post-

infection time points (P > 0.05). Supervised comparison using the LEfSe algorithm and logarithmic 

LDA (P = 0.05, LDA score of at least 2) to identify differential abundance of fecal microbiota, 

both pre- and post-infection showed that at day 0 (pre-challenge), the fecal microbiota was 

characterized by Lachnospiracea and Ruminocacaceae family and the genera Clostridium sensu 

stricto, Roseburia, and Lachnospiraceae incertae sedis. At days 1 and 3 post-infection, differential 

enrichment with order Clostridiales and phylum Firmicutes, respectively, was observed. At day 5 

post-infection, the order Bacteroidiales of class Bacteroidia, the genus Alistipes of the family 



 41 

Rikenellaceae, and class Deltaproteobacteria were differentially enriched. At day 9 post-infection, 

Clostridacea 1 family and the genus Vampirovibrio were differentially enriched (Figure 6B). 

 

DISCUSSION 

The interaction between two members of the gut microbiome, viruses and bacteria, have recently 

been shown to play a role in enteric virus replication, transmission, and disease (Pfeiffer and 

Virgin, 2016). In most cases, the surfaces of the body that are colonized with microbiota are the 

main ports of entry for pathogens, highlighting the important evolutionary mutual relationship of 

commensal microbiota and mucosal surfaces in the protection against pathogens. Influenza virus 

infection in chickens occurs via the mucosal route, which includes the upper respiratory system 

and the gastrointestinal tract. As in all vertebrates, the chicken mucosal surfaces are inhabited by 

diverse populations of microbiota, which play a crucial role in health and disease (Gong et al., 

2007; Yeoman et al., 2012). Therefore, the current study was conducted to assess the effect of 

influenza virus subtype H9N2 infection of chickens on the composition of fecal microbiota.  

Infection of chickens with H9N2 was detected by testing for virus shedding using cloacal 

swabs, which showed the highest virus shedding at day 5 post-infection and resolving after day 7 

post-infection. This is in agreement with previous studies where infection of chickens with H9N2 

resulted in a peak of shedding at day 5 to 7 post-infection and resolving by day 10 post-infection 

(Iqbal et al., 2013; Ruiz-Hernandez et al., 2016; Singh et al., 2016).  

Microbial analysis that showed an estimated average Good’s coverage of 98% (with a range 

of 97 to 99%) suggests that the majority of the microbial phylotypes in the fecal samples were 

identified. Compared to uninfected chickens, infection of chickens with H9N2 was shown to result 

in higher relative abundance of phylum Proteobacteria. In a human study with H7N9 infection, 

Proteobacteria were shown to be the dominant phyla regardless of antibiotic administration (Qin 

et al., 2015). Proteobacteria, which includes several pathogens such as some members of 
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Escherichia coli, Shigella, Salmonella, and Klebsiella, have previously been correlated with a pro-

inflammatory response, mostly with a strong interleukin (IL)-6 expression (Oakley and Kogut, 

2016). Vampirovibrio genus was highly enriched in H9N2-infected chickens in the current study, 

and previously has been associated with increased IL-6 expression (Oakley and Kogut, 2016). 

Furthermore, the genus Ruminococcus, which has previously been positively correlated with IL-

1β and IL-6 expression (Oakley and Kogut, 2016) was significantly enriched in the microbiota of 

H9N2-infected chickens in the current study. Here, we have demonstrated that the genus 

Clostridium cluster XIVb was significantly enriched in H9N2-infected chickens compared to 

control animals. Previously, this genus was shown to be significantly reduced in fecal samples of 

human patients with viral (HIV) infection while it was correlated significantly with systemic 

inflammatory cytokines (Ling et al., 2016). Clostridium cluster XIVb contains butyrate producing 

bacteria, which when present in abundance in the gut, can result in stronger epithelial-barrier 

integrity and proliferation and reduced inflammatory reactions by stimulating regulatory T cells 

(Lopetuso et al., 2013; Onrust et al., 2015). This might be important in the restoration of intestinal 

homeostasis and virus resolution thereby avoiding excessive inflammation after H9N2 infection. 

Furthermore, this finding further highlights the possibility of using either butyrate producing 

bacteria as probiotics or butyrate supplementation to restore gut microbiota after influenza virus 

infection. However, this needs to be further investigated with higher sample numbers in chickens.  

In the current study, comparison of differential abundance of microbiota of the same 

chickens pre- and post-H9N2 infection showed that pre-infection period was characterized by 

Lachnospiracea and Ruminocacaceae family and the genera Clostridium sensu stricto, Roseburia, 

and Lachnospiraceae incertae sedis. Lachnospiraceae, which also includes genus Roseburia have 

been associated with degradation of complex polysaccharides in the gut and production of short 

chain fatty acids such as acetate, butyrate and propionate that are a major energy source for the 
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host and are important for epithelial tissue integrity and health (Biddle et al., 2013). In HIV 

infected individuals, a significant decrease in Lachnospiraceae families in HIV- versus healthy 

controls was previously reported (Zilberman-Schapira et al., 2016). At day 5 post-infection, which 

also corresponds with high virus shedding, the genus Alistipes of the family Rikenellaceae and 

class Deltaproteobacteria were differentially enriched. In human patients, the genus Alistipes has 

been overrepresented with depression (Jiang et al., 2015), and in patients with irritable bowel 

syndrome, higher levels of Alistipes were associated with abdominal pain and possibly gut 

inflammation (Saulnier et al., 2011).  

The findings of the current study are also in agreement with previous studies in which 

infection of mice with influenza virus resulted in disruption of the gut microbiota, and phylum 

Proteobacteria was shown to be significantly higher in those infected compared to non-infected 

animals (Deriu et al., 2016). This disruption was reported to be type I interferon dependent. Type 

I interferon responses, which include interferon (IFN)-a and IFN-b, are normally upregulated 

immediately after infection of chickens and other animals with LPAI viruses (Cornelissen et al., 

2012; Barjesteh et al., 2015). Previously, type I interferon responses of intestinal epithelial cells, 

mainly Paneth cells, were shown to regulate host-microbiota relationship (Tschurtschenthaler et 

al., 2014). In non-infected animals, microbial colonization was shown to down-regulate type I 

interferon responses to avoid excessive inflammation in the intestine (Munakata et al., 2008). After 

viral infection, gut microbiota condition mononuclear phagocytic cells throughout the body for 

rapid type I interferon production by providing a tonic signal through IFN-I receptor (Abt et al., 

2012; Cho and Kelsall, 2014). Other previously reported mechanisms that might be involved in 

the dysbiosis of the gut microbiota after influenza infection are the inflammasome pathways where 

deficiency in this pathway has been associated with dysbiosis of the gut microbiota and reduced 

enteric pathogens’ clearance (Elinav et al., 2011; Ignacio et al., 2016). Influenza viruses also use 
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the structural protein NS1 to inhibit the activation of NLRP3 (Cheong et al., 2015). Therefore, the 

inhibition of the inflammasome pathway by influenza viruses might be one of the mechanisms by 

which H9N2 infection resulted in changes in the composition of the gut microbiota of chickens in 

the current study. Whether influenza virus infection in chickens has a direct effect on the gut 

microbiota, or whether it affects the composition of the gut microbiota by changing the 

transcriptional profile of innate response associated genes, especially type I interferons and the 

inflammasome pathways, needs further investigation. 

 

CONCLUSIONS  
Infection of chickens with LPAI H9N2 virus was associated with a shift in the composition of 

fecal microbiota of chickens. Higher Proteobacteria were associated with H9N2 infection 

compared to uninfected control chickens. Furthermore, H9N2 infected chickens were associated 

with differential enrichment of the genera Vampirovibrio, Pseudoflavonifractor, Ruminococcus, 

Clostridium cluster XIVb and Isobaculum while control chickens were differentially enriched with 

genera Novosphingobium, Sphingomonas, Bradyrhizobium, and Bifidobacterium. The current 

study highlights that there may be an interaction of influenza virus and intestinal gut microbiota in 

chickens. 
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Table 1. Overall PERMANOVA test of control 
versusH9N2-infected chickens 
Factor AMOVA P-value(MC) 
Treatment 0.062 
Day 0.028 

Day1 p.i. 0.505 
Day3 p.i. 0.424 
Day5 p.i. 0.327 
Day7 p.i. 0.066 
Day 9 p.i. 0.106 

P values are based on 9999 Monte Carlo (MC) permutations.  
No Day x Treatment interaction effects were observed.  

 
 

Table 2. Overall PERMANOVA test of Pre- and 
post-H9N2 challenge of chickens 
Factor AMOVA P-value(MC) 
Day0 vs Day1p.i. 0.097 
Day0 vs Day3p.i. 0.011 
Day0 vs Day5p.i. 0.003 
Day0 vs Day7p.i. 0.012 
Day0 vs Day9p.i. 0.009 

Day1p.i. vs Day3p.i. 1.000 
Day1p.i. vs Day5p.i. 0.482 
Day1p.i. vs Day7p.i. 0.525 
Day1p.i. vs Day9p.i. 0.421 
Day3p.i. vs Day5p.i. 0.859 
Day3p.i. vs Day7p.i. 0.812 
Day3p.i. vs Day9p.i. 0.422 
Day5p.i. vs Day7p.i. 0.958 
Day5p.i. vs Day9p.i. 0.378 
Day7p.i. vs Day9p.i. 0.582 

P values are based on 9999 Monte Carlo (MC) permutations.  
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Figure 1. Cloacal H9N2 virus shedding of chickens.  

Cloacal H9N2 virus titre in chickens infected with 400 µL of 107 Tissue Culture Infectious 

Dose50 (TCID50)/mL LPAI H9N2. Virus titre was determined at days 1, 3, 5, 7 and 9 post-

infection using TCID50 in MDCK cells. 
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Figure 2. Alpha diversity comparisons of control and H9N2-infected chickens.  

Chickens were infected with 400 µL of 107 TCID50/mL of H9N2 influenza virus. Fecal samples 

were collected at days 1, 3, 5, 7 and 9 post infection, and genomic DNA was extracted followed 

by 16S sequencing using the Illumina Miseq® platform.  
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Figure 3. Alpha diversity comparisons of pre- and post-H9N2-infected chickens.  

Fecal samples were collected before challenge (Day 0) of chickens that were infected with 400 

µL of 107 TCID50/mL of H9N2 influenza virus. 
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A) 

 

B) 

 

Figure 4. Principal coordinates analysis (PCoA) and non-metric multi-dimensional scaling 

(NMDS) plots illustrating the chicken fecal microbiome beta-diversity. 

A) Comparison of control and H9N2 groups at different time points. B) Comparison of pre- and 

post-infection where samples were collected at day0 (pre-infection) and days 1, 3, 5, 7 and 9 

post-infection from the same chickens.  
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A) 

 
B) 

 
 
Figure 5. Differentially abundant taxa in control and H9N2 infected chickens. 

A) Lefse analysis generated taxonomic cladogram of the 16S sequences of control (red) and 

H9N2 (green) infected chickens. Brightness of each dot in the cladogram is proportional to its 

effect size. Control chicken taxa are indicated with a negative LDA score (red), and H9N2-

infected chicken’s taxa have a positive score (green). Horizontal bars show only taxa with a 

significant LDA threshold value of > 2. B) Bacterial phyla with significantly different relative 

abundances between control and H9N2 infected chickens (Kruskal-Wallis test, P < 0.05).  
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A)  
 

 
B) 
 

 
 

Figure 6. Differential abundance of taxa in pre- and post-H9N2 infection of chickens. 

A) Relative abundance of fecal microbiota of pre- (Day0) and post-infection of chickens with 

H9N2. B) Lefse analysis generated taxonomic cladogram of the 16S sequences of pre- (Day0) and 

post-infection of chickens with H9N2. Brightness of each dot in the cladogram is proportional to 

its effect size. Control chicken taxa are indicated with a negative LDA score (red), and H9N2-

infected chicken’s taxa have a positive score (green). Horizontal bars show only taxa with a 

significant LDA threshold value of > 2 and P < 0.05. 
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CHAPTER 3 

Gut microbiota modulates type I interferon and antibody-mediated immune responses in 
chickens infected with influenza virus subtype H9N2 
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ABSTRACT 

Commensal gut microbes play a critical role in shaping host defences against pathogens, including 

influenza viruses. The current study was conducted to assess the role and mechanisms of action of 

commensal gut microbiota on the innate and antibody-mediated responses of layer chickens 

against influenza virus subtype H9N2. A total of 104 one-day-old specific pathogen free chickens 

were assigned to either of the four treatments, which included two levels of antibiotics treatment 

(ABX- and ABX+) and two levels of H9N2 virus infection (H9N2- and H9N2+). At day 17 of age, 

chickens in the H9N2+ group were infected via the oral-nasal route with 400 μl of 107 TCID50/ml 

(200 μl/ each route). Oropharyngeal and cloacal swabs at days 1, 3, 5, 7 and 9 post-infection (p.i.) 

for virus shedding, tissue samples at 12 h, 24 h and 36 h p.i. for mRNA measurement, and serum 

samples at days 7 and 14 p.i. for hemagglutination inhibition (HI) assay and IgG antibodies were 

collected. Virus shedding analysis showed that antibiotic treated (depleted)-H9N2 virus infected 

chickens showed a significantly higher oropharyngeal virus shedding at all time points, and cloacal 

shedding at days 3 and 5 p.i. compared to control treated (undepleted)-H9N2 infected chickens. 

Analysis of mRNA expression showed that infection of depleted chickens with H9N2 virus 

resulted in significantly down-regulated type I interferon responses both in the respiratory and 

gastrointestinal tracts compared to undepleted-H9N2 infected chickens. However, antibody-

mediated immune response analysis showed a significantly higher HI antibody titre and IgG levels 

in the serum of chickens depleted with antibiotics and infected with H9N2 virus compared to 

undepleted-H9N2 infected chickens. In conclusion, findings from the current study suggest that 

the gut microbiota of chickens plays an important role in the initiation of innate responses against 

influenza virus infection, while the antibody-mediated immune response remains unaffected. 

Key words: gut-lung axis, antibiotic-depletion, germ-free chickens 

INTRODUCTION 
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Avian influenza viruses (AIV) can cause significant morbidity and mortality in avian species, 

especially in poultry. The H9N2 subtype of AIV, a low pathogenicity (LPAI) virus, has recently 

reached a panzootic proportion with infections of chickens, turkeys, domestic ducks, ostriches and 

pheasants (Bano et al., 2003; Alexander, 2007; Umar et al., 2016). In chickens, LPAI viruses have 

tropism for several tissues, including tissues of the upper respiratory tract and gastrointestinal tract 

(GIT) (Post et al., 2012). The GIT of chickens and mammals is colonized by a complex and diverse 

population of commensal microbiota, which includes bacteria, archaea, fungi, viruses, and 

eukaryotes (Dunkley et al., 2007; Ley et al., 2008; Yeoman et al., 2012). In regard to viral 

infections, commensal microbiota can have either a preventative effect as in the case of influenza 

virus infection (Ichinohe et al., 2011; Abt et al., 2012) or a promoting effect as in the case of 

reovirus, murine leukemia virus and mouse mammary tumor virus (Kane et al., 2011; Kuss et al., 

2011; Wilks and Golovkina, 2012).  

Recently, there has been a growing interest in understanding the mechanisms of the cross-

talk between the GIT associated microbiota and infectious and non-infectious respiratory diseases. 

Microbiota of the GIT has been reported to play an important role in the induction and regulation 

of host responses to various respiratory pathogens including bacteria (Fagundes et al., 2012; 

Clarke, 2014; Schuijt et al., 2016), fungi (McAleer et al., 2016) and viruses (Ichinohe et al., 2011; 

Wu et al., 2013; Oh et al., 2014a). Some of the potential mechanisms involved in gut microbiota 

mediated immunity to respiratory pathogens include those involving pattern-recognition receptors 

(PRRs) such as Toll-like receptors (TLRs) (Ichinohe et al., 2011; Fagundes et al., 2012; Clarke, 

2014) and nucleotide-binding oligomerization domain (NOD)-like receptors (Samuelson et al., 

2015) that recognize microbial-associated molecular patterns (MAMPs).  

In regard to viral pathogens of chickens, Marek’s disease virus (MDV) infection has been 

shown to result in dysbiosis, or imbalance, of the gut microbiota even though the mode of action 
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and whether there is a direct or indirect effect on the microbiota is still unknown (Perumbakkam 

et al., 2014, 2016). In chickens and other animals, the successful infection of host cells and 

recognition of viral RNA by PRRs lead to the release of type I interferons (IFNs), pro-

inflammatory cytokines, eicosanoids and chemokines (Cornelissen et al., 2012; Barjesteh et al., 

2015; McNab et al., 2015). Type I IFNs, which are the first line innate responses, are induced after 

H9N2 infection of chickens, leading to the induction of intracellular signaling cascade events 

followed by the upregulation and release of IFN-stimulated genes and an antiviral state with 

subsequent control of the virus (Reemers et al., 2009; Kaiser et al., 2016). Commensal microbiota 

is crucial for the maintenance of basal levels of type I IFN responses under physiological 

conditions, and antibiotic treated or germ-free mice show severely compromised antiviral 

immunity as a result of defective phagocytic capacity of macrophages and inability of dendritic 

cells (DCs) and macrophages to prime natural killer (NK) cells (Maeda et al., 2009; Abt et al., 

2012; Wu et al., 2013). A commonly used animal model for studying the role of commensal 

microbiota in health and disease involves the use of animals treated with broad-spectrum 

antibiotics to deplete their microbiota. In the current study, depletion of the gut microbiota of 

chickens using a cocktail of antibiotics was employed to study the role of GIT resident microbiota 

on H9N2 virus replication, type I IFNs response in the GIT and respiratory tract, and systemic 

antibody-mediated immune responses of chickens. 

 

MATERIALS AND METHODS 

Experimental design 

All experimental procedures were approved by the University of Guelph Animal Care Committee 

and conducted according to specifications of the Canadian Council on Animal Care. An outline of 

the experimental procedure is presented in Figure 1. A 2´2 factorial design with animal as the 
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experimental unit was used with two levels of antibiotic treatment (ABX- and ABX+) and two 

levels of H9N2 virus infection (H9N2- and H9N2+). A total of 104 day-old specific pathogen free 

(SPF) layer-type chickens (Canadian Food Inspection Agency, CFIA, Ottawa Laboratory, Nepean, 

ON, Canada) were randomly assigned to treatment groups with 26 chickens per treatment.  

Virus propagation and infection of chickens 

Propagation of the virus, A/turkey/Wisconsin/1/1966(H9N2), was performed in specific pathogen 

free chicken eggs (CFIA, Ottawa Laboratory, Nepean, ON, Canada) where eggs were incubated 

at 37oC for 10 days before inoculating each egg with 4 hemagglutination (HA) units of H9N2, and 

further incubated for 72 h post-inoculation at 35oC. Embryos were monitored every 24 h, and at 

72 h of incubation, eggs were kept at 4oC overnight and allantoic fluid was collected, centrifuged 

at 400 x g for 5 min, pooled and stored at -80oC until further use. Chickens in the H9N2+ group 

were challenged with H9N2, via the oral-nasal route with 400 µl of 107 tissue culture infectious 

dose 50 (TCID50/ml) at 17 days of age, and kept in Horsfal units in a Biosafety level II isolation 

facility at the University of Guelph. Cloacal and oropharyngeal swabs were collected at days 1, 3, 

5, 7 and 9 post-infection (p.i.), and TCID50 was used to determine virus shedding.  

Antibiotic treatment 

There were two groups of chickens, those that received a cocktail of antibiotics and those that 

received water as negative control. Hereafter, these groups are referred to as depleted and 

undepleted, respectively. Chickens in ABX+ (depleted) group were gavaged twice daily with a 

cocktail of antibiotics in 10 ml of water per kg of body weight from day 0 to15. The antibiotics 

cocktail comprised of 5 mg/ml vancomycin, 10 mg/ml Neomycin, 10 mg/ml metronidazole and 

0.1 mg/ml amphotericin-B, while 1 g/l of ampicillin was continuously provided in drinking water 

from day 0 to 15, replaced with fresh preparation every day. Treatment with antibiotic cocktail 

showed no visible changes in the overall health and body weight of chickens compared to 
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undepleted chickens (data not shown). To determine cecal bacteria, cecal contents from six 

chickens per treatment (non-pooled samples) were aseptically collected and resuspended and 

serially diluted in sterile ice-cold phosphate-buffered saline (PBS) followed by plating on blood 

agar. Colonies were counted after incubation at 37°C for 48 h aerobically and 72 h anaerobically. 

Cecal microbial genomic DNA extraction was performed with ZR fecal DNA kit (D6010; 

ZymoResearch Corp., CA, USA) according to manufacturer’s instruction. Total cecal bacterial 

population was also determined using quantitative real-time polymerase chain reaction using 

universal primers described in Table S1.  

RNA extraction and complementary DNA (cDNA) synthesis 

Six chickens per time point and treatment were euthanized by cervical dislocation at 12 h, 24 h, 

and 36 h p.i., and tissue samples from the trachea, lung, ileum and cecal tonsils were collected and 

preserved in RNAlater at -80oC until extraction of RNA. Tissue samples (80 mg) were 

homogenized in Trizol and RNA was extracted according to the manufacturer’s instructions 

(Invitrogen Canada Inc., Burlington, Ontario, Canada). RNA quantity and quality were determined 

using the NanoDrop® ND-1000 spectrophotometry (NanoDrop Technologies, Wilmington, DE). 

cDNA synthesis by reverse transcription of 500 ng of total RNA using oligo(dT)12–18 primers 

and the Super-ScriptTM First-Strand Synthesis System was carried out in a total reaction volume of 

20 µl according to manufacturer’s instructions (Life Technologies Inc., Burlington, Ontario, 

Canada).  

Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (qRT-PCR) was run in 384-well plates with 20 

µL total reaction volume consisting of 5 µl of cDNA (1:10 dilution), 1 µl of each forward and 

reverse primers (5 µM each), and 13 µl of SYBR Green (Roche Diagnostic, Laval, QC, Canada). 

Primer sequences along with their respective annealing temperatures are provided in Table 3. 
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Relative gene expressions were calculated as described previously (Yitbarek et al., 2012). In each 

run, plasmid containing amplicon of each gene was used as a positive control, while for a negative 

control, water was used as a template.  

Hemagglutination inhibition assay 

A two-fold serial dilution was performed with 25 μl serum samples from the ABX-H9N2+ and 

ABX+H9N2+ chickens followed by 30 min of incubation with 4 HA units, 25 μl of H9N2 at room 

temperature in 96-well V-bottom plates (Corning Inc., Corning, New York, USA). Chicken red 

blood cells (RBCs) at 0.5% were then added and plates were further incubated for 30 min. 

Hemagglutination inhibition (HI) titres were determined as the reciprocal of the samples resulting 

in complete hemagglutination inhibition of the RBCs.  

Measurement of anti-H9N2 IgG by ELISA 

Virus specific IgG titres in serum samples were determined by indirect ELISA as described 

previously (Mallick et al., 2011), with some modifications where in the current study end-point 

titre was used. Briefly, 96-well ELISA plates (Nunc MaxiSorp™, Thermo Fisher Scientific Inc., 

Mississauga, Ontario, Canada) were coated overnight at 4°C with whole inactivated H9N2 virus 

(800 ng/100 μl of carbonate-bicarbonate buffer, pH 9.6). After washing the plates three times with 

100 μl PBS containing 0.05% Tween 20 (PBS-T), 100 μl of blocking solution (PBS-T containing 

25% fish gelatin) was added and plates were incubated for 1 h at 37°C. After washing the plates 

three times, 100 μl two-fold diluted serum samples (1:100 to 1:409600) were added and the plates 

were incubated at room temperature for 1 h. After washing three times, 100 μl of horseradish 

peroxidase (HRP)-conjugated goat anti-chicken IgY was added into each well followed by 

incubation of the plates at 37°C for 1 h. After further washing, 100 μl of an HRP substrate solution 

(ABTS peroxidase substrate system) (Kirkegaard and Perry Laboratories Gaithersburg, Maryland, 

USA) was added to each well, followed by an incubation period of 30 min in the dark at room 
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temperature and reading of the optical density (OD) at 405 nm using an ELISA plate reader (Bio-

Tek Instruments, Winooski, Vermont USA). The endpoint titre calculation for the ELISA was 

performed as previously indicated (Frey et al., 1998). 

Statistical analysis 

All data, virus shedding, bacterial populations and relative expressions of target genes, were 

analyzed using the Mixed procedure of SAS® (SAS Institute Inc., Cary, NC, USA) with treatment 

as a fixed effect and animal as an experimental unit and as random effect. Expression of target 

genes was calculated relative to b-actin (house-keeping gene) and analyzed under a 2´2 factorial 

design. Virus shedding and antibody-mediated responses were analysed only for H9N2 infected 

and uninfected groups, while microbial population data was analyzed only for antibiotic depleted 

and undepleted chickens. Significance of the differences among means was assessed by the 

Tukey's post-hoc test for multiple comparison, and P < 0.05 was defined as the level of 

significance. 

 

RESULTS 

Antibiotic depletion 

An antibiotic cocktail was used to deplete the gut microbiota. All chickens treated with the 

antibiotic cocktail showed a significant reduction in their total cecal bacterial populations as shown 

by both the culture method and the culture independent method. Based on the culture dependent 

method, there was 1.2x108 CFU/ml of total bacteria in the control chickens compared to 2x103 

CFU/ml in the antibiotic treated chickens at day 15 of age. The culture independent method in the 

form of qRT-PCR showed a significant reduction in the relative bacterial population of phylum 

Firmicutes (P = 0.007), phylum Bacteroidetes (P = 0.033), phylum Actinobacteria (P = 0.001), 

class g-Proteobacteria (P = 0.003), and Enterococcus genus (P = 0.003), while no significant 
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reduction in class a-Proteobacteria was observed (P = 0.205) in the antibiotic treated chickens 

compared to control chickens (Figure 2).  

Virus shedding 

In ABX+ chickens, oropharyngeal shedding of H9N2 virus was significantly higher compared to 

ABX- chickens at all days p.i. (P < 0.039) (Figure 3A). With respect to cloacal virus shedding, 

there was a significantly higher shedding of H9N2 virus in the ABX+ chickens at days 3 and 5 p.i. 

compared to ABX- chickens (P < 0.043) (Figure 3B). In both oropharyngeal and cloacal samples, 

viral shedding peaked at day 5 p.i.  

Type I interferon mRNA expression 

In the trachea at 12 h p.i., an interaction effect of ABX by H9N2 (P = 0.023) in relative expression 

of IFN-a was observed. Expression of IFN-a was significantly higher in the ABX-H9N2+ group 

compared to other groups (P = 0.001), while no significant difference was observed among the 

four groups at 24 h and 36 h p.i. (P > 0.609) (Figure 4A). In the lung at 12 h p.i., the relative 

expression of IFN-a was significantly higher in ABX+ groups, irrespective of H9N2 status, 

compared to ABX-H9N2- (P < 0.019), while no significant difference was observed in the relative 

expression of IFN-a between the two ABX- groups (P > 0.05). At 24 h p.i., expression of IFN-a 

and IFN-b was significantly higher in the ABX-H9N2+ group compared to other groups (P < 

0.018). At 36 h p.i., expression of IFN-a was significantly higher in both ABX- groups compared 

to the two ABX+ groups (P < 0.009) (Figure 4B). In the ileum, at 12 h p.i., a significantly higher 

IFN-a expression was observed in the ABX-H9N2+, ABX+H9N2- and ABX+H9N2+ groups 

compared to ABX-H9N2- group (P < 0.013). However, at 24 h p.i., the relative expression of IFN-

a was significantly lower in ABX-H9N+, ABX+H9N2- and ABX+H9N2+ groups compared to 

ABX-H9N2- group (P < 0.014). At 36 h p.i., relative IFN-a expression was significantly higher in 
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the ABX-H9N2+ group compared to other groups (P < 0.0134) (Figure 4C). In the cecal tonsils at 

12 h p.i., IFN-a expression was significantly higher in ABX-H9N+, ABX+H9N2- and 

ABX+H9N2+ groups compared to ABX-H9N2- group (P < 0.025) while no significant difference 

was observed among groups at 24 h p.i. (P > 0.217). At 36 h p.i., a significantly higher expression 

of IFN-a was observed in the ABX-H9N2+ compared to other groups (P < 0.024) (Figure 4D). In 

the trachea at 12 h p.i., an interaction effect of ABX by H9N2 (P = 0.024) in relative expression 

of IFN-b was observed. Expression of IFN-b in the trachea at 12 h p.i. was significantly higher in 

the ABX-H9N2+ and ABX+H9N2+ groups compared to other groups (P < 0.005), while no 

significant difference was observed among groups at 24 h p.i. and 36 h p.i. (Figure 5A). In the 

lung, no significant difference in IFN-b expression was observed at 12 h p.i., while a significantly 

higher expression of IFN-b  was observed in the ABX-H9N2+ at 24 h p.i. compared to other groups 

(P < 0.046), and ABX- groups showed a significantly higher expression of IFN-b compared to 

ABX+ groups at 36 h p.i. (P < 0.011) (Figure 5B). In the ileum, a significantly higher expression 

of IFN-b was observed in the ABX-H9N2+ group compared to other groups at 36 h p.i. (P < 0.05), 

while no significant difference was observed among the groups at 12 h p.i. and 24 h p.i. (P > 0.071) 

(Figure 5C). In the cecal tonsils at 12 h p.i., an interaction effect of ABX by H9N2 (P =0.007) in 

relative expression of IFN-b was observed. Expression of IFN-b in the ABX+H9N2- was 

significantly higher compared to ABX-H9N2- (P = 0.007), while no significant difference was 

observed among other groups (P > 0.151). No significant difference was observed among groups 

at 24 h p.i., while ABX-H9N2+ resulted in a significantly higher expression of IFN-b compared 

to other groups at 36 h p.i. (P < 0.05) (Figure 5D).  

Hemagglutination Inhibition and serum IgG endpoint titres 
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ABX+ chickens had significantly higher HI titres at both days 7 p.i. and 14 p.i. compared to ABX- 

chickens (P = 0.022 and 0.007, respectively). While there was no significant difference in ABX- 

chickens in HI titres between days 7 and 14 p.i. (P = 0.082), ABX+ chickens showed a significantly 

higher HI titre at day 14 p.i. compared to day 7 p.i. (P = 0.032) (Figure 6A). The reciprocal 

endpoint serum-IgG analysis showed that at day 14 p.i., there were significantly higher IgG titres 

in ABX+H9N2+ chickens compared to ABX-H9N2+ (P = 0.021) (Figure 6B).  

 

DISCUSSION 

Nearly all viral infections involving mucosal tissues encounter commensal microbiota inhabiting 

the host mucosal surfaces, and resident microbiota of mucosal sites can either promote or inhibit 

viral infections (Wilks and Golovkina, 2012). Recent findings in mice and humans suggest that 

commensal microbiota has a protective role in influenza virus infections even though the various 

mechanisms associated with this protective effect are not well understood. Therefore, the current 

study was designed to investigate the role of intestinal commensal microbiota of chickens in host 

immunity against avian influenza virus. The shedding of H9N2 virus, which peaked at days 3 and 

5 p.i. for oropharygeal and cloacal shedding, respectively, is in agreement with previous studies 

where infection of chickens with H9N2 resulted in a peak of shedding at day 5 to 7 post-infection 

and resolving by day 10 post-infection (Iqbal et al., 2013; Ruiz-Hernandez et al., 2016; Singh et 

al., 2016). Significant depletion of the intestinal microbiota using a cocktail of antibiotics was 

associated with higher virus shedding in the current study. Previously, it has been demonstrated 

that both germ-free and antibiotic depleted mice experimentally infected with influenza virus have  

higher virus load in the lung (Dolowy and Muldoon, 1964; Ichinohe et al., 2011; Abt et al., 2012). 

We have now confirmed and extended the findings in other species by demonstrating that 

commensal gut microbiota can also play a critical role in the control of influenza virus shedding 
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from the upper respiratory and gastrointestinal tracts of chickens. It is also important to highlight 

that when using the antibiotic-depletion model used in our study, future studies need to consider 

the direct effect that antibiotics may have on the immune system as well as their effects on the 

respiratory system resident microbiota.  

The induction of type I IFNs, which are expressed at steady state by many host cells, 

constitute a critical innate response to contain viral infections by inducing an anti-viral state in 

virus-infected and uninfected cells as well as in bystander cells. This results in the disruption and 

interference in the various stages of viral life cycle by mechanisms involving the degradation of 

viral nucleic acids or inhibition of viral gene expression (Yan and Chen, 2012; McNab et al., 2015). 

In the current study, antibiotic depletion of the gut microbiota resulted in compromised type I IFN 

responses in the trachea, lung, ileum and cecal tonsils albeit at different time points p.i. This is in 

agreement with a study by Abt et al. (Abt et al., 2012) where antibiotic depletion resulted in 

defective type I IFNs and their inducible associated antiviral response genes, such as IFN-b, IRF7, 

MX1, OAS, in macrophages of antibiotic treated mice compared to conventional mice’s 

macrophages. However, no difference was observed in the influx or number of macrophages, and 

the influx of other innate response cells such as neutrophils, plasmacytoid dendritic cells, and 

conventional dendritic cells (Abt et al., 2012). In line with these findings, Ganal et al. (Ganal et 

al., 2012) showed that in germ-free mice, NK cell response and cytomegalovirus clearance was 

impaired, which was mainly due to a systemic failure in type I IFN production by mononuclear 

phagocytes. Furthermore, double-stranded RNA from commensal microbes, members of the lactic 

acid bacteria, but not pathogenic bacteria, were shown to induce basal levels of type I IFNs 

(Kawashima et al., 2013). Therefore, commensal microbiota of chickens may play a role in the 

initiation of anti-H9N2 influenza virus infection, possibly via a type I IFN dependent mechanism. 
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Innate responses of the host, such as type I IFNs, play an important role in blocking virus 

replication, leading to early virus clearance (Iwasaki and Pillai, 2014). However, when the virus 

evades the innate responses resulting in an established infection, the adaptive immune response, 

which includes cell- and antibody-mediated responses, plays a critical role in the recognition and 

efficient clearance of influenza viruses, and the development of memory against subsequent 

infections (Pang and Iwasaki, 2012; van de Sandt et al., 2012). The gut microbiota regulates 

antibody production mainly via the production of MAMPs and microbial metabolites, such as short 

chain fatty acids (SCFAs) and ATP (Kim and Kim, 2017). Both germ-free and antibiotic-depleted 

mice have been shown to have a compromised antibody-mediated response to both influenza virus 

infection and trivalent inactivated influenza vaccination (Abt et al., 2012; Oh et al., 2014a). In 

chickens, changes in composition of gut microbiota by administration of either probiotics or in-

feed antibiotics have been shown to modulate antibody-mediated immune responses (Haghighi et 

al., 2005, 2006; Brisbin et al., 2008). Therefore, these observations prompted us to assess anti-

H9N2 influenza virus antibody-mediated immune response modulation by gut microbiota in 

chickens. In the current study, anti-H9N2 antibody response was not compromised by the depletion 

of intestinal microbiota. In fact, significantly higher serum IgG and HI titres were observed in 

antibiotic-depleted chickens compared to non-depleted chickens. This finding may be linked to 

our observation that antibiotic-depleted chickens had significantly lower type I IFN response 

compared to non-depleted chickens. Type I IFN responses may have an enhancing or impairing 

effect on the elicitation of adaptive responses to viral infections depending on whether the infection 

is acute or persistent, respectively (McNab et al., 2015; Daugan et al., 2016). For example, mice 

deficient in IFN-a and IFN-b receptors showed a significantly higher influenza-specific HI 

antibodies compared to normal mice (Price et al., 2000). Similar findings have been reported in 

the context of infection with other viruses. Deficiencies in type I IFN responses were shown to be 
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enough to result in persistent systemic murine norovirus infection despite a fully functional 

adaptive immune response (Nice et al., 2016). Furthermore, Type I IFNs were previously shown 

to be dispensable for antibody responses to murine lymphocytic choriomeningitis virus (LCMV) 

infection as mice lacking either type I IFN receptor or both type I and type II IFN receptors were 

shown to have comparable total IgG responses and higher IgG1 and IgG2a and IgG2b (Van de 

Broek et al., 1995). It is possible that the depletion of the gut microbiota in the current study might 

have resulted in enhanced antibody-mediated response due to the increased virus replication and 

possible persistence of infection and the lack of type I IFN-dependent suppression of antibody-

mediated responses. In chickens with intact type I IFN responses, influenza virus might be cleared 

effectively resulting in a relatively lower magnitude of adaptive response as was previously 

observed in other species (Nice et al., 2016). However, further investigation is warranted to 

establish this observation. 

 

CONCLUSION 

In conclusion, we have demonstrated here that the commensal microbiota of chickens play a role 

in limiting virus replication and the initiation of anti-influenza immune response, presumably via 

the modulation of type I IFN responses. Therefore, manipulations of the gut microbiota could 

provide additional benefit in the control of influenza virus infection in chickens.  
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Table 3. Primer sequences used in qRT-PCR 

Gene Sequences 

Annealing 
temp. 
(oC) 

Reference 

b-actin 
F: CAACACAGTGCTGTCTGGTGGTA 

60 (St. Paul et al., 2011) R: ATCGTACTCCTGCTTGCTGATCC 

IFN-a 
F: ATCCTGCTGCTCACGCTCCTTCT 

64 (St. Paul et al., 2011) R: GGTGTTGCTGGTGTCCAGGATG 

IFN-b 
F: GCCTCCAGCTCCTTCAGAATACG 

64 (Villanueva et al., 
2011) R: CTGGATCTGGTTGAGGAGGCTGT 

Universal 
F: AAACTCAAAKGAATTGACGG 

61 (Bacchetti De 
Gregoris et al., 2011) R: CTCACRRCACGAGCTGAC 

Firmicutes 
F: TGAAACTYAAAGGAATTGACG 

61 (Bacchetti De 
Gregoris et al., 2011) R: ACCATGCACCACCTGTC 

Bacteroidetes 
F: CRAACAGGATTAGATACCCT 

61 (Bacchetti De 
Gregoris et al., 2011) R: GGTAAGGTTCCTCGCGTAT 

Actinobacteria 
F: TACGGCCGCAAGGCTA 

61 (Bacchetti De 
Gregoris et al., 2011) R: TCRTCCCCACCTTCCTCCG 

α-Proteobacteria 
F: CIAGTGTAGAGGTGAAATT 

61 (Bacchetti De 
Gregoris et al., 2011) R: CCCCGTCAATTCCTTTGAGTT 

γ-Proteobacter 
F: TCGTCAGCTCGTGTYGTGA 

61 (Bacchetti De 
Gregoris et al., 2011) R: CGTAAGGGCCATGATG 

Enterococcus genus 
F: CCCTTATTGTTAGTTGCCATATT  

61 (Rinttilä et al., 2004) R: ACTCGTTGTACTTCCCATTGT  
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Figure 7. Experimental outline.  

From day 0 to 15, chickens were administered twice daily with a cocktail of antibiotics 

comprised of 5 mg/ml vancomycin, 10 mg/ml Neomycin, 10 mg/ml metronidazole and 0.1 

mg/ml amphotericin-B, and 1 g/l of ampicillin continuously provided in drinking water. Chicken 

were then infected at day 17 with H9N2 (400 µl of 107 TCID50/ml). Tissue samples from the 

trachea, lung, ileum and cecal tonsils (n=6) were collected at 12h, 24h and 36h post-infection 

(p.i.) for quantitative real-time PCR. Cloacal and oropharyngeal swabs (n=8) were collected at 

days 1, 3, 5, 7 and 9 p.i. Serum samples (n=8) were collected at days 7 and 14 p.i. 
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Figure 8. Relative abundance of bacterial populations.  

Relative expression of bacterial populations was determined in both control (ABX-) and antibiotic 

depleted (ABX+) chickens sampled at the end of antibiotic treatment (Day 15 of age). Chickens 

in ABX+ group were administered with a cocktail of antibiotics twice daily for 15 days, while 

chickens in ABX- received water with no antibiotics. Bars with different symbols differ 

significantly from each other (P < 0.05). 
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Figure 9. Influenza virus subtype H9N2 shedding of control (ABX-) and antibiotic treated 

(ABX+) chickens.  

Oropharyngeal (A) and cloacal (B) shedding of chickens as measured by tissue culture infectious 

dose 50/ml (TCID50/ml) in MDCK cells. Chickens were infected with 400 µl of 107 TCID50/ml at 

day 17 of age. Both oropharyngeal and cloacal swabs (n=8) were collected at days 1, 3, 5, 7 and 

9 post-infection. Treatments with different symbols at each day differ significantly from each 

other (P < 0.05).   
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Figure 10. IFN-a mRNA expression in the respiratory and gastrointestinal tracts of chickens. 

Relative expression of control (ABX-) and antibiotic depleted (ABX+) chickens with (H9N2+) or 

without (H9N2-) influenza virus subtype H9N2 infection was determined using quantitative real 

time PCR. A) trachea, B) lung, C) ileum, and D) cecal tonsils. Samples (n=6) were collected at 

12h, 24h and 36h post-infection, and IFN-a mRNA expression relative to b-actin was measured 

using quantitative real-time PCR. Bars with different symbols at a time point differ significantly 

from each other (P < 0.05). 
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Figure 11. IFN-b mRNA expression in the respiratory and gastrointestinal tracts of chickens. 

Relative expression of control (ABX-) and antibiotic depleted (ABX+) chickens with (H9N2+) or 

without (H9N2-) influenza virus subtype H9N2 infection. A) trachea, B) lung, C) ileum, and D) 

cecal tonsils. Samples (n=6) were collected at 12h, 24h and 36h post-infection, and IFN-b mRNA 

expression relative to b-actin was measured using quantitative real-time PCR. Bars with different 

symbols at a time point differ significantly from each other (P < 0.05).  
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Figure 12. Antibody-mediated immune response of control (ABX-) and antibiotic depleted 

(ABX+) chickens infected with influenza virus subtype H9N2.  

Hemagglutination inhibition (HI) (a) and anti-H9N2 serum IgG (b) of chickens (n=8) at days 7 

and 14 post-infection. End-point titre ELISA was performed and determined as the dilution 

reaching the optical density of negative control chickens. Bars with different symbols in a time 

point differ significantly from each other (P < 0.05). 
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Gut microbiota-mediates protection against influenza virus subtype H9N2 in chickens is 
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Abstract:  

Commensal gut microbiota plays an important role in health and disease. The current study was 

designed to assess the role of gut microbiota of chickens in the initiation of antiviral responses 

against avian influenza virus. Day-old layer chickens received a cocktail of antibiotics for 12 

(ABX-D12) or 16 (ABX-D16) days to deplete their gut microbiota, followed by treatment of 

chickens from ABX-12 with five Lactobacillus species combination (PROB), fecal microbial 

transplant suspension (FMT) or sham treatment daily for four days. At day 17 of age, chickens 

were challenged with H9N2 virus. Cloacal virus shedding, and interferon (IFN)-a, IFN-b and 

interleukin (IL)-22 expression in the trachea, lung, ileum and cecal tonsils was assessed. Higher 

virus shedding, and compromised type I IFNs and IL-22 expression was observed in ABX-D16 

chickens compared to control, while PROB and FMT showed reduced virus shedding and restored 

IL-22 expression to levels comparable with undepleted chickens. In conclusion, commensal gut 

microbiota of chickens can modulate innate responses to influenza virus subtype H9N2 infection 

in chickens and modulating the composition of the microbiome using probiotics- and/or FMT-

based interventions might serve to promote a healthy community that confers protection against 

influenza virus infection in chickens.  

Key words: avian influenza virus, gut microbiota, chicken, IL-22, antibiotics, fecal 

transplantation, probiotics 
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INTRODUCTION 

Avian influenza viruses (AIV) are categorized into high (HPAI) and low (LPAI) pathogenicity 

viruses based on disease severity. Some LPAI such as H9N2 subtype pose a significant public 

health threat as they can replicate in permissive mammalian tissues without prior adaptation (Lin 

et al., 2000; Wan et al., 2008a; Zhang et al., 2013a). Furthermore, previous reassortant isolates in 

humans, such as H5N1, H7N9, H10N8 and H5N6, have been shown to carry a partial or a whole 

set of internal genes from avian H9N2 viruses (Shi et al., 2013; Gu et al., 2014; Guan et al., 2015; 

Zhang et al., 2016). Therefore, control of avian H9N2 in poultry can have a significant impact on 

the poultry industry and also public health.  

As a LPAI virus, AIV subtype H9N2 has tropism for several tissues, including tissues of the 

upper respiratory tract and gastrointestinal tract (GIT) of chickens (Post et al., 2012). Even though 

the interplay between bacterial pathogens and commensal gut microbiota of chickens and other 

animals has been studied extensively, there is a paucity of research on the role of commensal gut 

microbiota in viral infections. We have recently shown that infection of chickens with AIV subtype 

H9N2 resulted in changes in the composition of the fecal microbiota without restoration to a pre-

infection microbial composition after the virus was undetectable (Yitbarek et al., 2017). Marek’s 

disease virus (MDV) infection of chickens has also been shown to result in a shift in the 

composition of gut microbiota with involvement of the immune system and metabolic pathways 

(Perumbakkam et al., 2014, 2016). These studies highlighted a role for gut microbiota of chickens 

in viral infections. Understanding the mechanism of immunity initiated by commensal gut 

microbiota is of paramount importance to utilize commensal gut microbiota in the form of 

probiotics or other strategies for shifting the composition to a state where it can allow the host to 

control AIV infection and shedding, thereby reducing transmission.  
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The GIT Microbiota plays an important role in the induction and regulation of host responses 

to various pathogens including bacteria (Fagundes et al., 2012; Clarke, 2014; Schuijt et al., 2016), 

fungi (McAleer et al., 2016) and viruses (Ichinohe et al., 2011; Wu et al., 2013; Oh et al., 2014a). 

Recently, we showed that changes in the composition of the gut microbiota towards a dysbiotic 

condition resulted in higher oropharyngeal and cloacal shedding of AIV subtype H9N2 in 

chickens, which was also associated with compromised type I interferon (IFN) expression 

(Yitbarek et al., 2018a). However, altering the composition of gut microbiota using probiotics has 

shown beneficial effects on immunity to influenza virus infection (Maeda et al., 2009; Kawahara 

et al., 2015). For instance, oral administration of a human isolate of Bifidobacterium longum MM-

2 to influenza-infected mice reduced influenza virus associated mortality and inflammatory 

responses in the lower respiratory tract (Kawahara et al., 2015). The major mechanisms involved 

were shown to be the activation of natural killer (NK) cells both in the lungs and spleen and 

increased expression of various cytokines in the lungs (Kawahara et al., 2015). Furthermore, oral 

administration of heat-killed Lactobacillus plantarum L-137 to mice infected with influenza virus 

enhanced protection against the virus and reduced virus titre via a type I interferon dependent 

mechanism (Maeda et al., 2009). Microbes and antigens of microbial origin are sensed by the GIT 

resident dendritic cells (DCs) resulting in migration of DCs to the draining lymph nodes followed 

by activation of T cell subsets and production of various cytokines and homing molecules, which 

are important for the trafficking of T cells to the respiratory system during infection (Ichinohe et 

al., 2011; Samuelson et al., 2015). Therefore, understanding the mechanisms of innate immunity 

against AIV in chickens initiated by the gut microbiota could allow for the development of 

effective probiotics to enhance immunity against viruses. We hypothesized that dysbiosis of the 

gut microbiota of chickens results in higher influenza virus subtype H9N2 shedding, compromised 

innate immunity, and a recovery from dysbiosis using probiotics and fecal microbial transplant 
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(FMT) administration can result in the recovery of innate immunity against the virus and reduced 

virus shedding. Therefore, in this study, a model was used in which a cocktail of antibiotics was 

administered to chickens to induce dysbiosis of the gut microbiota. Subsequently, a combination 

of five Lactobacillus species or FMT was used to reconstitute the gut microbiota and to assess the 

ability of lactobacilli and FMT to reverse the effects of antibiotics on the chicken immune system. 

 

MATERIALS AND METHODS 

Experimental design 

All experimental procedures were approved by the University of Guelph Animal Care Committee 

and conducted according to specifications of the Canadian Council on Animal Care. A total of 100 

one-day-old specific pathogen free (SPF) layer chickens (CFIA, Ottawa Laboratory, Nepean, ON, 

Canada) were randomly assigned to five treatment groups with 20 chickens per treatment. 

Chickens were kept in Horsfall isolation units in a Biosafety level II isolation facility at the 

University of Guelph, which provided caging of individual treatments to avoid cross 

contamination. Antibiotic-free feed was provided ad libitum. The treatment groups included a 

control group with chickens that were neither treated with a cocktail of antibiotics nor infected 

with H9N2 virus (CON), a group that was not treated with antibiotics but was infected with H9N2 

virus (AIV), a group that was treated with a cocktail of antibiotics and infected with H9N2 virus 

(ABX), a group that was treated with antibiotics and was administered probiotics combination and 

infected with H9N2 virus (PROB), and a group that was treated with antibiotics, treated with FMT 

suspension and infected with H9N2 virus (FMT). Five chickens per group were used for microbial 

composition analysis, 6 chickens per group were used for gene-expression analysis and 9 chickens 

per treatment were used for virus shedding.  

Antibiotics, probiotics and fecal microbial transplant administration 
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Chickens were gavaged twice daily, starting at day 1 of age, with a cocktail of antibiotics in 10 

mL of water per kg of body weight. The cocktail of antibiotics contained 5 mg/ml vancomycin, 10 

mg/ml neomycin, 10 mg/ml metronidazole and 0.1 mg/ml amphotericin-B while 1 g/l of ampicillin 

was continuously provided in drinking water. Chickens in ABX treatment were treated with 

antibiotics for 16 days, while chickens in PROB and FMT treatments were treated with antibiotics 

for 12 days followed by administration of either probiotic combination or FMT for 4 days starting 

12 hrs after termination of antibiotic treatment. Chickens in PROB group were administered with 

a cocktail of five bacterial isolates from intestines of healthy chickens, which included 

Lactobacillus salivairus, L. johnsonii, L. reuteri, L. crispatus, and L. gasseri. Each isolate was first 

individually grown in De Man, Rogosa and Sharpe (MRS) medium overnight and 109 CFU/ml of 

each were mixed, and 1 mL of this cocktail was administered daily for four days to each chicken 

by gavaging to the crop using a 1 mL syringe. Preparation and administration of FMT was 

conducted according to Li et al. (Li et al., 2015) where 8 g of cecal contents from age-matched 

chickens was homogenized in 10 ml of sterile PBS and centrifuged at 1600 ´ g for 30 seconds at 

4oC to pellet the particulate matter. Donor chickens were of same origin and raised in floor pens 

and fed antibiotic free diets. Supernatant was collected and optical density (OD) measured. An OD 

of 0.5 represented 108 cells and each chicken was gavaged with 1 ´ 109 bacterial cells every day 

for four days post antibiotic treatment.  

DNA extraction, 16S rRNA gene sequencing and tissue processing 

Cecal digesta samples were collected at day 16 of age prior to infection of chickens, and was 

immediately frozen at -80oC. To compare differences between day 12 (ABX-D12) and 16 (ABX-

D16) of age, samples were collected from 5 chickens from each group to assess if chickens in 

ABX-D12 recovered their microbiota by day 16 of age. Furthermore, cecal samples were collected 

from 5 chickens per group to compare microbial composition between control, ABX-D16, PROB 
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(PROB-D16), and FMT (FMT-D16). Microbial genomic DNA extraction was performed using 

QIAamp DNA Stool mini kit (Qiagen, Toronto, Canada) according to the manufacturer’s 

instructions. DNA concentrations were measured with a Qubit while DNA quality was assessed 

with a NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The 

V4 hypervariable region of the 16S rRNA gene was PCR-amplified and sequenced on Illumina 

MiSeq (Illumina, San Diego, CA) using a dual-indexing strategy for multiplexed sequencing 

developed at the University of Guelph’s Genomics Facility, Advanced Analysis Centre (Guelph, 

Ontario, Canada) as described previously (Fadrosh et al., 2014). Sequences were curated using 

Mothur v.1.36.1 as described in the MiSeq SOP (Kozich et al., 2013). Sequence data processing 

and analysis were performed as described previously (Yitbarek et al., 2017). Tissue sections of the 

ileum at day 16 of age from control, ABX+, ABX+PROB and ABX+FMT were fixed in 10% 

neutral-buffered formalin, embedded in paraffin, sectioned at a thickness of 5 µm, and stained with 

hematoxylin and eosin (H&E) at the Animal Health Laboratory (AHL), University of Guelph, 

Ontario.  

Virus propagation, infection of chickens 

Embryonated SPF eggs (CFIA, Ottawa Laboratory, Nepean, ON, Canada) were incubated at 37oC 

for 10 days followed by inoculation with 4 hemagglutination (HA) units/egg of virus, 

A/turkey/Wisconsin/1/1966(H9N2), and further incubated for 72 hours at 35oC. Eggs were then 

refrigerated at 4oC overnight followed by collection of allantoic fluid, which was then centrifuged 

at 400 x g for 5 minutes and stored at -80oC until further use. Chickens in the H9N2+ groups were 

challenged at 17 days of age via the oral-nasal route with 400 µl of 107 tissue culture infectious 

dose 50 (TCID50/mL). Cloacal and oropharyngeal swabs were collected from 8 chickens per group 

at day 5 post-infection (p.i.), and TCID50 was used to determine virus shedding. Day 5 p.i. was 
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selected for sampling of oropharyngeal and cloacal swabs since we found this to be the peak of 

virus shedding in a previous study (Yitbarek et al., 2018a). 

RNA extraction, cDNA synthesis and quantitative real-time PCR 

Six chickens per treatment were euthanized at 12, 24, and 36 hours p.i., and tissues from the 

trachea, lung, ileum and cecal tonsils were collected in RNAlater and stored at -80oC until 

extraction of RNA. Tissue samples (50-100 mg) were homogenized in Trizol and RNA was 

extracted according to the manufacturer’s instructions (Trizol®, Life Technologies, Inc.). RNA 

quantity and quality were determined using the NanoDrop® ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE). cDNA synthesis was carried out by reverse 

transcription of 500 ng of total RNA using Oligo(dT)12–18 primers and the Super- ScriptTM First-

Strand Synthesis System (Life Technologies, Inc.) according to manufacturer’s instructions. 

Quantitative real-time polymerase chain reaction (qRT-PCR) was run in 384-well plates with 5 µL 

of cDNA (1:10 dilution), 0.25 µM of forward and reverse primers, and 10 µL of SYBR Green 

(Roche Diagnostic, Laval, QC, Canada) and a balance of water to 20 µL total reaction volume per 

well. Primer sequences along with their respective annealing temperatures are provided in Table 

1.  

Statistical analysis 

All data for qRT-PCR, where relative expression of each gene was calculated relative to b-actin 

as a house-keeping gene, were analyzed using the Mixed procedure of SAS® (SAS Institute, Inc., 

Cary, NC) with animal as an experimental unit. Post-hoc ANOVA was performed, and means were 

considered significantly different at P < 0.05, and summary of P-values for multiple comparisons 

are presented as P < 0.01 and P < 0.05. When data was not normally distributed it was log-

transformed. Pearson correlation method was used to assess the potential link between significant 

changes in genus level microbial composition in the ceca induced by treatments and cytokine 
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responses in both the ileum and cecal tonsils post H9N2 infection, and P-values were adjusted for 

false discovery rate using the Benjamini and Hochberg (Benjamini and Hochberg, 1995).  

 

RESULTS 

Gut microbial community composition 

Alpha-diversity measures showed that antibiotic treatment for both 12 and 16 days resulted in 

higher evenness (Shannon diversity index) and diversity (inverse Simpson’s) compared to control 

(P < 0.012, ANOVA), while PROB and FMT treatments resulted in significantly lower evenness 

compared to control and to both antibiotic treatments (P < 0.012, ANOVA) (Figure 1A). Non-

metric multi-dimensional scaling performed with Bray Curtis dissimilarities showed significant 

difference in the clustering among treatments except for those with only antibiotics administration. 

Analysis of molecular variance (AMOVA) for measuring beta-diversity showed that the control 

group was significantly different from all other treatments (P < 0.01, AMOVA). Both ABX groups 

showed a significant difference in community composition compared to groups treated with 

probiotics or FMT following antibiotic treatments (P < 0.01, AMOVA). Furthermore, there was a 

significant difference in beta-diversity between chickens treated with probiotics and FMT (after 

antibiotic treatment, for both groups) (P = 0.083, AMOVA) (Figure 1B).  

Supervised comparison of control and H9N2-infected chickens using the linear discriminant 

analysis (LDA) Effect Size (LEfSe) algorithm (P = 0.05, LDA score of at least 4) to identify 

differential enrichment of microbes showed that the control group was enriched with phylum 

Bacteroidetes, class Negativicutes and Clostridia, order Coriobacteriales, and genera 

Streptococcus, Phascolarctobacterium, Anaerotruncus, Parasutterella and Collinsella. Treatment 

of chickens with antibiotics for 12 days resulted in enrichment with class Erysipelotrichia, 

Bacteroidia, order Clostridiales Erysipelotrichales, Pseudomonadales, Bifidobacteriales and 
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Bacteroidales, family Ruminococcaceae, Lachnospiraceae, Erysipelotrichaceae, Clostridiaceae 

and Lactobacillaceae, and genera Blautia, Clostridium cluster XI, Faecalibacterium, 

Flavonifractor, Romboutsia, Butyricicoccus and Bifidobacterium. PROB chickens showed 

enrichment with phylum Proteobacteria, order Enterobacteriales, family Enterobacteriaceae, and 

genus Clostridium cluster XVIII. In both PROB and FMT treatments, an enrichment with the genus 

Escherichia/Shigella was observed, while in FMT treatment the genus Phascolarctobacterium 

recovered to control levels after FMT administration (Figure 2A and 2B). 

Virus shedding 

At 5d p.i., there was a higher H9N2 virus shedding in the oropharyngeal swabs of the ABX group 

compared to the group that was not administered with antibiotics but infected with H9N2 (AIV) 

(P = 0.026, ANOVA), while PROB and FMT did not differ significantly compared to either AIV 

or ABX groups (P > 0.05, ANOVA). Furthermore, there was a significantly higher H9N2 cloacal 

virus shedding in the ABX group compared to all other treatments (P < 0.01, ANOVA), while 

neither PROB nor FMT groups showed significant cloacal virus shedding compared to AIV group 

(P > 0.05, ANOVA) (Figure 3). 

Type I interferons and IL-22 mRNA expression 

Expression of IFN-a in the upper respiratory tract (trachea and lung) showed that the 

administration of antibiotics resulted in the downregulation of this interferon compared to AIV, 

which was mainly observed at 24h p.i (P = 0.022, ANOVA). Furthermore, the administration of 

both PROB and FMT seemed to restore the expression of IFN-a, mainly at 24h p.i., while other 

time points did not show significant differences (P > 0.05, ANOVA) (Figure 4A &B). In the GIT, 

expression of IFN-a doesn’t seem to be altered, except in the cecal tonsils at 36h p.i., where only 

FMT treatment restored the downregulated response observed in ABX treatment compared to AIV 

(P < 0.05, ANOVA) (Figure 4C & D). Similarly, ABX treatment resulted in the downregulation 
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of IFN-b expression in the trachea at 24h p.i. and in the lung at 12h p.i. (P < 0.05, ANOVA), while 

administration PROB and FMT resulted in restoration of the response to levels of the AIV 

treatment only in the lung at 12h p.i. (Figure 5A & B). Expression of IL-22 in the trachea (at 24h 

and 36h p.i.) and the lung (at 12h p.i.) was significantly downregulated in the ABX treatment 

compared to AIV (P < 0.05, ANOVA), while both PROB and FMT treatments restored the 

expression levels to that of the AIV treatment, even though at different time points (Figure 6A & 

B). Expression of IL-22 was consistently suppressed in the ileum in the ABX treatment when 

compared to AIV, while both PROB and FMT restored the expression to the level of AIV 

treatment, and at 36h p.i. in PROB and FMT, higher IL-22 was observed compared to AIV (P < 

0.05, ANOVA) (Figure 6C). In the cecal tonsil, expression of IL-22 was inconclusive as ABX 

treatment did not result in significant difference compared to AIV, and both PROB and FMT 

showed higher expression of IL-22 compared to CON, AIV and ABX at 36h p.i. (Figure 6D).  

Histological Analysis  

Treatment of chickens with antibiotics resulted in a damaged general architecture of the ileum 

compared to control group, which was alleviated after the inoculation of probiotics and FMT 

(Figure 7A). Furthermore, a significantly lower villus height was observed in chickens treated with 

antibiotics compared to both control and FMT treatments (P < 0.028, ANOVA), while no 

significant difference in villus width was observed among treatments (P > 0.05, ANOVA). A 

significantly lower crypt depth was also observed in the antibiotic treated chickens compared to 

all treatments (P < 0.031, ANOVA), while a significantly lower villus height:crypt depth ratio 

(VH:CD) was observed in both antibiotic treated chickens and chickens treated with probiotics 

after antibiotics compared to chickens treated with FMT (P < 0.025, ANOVA) (Figure 7B).  

Correlations between cecal bacterial genera and cytokine responses 
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Pearson correlation results are presented in Figure 8. In the ileum, IFN-a was significantly and 

negatively correlated with Clostridium cluster XI in depleted chickens while in PROB group, it 

was significantly and positively correlated with Collinsella, Faecalibacterium, Oscillibacter, and 

Ruminococcus. Expression of IFN-b was significantly and negatively correlated with Clostridium 

cluster XI and Escherichia/Shigella in ABX group, while it was significantly and positively 

correlated with Anaerotruncus in PROB group, and significantly and negatively correlated with 

Bacteroides in FMT group. Expression of IL-22 was significantly and positively correlated with 

Bifidobacterium, Bosea, Holdemanella and Pseudoflavonifractor in ABX group, while in PROB 

group, it was significantly and positively correlated with Anaerotruncus, and significantly and 

negatively correlated with Clostridium cluster XVIII in FMT group. 

In the cecal tonsils, expression of IFN-a was significantly and positively correlated with 

Pseudoflavonifractor and Holdemanella in ABX group while in PROB group it was significantly 

and negatively correlated with Akkermansia and significantly and positively correlated with 

Anaerotruncus. In FMT group, expression of IFN-a was significantly and negatively correlated 

with Lactobacillus while it was significantly and positively correlated with Akkermansia and 

Faecalibacterium. Expression of IFN-b was significantly and positively correlated with 

Holdemanella in ABX group. Furthermore, expression of IFN-b was significantly and positively 

correlated with Butyricoccus and Collinsella in PROB and FMT groups, respectively. Expression 

of IL-22 was significantly and negatively correlated with Phascolarctobacterium and Treponema 

in ABX group, and significantly and positively correlated with Flavonifactor. In PROB group, IL-

22 expression was significantly and negatively correlated with Faecalibacterium while it was 

significantly and negatively correlated with Collinsella and significantly and positively correlated 

with Lactobacillus and Clostridium cluster XIVb in FMT group.  
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DISCUSSION 

Avian influenza virus subtype H9N2 has tropism for several tissues, including tissues of the upper 

respiratory tract and GIT of chickens (Post et al., 2012). This virus subtype has received recent 

attention as it has previously reached panzootic proportions, and despite continuous vaccination 

of chickens, H9N2 vaccines have become less effective (Capua and Alexander, 2004; Pu et al., 

2015). Furthermore, this virus has provided internal genes to other novel HPAI virus strains with 

potential significant impact in humans (Pu et al., 2015). Since most viral infections occur via the 

mucosal route and encounter commensal microbiota inhabiting the mucosal surfaces, recent 

studies have suggested that commensal gut microbiota plays an important role in viral 

pathogenesis. The current study was conducted to investigate the role of commensal gut microbiota 

of chickens in innate immunity against avian influenza virus infection.  

Next-generation sequencing using the Illumina MiSeq® platform and analysis showed that 

depletion of the gut microbiota using an antibiotic cocktail shifted the composition while 

administration of probiotic bacteria and FMT was not able to restore it to its original composition, 

even though diversity and richness recovered after the administration of probiotics and FMT. In 

mice, similar findings have been observed where, even though the diversity improves after FMT 

application, a complete recovery of the gut microbiota to those of untreated mice was not observed 

(Schuijt et al., 2016). In contrast, other studies reported that the administration of FMT after 

antibiotic depletion resulted in the reversion of the gut microbiota to its original composition in 

rhesus macaques (Macaca mulatta) (Hensley-McBain et al., 2016). Differences in these findings 

may be associated with the methodologies used and the species under study.  

Virus shedding results from the current study, where the depletion of gut microbiota resulted 

in higher virus shedding compared to chickens with intact microbiota, are in agreement with our 

previous work, where chickens treated with antibiotics to deplete their gut microbiota shed 
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significantly more virus compared to non-depleted chickens (Yitbarek et al., 2018a). When 

depleted chickens were treated with a cocktail of probiotics or FMT, both oropharyngeal and 

cloacal shedding was reversed to levels not significantly different from those of the non-depletion 

group, suggesting that the reconstitution of gut microbiota of chickens, via different mechanisms, 

resulted in enhanced capacity of the host to resist virus infection.  

Type I IFNs, which include IFN-a and IFN-b, play an important role in innate responses to 

viral infections by inducing an anti-viral state in virus-infected and uninfected cells as well as in 

bystander cells, interfering in the various stages of viral life cycle by mechanisms involving 

degradation of viral nucleic acids or inhibition of viral gene expression (Yan and Chen, 2012; 

Barjesteh et al., 2015; McNab et al., 2015). In the current study, the overall response in IFN-a and 

IFN-b both in the GIT and respiratory tract was compromised as a result of gut microbiota 

depletion using the cocktail of antibiotics. Previously, we showed that depletion of the gut 

microbiota resulted in compromised type I IFN response to AIV subtype H9N2 infection of 

chickens (Yitbarek et al., 2018a). A study in mice using the same model has shown that antibiotic 

depletion results in impaired expression of type I IFNs and their inducible associated antiviral 

response genes, such as IFN-b, IRF7, MX1, OAS, against influenza virus and cytomegalovirus 

resulting in inability of clearance of the viruses (Abt et al., 2012; Ganal et al., 2012). When 

chickens were treated with either the lactobacilli probiotics or the FMT following antibiotic 

treatment, the overall type I IFN responses were restored to the levels observed in chickens that 

received no antibiotics.  

Among the major beneficial roles of commensal gut microbiota are maintenance of a normal 

homeostasis by modulating host immunity, development and physiology. A cytokine that is closely 

associated with cellular proliferation, tissue protection and regeneration, and inflammation is IL-

22, a member of the IL-10 family of cytokines (Gimeno Brias et al., 2016). IL-22R, which is 
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constitutively expressed by various epithelial cells, and its ligand, IL-22, are important in the 

maintenance and homeostasis of GIT epithelial cells (Zheng et al., 2008). IL-22 along with IFNs 

can synergistically control viral infections in the GIT in a IFN receptor signaling and STAT1 

dependent manner (Hernández et al., 2015). In the current study, significant downregulation in the 

expression of IL-22 was observed in all tissues of antibiotic depleted chickens. Especially in the 

ileum and CT, the expression of this gene was highly suppressed in the depleted chickens. 

However, upon treatment with probiotics or FMT, the recovery of IL-22 expression was 

significant, and in both the ileum and CT, this recovery was to a level similar to that of non-

depletion chickens. Therefore, our findings suggest that gut microbiota of chickens is highly 

involved in the expression of IL-22 in both the upper respiratory system and the GIT. More 

importantly, after H9N2 infection, the expression of IL-22 in the probiotic or FMT groups was 

significantly higher compared to non-depletion chickens. This raises the possibility that intact gut 

microbiota can induce the expression of IL-22 after AIV infection in chickens. It has been reported 

that inoculation of cecal contents from 3-weeks-old chickens to day-old chickens followed by 

Salmonella Enteritidis infection was associated with a significant IL-22 expression and the 

reduction of S. Enteritidis counts in the cecum (Varmuzova et al., 2016). Another study by Volf et 

al. (Volf et al., 2017) reported that raising germ-free chickens under conventional conditions or 

inoculating them with a tetraflora containing E. coli, Enterococcus faecium, Lactobacillus 

rhamnosus and Clostridium butyricum induced the expression of IL-22. Histomorphological 

analysis in the current study also showed strong recovery in the general architecture of the ileum 

after probiotic or FMT administration. Coordinated responses between the gut microbiota and IL-

22 in the GIT are known to regulate and maintain the GIT epithelial barrier functions (Parks et al., 

2016). In germ-free mice, IL-22 response was severely impaired in cells isolated from the small 

intestine, and mice were more susceptible to a bacterial infection with Citrobacter rodentium 
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(Satoh-Takayama et al., 2008). Our findings suggest that the gut microbiota of chickens may 

enhance innate immunity to avian influenza virus subtype H9N2 in mechanisms that involves 

tissue remodeling and regeneration and the expression of key cytokines such as IL-22.  

In chickens treated with antibiotics, there was a negative correlation of IFN-a expression 

with the presence of Clostridium cluster XI in the ileum. Clostridium cluster XI is a major source 

of the metabolite deoxycholic acid (DCA) that has previously been shown to be reduced in mice 

treated with a cocktail of antibiotics similar to that used in the current study (Yoshimoto et al., 

2013). DCA and other bile acid metabolites, which can be regulated by interferons, are known to 

enhance viral infection by inhibiting OAS activity, which is critical for the induction of 

degradation of viral and cellular RNAs thereby blocking viral infections (Podevin et al., 1999; 

Silverman, 2007). Even though there was no positive or negative correlation with lactobacilli in 

the probiotic group, there was a strong positive correlation between IFN-a, and Collinsella and 

Faecalibacterium. A member of the Coriobacteriaceae family, Collinsella has been shown to be 

strongly and positively correlated with IFN responses and protection against rotavirus infection in 

the GIT of pigs (Yuan et al., 2008; Twitchell et al., 2016). Previously, L. acidophilus, L. reuteri, 

and L. salivarius from the same source used in the current experiment resulted in differential 

cytokine expressions in the cecal tonsils of chickens with L. salivarius inducing a more anti-

inflammatory response (Brisbin et al., 2010). In humans, infection with H7N9 virus was associated 

with significant reduction of Faecalibacterium (Qin et al., 2015). Therefore, in the current study, 

an increase in this genus in correlation with the upregulation of IFN-a may be associated with the 

virus reduction in chickens treated with probiotics. A consistent strong positive correlation was 

observed between the expression of IFN-a, IFN-b, and IL-22 in the GIT and the genus 

Anaerotruncus in chickens treated with probiotics after antibiotic depletion. Previously, this genus 

has been associated with the expression of acetyl-CoA acetyltransferase, 3-hydroxyacyl-CoA 
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dehydrogenase and enoyl-CoA hydratase in chicken GIT, which are enzymes necessary for 

butyrate production (Polansky et al., 2016). In chickens treated with FMT, a positive correlation 

was observed between the expression of IL-22 in the ileum and cecal tonsil and the genera 

Lactobacillus and Clostridium cluster XIVb. In mice, IL-22 deficiency was associated with 

decreased abundance of genus Lactobacillus, while higher abundance of the genus Lactobacillus 

was associated with restoration of the epithelial barrier integrity and higher IL-22 production by 

gut resident innate lymphoid cells in mice (Zenewicz et al., 2013; Nakamoto et al., 2017). 

Clostridium cluster XIVb are butyrate producing bacteria and accounted for almost 60% of the 

mucin-adherent microbiota in a previous study (Van den Abbeele et al., 2013; Narushima et al., 

2014), and this might be associated with the recovery of the ileal morphology observed in the 

current study, even though more studies are required to establish this observation.  

In conclusion, our findings suggest that a shift in the composition of commensal gut 

microbiota of chickens using antibiotic treatment results in a compromised innate immune 

response with different mechanisms being involved including type I IFNs, IL-22 and tissue barrier 

function. Reconstitution of the gut microbiota of chickens with probiotic combinations or FMT 

resulted in the recovery of the difference innate response mechanisms following H9N2 infection. 

Therefore, modulation of the composition of commensal gut microbiota of chickens using 

probiotics or other interventions may be used to enhance immunity of chickens against influenza 

viruses. 
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Table 4. Primer sequences used in qRT-PCR runs 

Gene Sequences 

Annealing 
temp. 
(oC) 

Reference 

b-actin 
F: CAACACAGTGCTGTCTGGTGGTA 

60 (St. Paul et al., 2011) 
R: ATCGTACTCCTGCTTGCTGATCC 

IFN-a 
F: ATCCTGCTGCTCACGCTCCTTCT 

64 (St. Paul et al., 2011) 
R: GGTGTTGCTGGTGTCCAGGATG 

IFN-b 
F: GCCTCCAGCTCCTTCAGAATACG 

64 (Villanueva et al., 
2011) R: CTGGATCTGGTTGAGGAGGCTGT 

IL-22 
F: TCAACTTCCAGCAGCCCTACAT 

60 (Kim et al., 2012) 
R: TGATCTGAGAGCCTGGCCATT 
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Table 5. AMOVA p-values of treatment groups (iterations=1000) 
  Control ABX-D12 ABX-D16 PROB-D16 FMT-D16 

Control           

ABX-D12 0.0029         

ABX-D16 0.0065 0.208       

PROB-D16 0.0068 0.0003 0.0068     

FMT-D16 0.0076 0.0006 0.0067 0.0083   
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Figure 13. Influenza virus shedding. Viral shedding was measured by tissue culture infectious 

dose 50/ml (TCID50/ml) in MDCK cells. Chickens were infected with 400 µl of 107 TCID50/ml at 

17 day of age. Oropharyngeal and cloacal swabs (n=8) were collected at days 5 post-infection. 

Treatments with different letters within a sample site differ significantly from each other (P < 

0.05). Virus shedding from control group was undetected. und=undetected virus shedding.  
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A)  
 

 
B) 

 
 
Figure 14. Diversity measures of cecal microbiota of chickens.  

A) Alpha diversity comparisons of cecal microbiota of chickens. B) Non-metric multi-

dimensional scaling (NMDS) plot illustrating the chicken fecal microbiome beta-diversity among 

treatmen
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A) 

 
 

B) 
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Figure 15. Differential enrichment of cecal microbiota of chickens.  

(A) Linear discriminant analysis (LDA) Effect Size (LefSe) analysis showing those OTUs that 

were significantly differentially abundant among groups, ranked by effect size (P = 0.05, LDA 

score of at least 4). (B) Stacked bars showing relative abundance at the genus level.  
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A) 

 
B) 

 

Figure 16. Relative expression of A) IFN-a and B) IFN-b in the trachea, lung, ileum and cecal 

tonsils.  

Samples (n=6) were collected at 12h, 24h and 36h post-infection, and mRNA expression relative 

to b-actin was measured using quantitative real-time PCR. Bars with different symbols at a time 

point differ significantly from each other (P < 0.05). 
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Figure 17. Quantitative real-time polymerase chain reaction of cytokines.  

Relative expression of A) IL-22 in the trachea, lung, ileum and cecal tonsils. Samples (n=6) were 

collected at 12h, 24h and 36h post-infection, and mRNA expression relative to b-actin was 

measured using quantitative real-time PCR. Bars with different symbols at a time point differ 

significantly from each other (P < 0.05). 
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A) 

 
 
B) 

 
Figure 18. Morphometric analysis of ileum samples presented from day 16 of age.  

A) villus height, B) villus width, C) crypt depth, D) villus height:crypt depth ration (VH:CD) and 

E) hematoxylin and eosin (H&E) of the ileum samples. Bars with different letters at a time point 

differ significantly from each other (P < 0.05).  
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Figure 19. Correlogram showing the Pearson’s correlation between bacterial genera and cytokine 

responses in the ileum and cecal tonsils of chickens.  

Pearson correlations were computed for top 50 of bacterial taxa and average of relative expression 

of a cytokine measured in the ileum and cecal tonsils at 12h, 24h, and 36h p.i. Bonferroni and 

Hochberg procedure P values for false discovery rates. An asterisk indicates a significance 

correlation between the bacterial taxa and the cytokine in a tissue (**P<0.01, *P < 0.05). 
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ABSTRACT 

Variations in the composition of commensal gut microbiota have been reported as one of the major 

factors for differences in response to vaccination among individuals. In chickens, there is limited 

information on the role of commensal gut microbiota in response to vaccination. The current study 

was designed to assess the role of gut microbiota in response to vaccination with a whole 

inactivated influenza virus subtype H9N2. A total of 166 one-day-old specific pathogen free layer 

chickens (SPF) were randomly assigned to treatments, where a combination of antibiotic depletion 

using administration of a cocktail of five antibiotics, and probiotics (a combination of five 

Lactobacilli species) and fecal microbial transplant (FMT) reconstitution were used to study the 

dynamics of cell- and antibody-mediated responses to primary vaccination at day 15 of age and 

secondary vaccination at day 28 of age. Overall, at days 7 and 14 post primary vaccination (p.p.v.), 

administration of probiotics to undepleted chickens resulted in a significantly higher mean HI titre 

compared to antibiotic treated chickens. Furthermore, at day 21 p.p.v., chickens treated with 

probiotics and FMT post-antibiotic treatment showed a significantly higher mean HI titre 

compared to undepleted chickens treated with probiotics. At day 7 p.p.v., a significantly higher 

virus specific IgM and IgG titre was observed in undepleted chickens administered with probiotics 

compared to antibiotic depleted chickens, and a significantly higher IgG titre was observed in 

chickens treated with FMT following antibiotic treatment compared to only antibiotic treatment. 

Analysis of IFN-g expression in splenocytes to assess recall responses showed a significantly lower 

expression in antibiotic depleted chickens compared to undepleted chickens and FMT 

reconstituted chickens. Taken together, findings from the current study suggest that shifts in the 

composition of gut microbiota of chickens may result in changes in responses to vaccination 

against influenza viruses, even though further studies are needed to highlight the mechanisms 

involved in this modulation.  
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INTRODUCTION 

Avian influenza viruses (AIV), categorized into high (HPAI) and low (LPAI) pathogenicity viruses 

pose significant public health threat (Lin et al., 2000; Wan et al., 2008b; Zhang et al., 2013b). 

Some LPAI viruses such as H9N2 have reached a panzootic proportion, and continuous 

vaccination of chickens can result in weakened vaccine efficacy and heightened virus replication 

and transmission (Capua and Alexander, 2004; Pu et al., 2015). Furthermore, LPAI viruses can 

provide internal genes to HPAI viruses, as in the case of H9N2 that provided internal genes to 

HPAI viruses in humans such as H5N1, H7N9, H10N8 and H5N6 (Shi et al., 2013; Gu et al., 2014; 

Guan et al., 2015; Zhang et al., 2016). Although vaccination has been used as a method for 

controlling the spread of AIV such as H9N2, complementary strategies should also be envisaged 

to enhance vaccine efficacy (Sun et al., 2010). Various natural or synthetic adjuvants mimic 

molecular structures of commensal microbiota, and they can stimulate cell surface and cytoplasmic 

pattern recognition receptors (PRRs) resulting in enhanced vaccine efficacy and reduced viral 

shedding from chickens (Barjesteh et al., 2015; Singh et al., 2016). Even though there is limited 

information, this points to a potential role of commensal microbiota in vaccine efficacy; and 

understanding the role of commensal gut microbiota of chickens may provide additional insight 

into the development of new and more efficient adjuvants.  

The lumen of the gastrointestinal tract of chickens contains trillions of commensal bacteria, and 

the microbiome, which is the collection of genes encoded by members of the microbiota far 

exceeds genes encoded by the host genome (Gill et al., 2006; Qin et al., 2010). Among the diverse 

functions of the gut microbiota are the production of energy-rich short chain fatty acids (SCFAs) 

(van Der Wielen et al., 2000; Dunkley et al., 2007; Sergeant et al., 2014), gut morphological 

development (McCracken et al., 1999; Shakouri et al., 2009), nutrient extraction, absorption and 

utilization (Cole Jr and Boyd, 1967; Beckmann et al., 2006; Qu et al., 2008), and 
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development/modulation of host immune system (Sommer and Bäckhed, 2013). The adaptive 

immune system also plays a critical role in regulating the composition of microbiota and has been 

suggested to have evolved in part to enable the mutual relationship of the microbiota and the host 

(Lee and Mazmanian, 2010; Kato et al., 2014; Kawamoto et al., 2014). However, recent research 

suggests that commensal microbiota may also play an important role in the development and 

regulation of adaptive immune responses. In human population, individual variations to various 

vaccines have been attributed to differences in the composition of commensal microbiota, among 

other factors (Lynn and Pulendran, 2018).  

Gut microbiota can influence responses induced by influenza virus vaccines in other species, 

while there is limited information in chickens. Both germ-free and antibiotic-treated mice showed 

a significantly impaired IgG and IgM responses to seasonal influenza vaccine, where Toll-like 

receptor (TLR)- mediated sensing, mainly TLR5-mediated sensing of flagellin, was necessary for 

antibody responses (Oh et al., 2014b). However, other microbial associated molecular patterns 

(MAMPs) originating from commensal microbiota can also affect vaccine efficacy via other 

mechanisms involving PRRs such as TLR4 (Zeng et al., 2016) and nucleotide oligomerization 

domain-2 (NOD2) (Kim et al., 2016a). Furthermore, commensal microbiota induced metabolites 

such as SCFAs resulting from fermentation of dietary fiber in the hind gut can regulate B cell gene 

expression responses for optimal antibody production, and pathogen-specific antibody response 

against Citrobacter rodentium (Kim et al., 2016b). In chickens, probiotics administration has been 

shown to modulated total and antigen-specific antibody responses (Haghighi et al., 2005, 2006; 

Alizadeh et al., 2017). However, the role of gut microbiota in induction of antibody responses to 

influenza viruses in chickens is not very well understood. We hypothesized that dysbiosis of the 

gut microbiota results in compromised immune response to vaccination in chickens. Therefore, 

the current study was conducted to assess the role of commensal gut microbiota of chickens in 
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induction of cell- and antibody-mediated immune responses after influenza virus subtype H9N2 

vaccination using antibiotic-depletion model to induce dysbiosis of gut microbiota.  

 

MATERIALS AND METHODS 

Experimental design 

All experimental procedures were approved by the University of Guelph Animal Care Committee 

and conducted according to specifications of the Canadian Council on Animal Care. A total of 166 

one-day-old specific pathogen free layer chickens (SPF) (CFIA, Ottawa Laboratory, Nepean, ON, 

Canada) were randomly assigned to seven treatment groups. The following treatments were used. 

1) NEG-CON (n=26); a group where no antibiotic depletion, no probiotics (PROB) or fecal 

microbial transplant (FMT), and no vaccination were used, 2) POS-CON (n=10); a group with no 

antibiotic depletion, no PROB or FMT, but vaccination, 3) PROB (n=26); a group with no 

antibiotic depletion but bi-weekly administration of a cocktail of five lactobacilli species 

(Lactobacillus salivairus, L. johnsonii, L. reuteri, L. crispatus, and L. gasseri) and vaccination, 4) 

ABX (n=26); a group with antibiotic depletion from day 0 - 12 and vaccination, 5) ABX+PROB 

(n=26); a group with ABX and administered with PROB from day 12 - 15 and vaccination, 6) 

ABX+FMT (n=26); a group with ABX and FMT administration form day 12 - 15 and vaccination, 

and 7) ABX-D35 (n=26); a group treated with antibiotics from day 0 - 35. Primary vaccination 

was performed at day 15 of age and secondary vaccination was performed at day 29 of age. Weekly 

serum samples were collected for the assessment of IgG and IgM until day 43 of age. At day 36 

of age, 10 chickens per treatment were infected via the oral-nasal route with 400 µl of 107 Tissue 

Culture Infectious Dose50 (TCID50/mL).  

Antibiotics, probiotics and fecal microbial transplant administration 
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Chickens in groups of antibiotic depletion were gavaged twice daily with a cocktail of antibiotics 

in 10 mL of water per kg of body weight as described previously (Yitbarek et al., 2018a). 

Lactobacilli bacteria were first individually grown on De Man, Rogosa and Sharpe (MRS) medium 

overnight and 109 CFU/ml of each were mixed, and 1 mL of cocktail was administered daily for 

four days to each chicken by gavaging to the crop using a 1 mL syringe. FMT preparation was 

conducted according to Li et al. 2015 (Li et al., 2015) where 8 gm of cecal contents from age 

matched healthy chickens was homogenized in 10 ml of sterile PBS and centrifuged at 1600 ´ g 

for 30 seconds at 4oC to pellet the particulate matter. Supernatant was collected and optical density 

(OD) measured. An OD of 0.5 represented 108 cells and each chicken was administered with 1 ´ 

109 bacterial cells every day for four days post antibiotic treatment. Cecal microbial genomic DNA 

extraction was performed using QIAamp DNA Stool mini kit (Qiagen, Toronto, Canada) 

according to the manufacturer’s instructions, and DNA concentrations were measured with a 

NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Total cecal 

bacterial population was determined using quantitative real-time polymerase chain (qRT-PCR) 

reaction using universal primers described in Table 1.  

Virus propagation and vaccine preparation 

Propagation of the virus, A/turkey/Wisconsin/1/1966 (H9N2) was performed as previously 

described (Yitbarek et al., 2018a). Inactivated vaccine preparation was performed using beta-

propiolactone (BPL) as described previously (Astill et al., 2018). Briefly, one part of 0.5M 

disodium phosphate was added to 38 parts of infected allantoic fluid followed by drop-wise 

addition of one part 2% BPL solution with continued stirring and incubation for 30 min in ice. The 

solution was then placed in 37oC water bath for 2 hrs with 15 min mixing intervals. Then, the pH 

of the mixture was adjusted to 7.3 to 7.4 using 7% sodium bicarbonate solution, and stored at 4oC 

until confirmation of inactivation, which was confirmed in both embryonated eggs and Madin-
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Darby Canine Kidney (MDCK) cells using TCID50. Chickens were vaccinated intramuscularly 

with 15 μg of the whole inactivated virus.   

Hemagglutination inhibition assay 

A two-fold serial dilution was performed with 50 μl serum samples followed by 30 min of 

incubation with 8 HA units, 50 μl of H9N2 at room temperature in 96-well V-bottom plates 

(Corning Inc., Corning, New York, USA). Chicken red blood cells (RBCs) at 0.5% were then 

added and plates were further incubated for 30 min. Hemagglutination inhibition (HI) titres were 

determined as the reciprocal of the samples resulting in complete hemagglutination inhibition of 

the RBCs.  

Measurement of anti-H9N2 IgG and IgM by ELISA 

Virus specific IgG and IgM titres in serum were determined by indirect ELISA as described 

previously (Yitbarek et al., 2018a). Briefly, 96-well ELISA plates (Nunc MaxiSorp™, Thermo 

Fisher Scientific Inc., Mississauga, Ontario, Canada) were coated overnight at 4°C with whole 

inactivated H9N2 virus (800 ng/100 μl of carbonate-bicarbonate buffer, pH 9.6). After washing 

the plates three times with 100 μl PBS containing 0.05% Tween 20 (PBS-T), 100 μl of blocking 

solution (PBS-T containing 25% fish gelatin) was added and plates were incubated for 1 hr at 

37°C. After washing the plates three times, 100 μl two-fold diluted serum samples starting at 1:800 

dilution (1:800 to 1:409,600) were added and the plates were incubated at room temperature for 1 

hr. After washing three times, 100 μl of horseradish peroxidase (HRP)-conjugated goat anti-

chicken IgY was added into each well followed by incubation of the plates at 37 °C for 1 hr. After 

further washing, 100 μl of an HRP substrate solution (ABTS peroxidase substrate system) 

(Kirkegaard and Perry Laboratories Gaithersburg, Maryland, USA) was added to each well, 

followed by an incubation period of 30 min in the dark at room temperature and reading of the 

optical density (OD) at 405 nm using an ELISA plate reader (Bio-Tek Instruments, Winooski, 
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Vermont USA). The end-point titre calculation for the ELISA was performed as previously 

indicated (Frey et al., 1998). 

Virus neutralization assay 

Virus neutralization (VN) was performed for D7 post-secondary vaccination samples (Day 36 of 

age and before infection) as described previously (Singh et al., 2015) with some modification. 

Briefly, a 2-fold serial dilution of serum was incubated with 400 TCID50/ml of virus for 1 hr at 

37oC. One hundred microliter of the mixture was then added to MDCK cells that were cultured for 

24 hrs at 37oC followed by further incubation for 72 hrs at 37oC. The reciprocal of the highest 

serum dilution resulting in a cytopathic effect was used to calculate the VN titre.  

Cell-mediated immune response 

At 5 days post-secondary vaccination, splenocyte mononuclear cells were prepared from 5 

chickens per treatment as described previously (Brisbin et al., 2011) and seeded in 48-well flat 

bottom plates at a density of 5 ´ 106 cells/well and incubated at 41°C and 5% CO2 followed by 

stimulation of cells with 1 μg/ml of BPL inactivated virus, which was used to vaccinate chickens. 

At 24 hrs post-stimulation, cells were collected and RNA extraction, cDNA synthesis and qRT-

PCR for the quantification of interferon (IFN)-γ were performed as described previously (Yitbarek 

et al., 2018a). Primers for IFN-γ quantification using qRT-PCR are presented in Table 1. At 48 hrs 

and 72 hrs post-stimulation, supernatant was collected for the assessment of IFN-γ production 

using a chicken IFN-γ sandwich ELISA kit as per manufacturer’s recommendations 

(InvitrogenTM).  

Statistical analysis 

Comparison of multiple treatments for all data, which includes virus shedding, bacterial 

populations, HI titre, IgG and IgM in serum, VN, relative expression of IFN-g, and serum IFN-g 

were performed using a non-parametric one-way ANOVA followed by Bonferroni’s multiple 
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comparison test. Differences were considered significant at P < 0.05. Data for HI titre, IgM and 

IgG are described in post-primary vaccination time points (p.p.v.).  

 

RESULTS 

Microbial composition 

Analysis of microbial composition at 15 days of age showed that treatment of chickens with 

antibiotics resulted in a significantly lower phyla Firmicutes and Bacteriodetes, and class 

Alphaproteobacteria (P < 0.05), while treatment with either probiotics or FMT after antibiotics 

resulted in significantly higher phyla Firmicutes, Bacteriodetes, and class Alphaproteobacteria (P 

< 0.05). Treatment with probiotics and FMT to antibiotic treated chickens also resulted in a 

significantly higher Lactobacilli group (P < 0.05). At 35 days of age, chickens treated with 

antibiotics for 35 days showed a significantly reduced phyla Firmicutes, and Bacteroidetes, class 

Alphaproteobacteria and Lactobacilli group (P < 0.05). For this time point, chickens treated with 

antibiotics for 15 days did not show a significant difference in phylum Bacteroidetes compared to 

the control and PROB groups (P > 0.05), while a significantly higher class Alphaproteobacteria 

was observed compared to control, ABX+PROB and ABX+FMT treatments (P < 0.05) (Figure 1) 

Hemagglutination Inhibition and Virus Neutralization 

There was no detectable agglutination in the NEG-CON treatment at all time points. At D7 p.p.v., 

a significantly higher mean HI titre was observed in the PROB treatment compared to all 

treatments (P < 0.05) except for POS-CON (P > 0.05). At D14 p.p.v., a significantly higher mean 

HI titre was observed in the PROB treatment compared to all treatments (P < 0.05) except for POS-

CON and ABX treatments (P > 0.05). There was no significant difference among treatments in 

mean HI titre at D21 p.p.v., while at D28 p.p.v., a significantly higher mean HI titre was observed 

in ABX+PROB and ABX+FMT treatments compared to PROB treatment (P < 0.05), while no 
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significant difference was observed among all other treatment comparisons (P > 0.05) (Figure 2). 

Virus neutralization measured at D7 post-secondary vaccination (D21 p.p.v.) showed a 

significantly higher neutralizing antibody titres in the ABX+PROB, ABX+FMT and ABX-D35 

treatments compared to all other treatments (P < 0.05) (Figure 3). 

Virus-specific IgM and IgG responses  

At D7 p.p.v., a significantly higher IgM titre was observed in the PROB treatment compared to 

ABX and ABX+FMT treatments (P < 0.05), while no significant difference was observed among 

other treatment comparisons (P > 0.05). No significant difference in IgM titre was observed among 

treatments at D14 p.p.v. (P > 0.05). At D21 p.p.v., a significantly higher IgM titre was observed 

in ABX+FMT and ABX-D35 treatments compared to PROB treatment (P < 0.05), while no 

significant difference was observed among all other treatment comparisons (P > 0.05). There was 

no significant difference among treatments at D28 p.p.v. (P > 0.05).  

At D7 p.p.v., a significantly higher IgG titre was observed in the POS-CON and PROB 

treatments compared to ABX+FMT and ABX-D35 (P < 0.05), while no significant difference was 

observed among all other treatment comparisons (P > 0.05). At D14 p.p.v., a significantly higher 

IgG titre was observed in the ABX+FMT compared to ABX, ABX+PROB and ABX-D35. There 

was no significant difference in IgG titre among treatments at D21 p.p.v., and at D28 p.p.v., a 

significantly lower IgG titre was observed in the PROB treatment compared to all treatments (P < 

0.05), except for POS-CON (P > 0.05) (Figure 4).  

Cell-Mediated Responses 

Analysis of IFN-g expression in splenocytes using qRT-PCR to assess recall responses showed a 

significantly higher expression of IFN-g in both Pos-CON, PROB, ABX+FMT and ABX-D35 

treatments compared to both Neg-CON and ABX treatments (P < 0.05). Analysis of IFN-g protein 

using ELISA at 48 hrs post-stimulation showed a significantly higher IFN-g protein in the 
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ABX+FMT and ABX-D35 treatments compared to Neg-CON, ABX, and ABX+PROB treatments 

(P < 0.05), while at 72 hrs post-stimulation, significant level of IFN-g protein was observed in the 

ABX-D35 compared to Neg-CON and ABX treatments (P < 0.05) (Figure 5).  

 

DISCUSSION 

Influenza viruses, mainly LPAI viruses, infect the GIT in addition to the upper respiratory system, 

both of which are inhabited by diverse microbiota. The GIT of chickens is inhabited by trillions of 

microbes, which benefit the host in different ways including the development and modulation of 

the immune system (Sommer and Bäckhed, 2013) among others. The role of commensal gut 

microbiota in vaccine-induced responses to influenza and other pathogens is poorly understood, 

even though recent studies suggest that microbiota can influence vaccine response to influenza 

where either germ-free or antibiotic-treated mice showed a significantly impaired IgG and IgM 

responses to seasonal influenza vaccines (Oh et al., 2014b). Therefore, the current study was 

designed to assess the role of commensal gut microbiota of chickens in cell- and antibody-

mediated immune responses to whole inactivated influenza vaccine using a model of antibiotic-

depletion of the gut microbiota and modulation of microbial composition with administration of 

either a combination of five probiotics or FMT.  

In the current study, administration of five lactobacillus probiotics to undepleted chickens 

resulted in higher HI titre at days 7 and 14 p.p.v. compared to chickens that were treated with 

antibiotics to induce dysbiosis of the gut microbiota regardless of reconstitution of the microbiota 

with either probiotics or FMT. In a human study examining the efficacy of Lactobacillus 

rhamnosus GG as an adjuvant to influenza vaccine, administration of 1.0 ´ 1010 CFU of L. 

rhamnosus GG twice daily induced a significantly higher HI titre at 28 days post-vaccination 

compared to those receiving placebo (Davidson et al., 2011). A strong correlation between Toll-



 115 

like receptor 5, a flagellin receptor, and the magnitude of HI titres 4 weeks post-vaccination was 

observed (Nakaya et al., 2011), indicating that commensal gut microbiota play an important role 

in vaccine efficacy. This may be the mechanism by which shifts in the microbial composition post-

administration of the lactobacillus cocktail resulted in higher HI titre in the current study, even 

though other mechanisms involving other PRRs cannot be ruled out. Furthermore, the same study 

showed macrophages as a critical antigen presenting cell mediating TLR5 dependent modulation 

of antibody responses to a trivalent inactivated influenza vaccine (TIV) (Nakaya et al., 2011). Even 

though there was no significant difference in HI titre at day 21 p.p.v. among treatments, VN results 

indicated that at this time point, a significantly higher antibody titre was present in groups that 

were reconstituted with either the lactobacilli combination or FMT after treatment with antibiotics. 

We previously showed that reconstitution of antibiotic treated chickens with either probiotics or 

FMT resulted in recovery of innate response mechanisms including some key cytokines and tissue 

remodeling of the GIT (Yitbarek et al., 2018b). A previous study of West Nile Virus also showed 

the role of PRRs of the innate immune system as key modulators of the antibody neutralization 

capacity where compromised innate response signaling was associated with a reduced virus 

neutralization index compared to wild type mice (Suthar et al., 2010). Therefore, administration 

of both probiotics and FMT may have enhanced the innate signaling mechanisms that in turn 

resulted in enhanced virus neutralization capacity in the current study.  

Administration of lactobacilli cocktail to undepleted chickens also resulted in a significantly 

higher IgM titre compared to antibiotic treated chickens with and without probiotic administration. 

Furthermore, depletion of gut microbiota and administration of FMT as well as administration of 

antibiotics for 35 days resulted in a significantly lower IgG titre compared to undepleted chickens 

with or without administration of probiotics in the current study. There is no previous study in 

chickens. However, in a human clinical trial, after influenza vaccination, administration of the 
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probiotic bacterium L. fermentum CECT571 resulted in a significantly higher total IgM compared 

to subjects receiving placebo, while no significant difference was observed in influenza specific 

IgM (Olivares et al., 2007); and administration of Bifidobacterium animalis ssp. lactis and 

Lactobacillus paracasei ssp. Paracasei resulted in significantly higher influenza specific IgG titre 

compared to placebo (Rizzardini et al., 2012). Similar to our findings in the current study, Oh et 

al. (Oh et al., 2014b) observed that treatment of SPF mice with a broad-spectrum antibiotic cocktail 

resulted in substantial reduction in immune responses generated by vaccination with TIV at day 7 

post-vaccination, which steadily increased to levels comparable to untreated mice by day 28 post 

vaccination. These findings suggest that modulation of the gut microbiota of chickens, either using 

the administration of probiotics or antibiotics can significantly impact antibody-mediated immune 

response to influenza vaccination. 

Expression of IFN-g using qRT-PCR and ELISA from splenocytes isolated from immunized 

chickens, and re-stimulated in culture with vaccine antigen, for IFN-g showed that treatment of 

chickens with antibiotics resulted in impaired expression of IFN-g compared to undepleted 

chickens. However, the administration of probiotics and FMT after antibiotic treatment restored 

the expression of IFN-g to levels of the control treatment. This suggests that the gut microbiota 

may play an important role in recall responses. A study in mice showed that the gut microbiota in 

association with TLR5 signaling plays an important role in differentiation or function of memory 

B cells following vaccination with TIV (Oh et al., 2014b). In agreement with the current study, re-

stimulation of splenocytes from antibiotic treated mice intranasaly vaccinated with cholera toxin 

showed a significantly reduced IFN-g production compared to conventional mice (Kim et al., 

2016a), suggesting that intact gut microbiota may be necessary for the generation of long term 

immune memory.  
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In conclusion, commensal gut microbiota of chickens may play an important role in induction 

of adaptive immune response to influenza virus vaccination in both in magnitude and functionality 

of antibodies produced and possibly recall responses. However more studies investigating the 

mechanisms linking innate and adaptive responses are necessary to further understand how 

modulation of the gut microbiota can be used to benefit chickens for enhanced protective and 

efficacious vaccination against influenza viruses. Furthermore, this study used an empirical 

approach of using antibiotic depletion, and probiotics and FMT reconstitution. In order to 

understand the role of gut microbiota in influenza vaccine immunogenicity, a more targeted 

approach may be needed with understanding the specific link between influenza vaccine and 

selected members of the gut microbiota. This can then be utilized in developing adjuvants either 

from probiotics, their cell wall and cytoplasmic components, and metabolites alone or in 

combination.  
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Table 6. Primer sequences used in qRT-PCR 

Gene Sequences 

Annealing 
temp. 
(oC) 

Reference 

b-actin 
F: CAACACAGTGCTGTCTGGTGGTA 

60 (St. Paul et al., 2011) R: ATCGTACTCCTGCTTGCTGATCC 

IFN-γ 
F ACACTGACAAGTCAAAGCCGACA 

60 (Brisbin et al., 2011) R AGTCGTTCATCGGGAGCTTGGC 

Universal 
F: AAACTCAAAKGAATTGACGG 

61 (Bacchetti De 
Gregoris et al., 2011) R: CTCACRRCACGAGCTGAC 

Firmicutes 
F: TGAAACTYAAAGGAATTGACG 

61 (Bacchetti De 
Gregoris et al., 2011) R: ACCATGCACCACCTGTC 

Bacteroidetes 
F: CRAACAGGATTAGATACCCT 

61 (Bacchetti De 
Gregoris et al., 2011) R: GGTAAGGTTCCTCGCGTAT 

α-Proteobacteria 
F: CIAGTGTAGAGGTGAAATT 

61 (Bacchetti De 
Gregoris et al., 2011) R: CCCCGTCAATTCCTTTGAGTT 

γ-Proteobacteria 
F: TCGTCAGCTCGTGTYGTGA 

61 (Bacchetti De 
Gregoris et al., 2011) R: CGTAAGGGCCATGATG 

Lactobacillus 
group 

F: AGCAGTAGGGAATCTTCCA 
58 (Rinttilä et al., 2004) R: CACCGCTACACATGGAG 
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A) 

 
B) 

 
Figure 20: Bacterial populations in chickens were assessed at the end of antibiotic treatment (A) 

Day 15 and (B) Day 35 of age using quantitative real-time PCR. Relative expressions were 

calculated relative to total bacteria. Chickens in ABX-D15 represents chickens administered with 

a cocktail of antibiotics twice daily for 15 days. ABX+PROB and ABX+FMT represent chickens 

administered with a cocktail of antibiotics for 12 days and reconstituted with five strains of 

Lactobacillus and a fecal microbial transplant (FMT), respectively. ABX-D35 represents chickens 

administered with a cocktail of antibiotics twice daily for 35 days. Bars with different symbols 

differ significantly from each other (n=10/group; P < 0.05). 
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Figure 21: Hemagglutination inhibition (HI) antibody titres in chickens serum.  

Serum samples from chickens belonging to various groups (n=10/group) at days 7, 14, 21, and 28 

post primary vaccination were analyzed. Bars with different symbols in a time point differ 

significantly from each other (P < 0.05). n.d.=not detected. 
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Figure 22: Virus neutralization (VN) assay of antibody responses at day 21 post primary 

vaccination.  

Chickens (n=10/group) from different groups were used to analyze virus neutralization. Bars with 

different symbols in a time point differ significantly from each other (P < 0.05). n.d.=not detected.  
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Figure 23: Serum IgM (A) and IgG (B) against H9N2.  

Serum samples were collected at days 7, 14, 21, and 28 post primary vaccination (day 15 of age) 

from chickens (n=10) vaccinated with a whole inactivated influenza virus subtype H9N2. Bars 

with different symbols in a time point differ significantly from each other (P < 0.05). n.d.=not 

detected.   
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Figure 24: IFN-γ production in splenocytes stimulated with whole inactivated influenza virus 

subtype H9N2.  

Splenocytes were isolated from 5 chickens per treatments at 5 days post-secondary vaccination 

(Day 26 post primary vaccination). A) Relative IFN-γ mRNA expression of splenocytes relative 

to b-actin was calculated using quantitative real-time PCR. Concentration of IFN-γ, measured in 

triplicates, in the supernatant of splenocytes at 48 hrs (B) and 72 hrs (C) post-stimulation. Bars 

with different symbols in a time point differ significantly from each other (P < 0.05).  
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CHAPTER 6 

6.1. General discussion 

Avian influenza viruses, which are categorized into HPAI and LPAI viruses based on disease 

severity pose, a significant public health threat in addition to affecting sustainability of the poultry 

industry. Some LPAI such as H9N2 can replicate in permissive mammalian tissues without prior 

adaptation. Previous reassortant isolates in humans, such as H5N1, H7N9, H10N8 and H5N6, have 

been shown to carry a partial or a whole set of internal genes from avian H9N2 viruses (Shi et al., 

2013; Gu et al., 2014; Guan et al., 2015; Zhang et al., 2016). LPAI viruses have tropism for several 

tissues, including tissues of the upper respiratory tract and gastrointestinal tract (GIT) of chickens 

(Post et al., 2012). Both sites, and mainly the GIT, are inhabited by trillions of commensal 

microbiota, which are involved in the production of energy-rich short chain fatty acids (van Der 

Wielen et al., 2000; Dunkley et al., 2007a; Sergeant et al., 2014), gut morphological development 

(McCracken et al., 1999; Shakouri et al., 2009), nutrient extraction, absorption and utilization 

(Cole Jr and Boyd, 1967; Beckmann et al., 2006a; Qu et al., 2008), and development/modulation 

of the host immune system (Sommer and Bäckhed, 2013). 

The role of commensal gut microbiota in the defense against bacterial pathogens of chickens 

and other animals has been well established whereby commensal microbiota aid in the prevention 

of bacterial infection by different mechanisms such as the production of bio-surfactants thereby 

competing with bacterial pathogens for attachment and nutrients, production of different 

metabolites with antimicrobial properties and promoting the maturation of secondary lymphoid 

organs in the intestine (Sekirov and Finlay, 2009; Lee and Mazmanian, 2010; Hooper et al., 2012). 

Even though there is a paucity of research on the role of commensal gut microbiota in viral 

infections, all existing evidence points to a strong relationship between commensal gut microbiota 

and viral infection, either for promoting or preventing these infections. In chickens, Marek’s 
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disease virus infection has been shown to result in a shift in the composition of gut microbiota with 

involvement of the immune system and metabolic pathways (Perumbakkam et al., 2014, 2016). 

Infectious bursal disease virus, which is an acute, highly contagious and immunosuppressive virus, 

results in changes in the composition of the gut microbiota of chickens compared to uninfected 

chickens (Li et al., 2018). There is no information on the effect of influenza virus infection on the 

gut microbiota of chickens, and the role that commensal microbiota plays in the initiation of 

immune response to influenza virus infection in chickens. However, studies in other species have 

shown that influenza virus infection can result in a shift in the composition of the gut microbiota, 

and the gut microbiota can modulate the immune response to influenza virus infection as well as 

vaccination. Therefore, the objectives of these studies were to investigate the effect of influenza 

virus infection on the composition of the gut microbiota of chickens and the mechanisms involved 

in the initiation of anti-viral innate responses to influenza virus subtype H9N2 infection and 

antibody-mediated responses to vaccination with inactivated virus.  

In the first objective of this study, the composition of fecal microbiota of chickens following 

infection with influenza virus subtype H9N2 was studied using the Illumina Miseq platform to 

sequence the V3-V4 region of 16S rRNA. This study demonstrated that even though there were 

no major differences in alpha and beta-diversity between control and H9N2 infected chickens, 

when the same chickens were compared pre- and post-H9N2 infection, the composition of the 

fecal microbiota shifted, and did not recover to the original pre-challenge composition. This 

change in fecal microbial composition followed the trend of virus shedding, which peaked by day 

5 p.i. Infection of chickens with H9N2 resulted in an increase in phylum Proteobacteria, which 

was also previously shown to be the dominant phyla in a human study with H7N9 infection (Qin 

et al., 2015). The phylum Proteobacteria, which includes several pathogens such as some members 

of E. coli, Shigella, Salmonella and Klebsiella, have previously been correlated with a 
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proinflammatory response such as the expression of proinflammatory cytokines IL-1b, IL-6 and 

IL-18 (Oakley and Kogut, 2016). When comparing gut microbiota of chickens in pre- and post-

infection, differential enrichment of Lachnospiraceae family was observed pre-H9N2 infection 

compared to post-infection. Lachnospiraceae, which also includes genus Roseburia, have been 

associated with degradation of complex polysaccharides in the gut and production of short-chain 

fatty acids such as acetate, butyrate and propionate that are a major energy source for the host and 

are important for epithelial tissue integrity and health (Biddle et al., 2013). In agreement with the 

current findings, in HIV infected individuals, a significant decrease in Lachnospiraceae family 

compared to healthy controls was observed (Zilberman-Schapira et al., 2016). Therefore, findings 

from this study suggest that changes in the composition of the gut microbiota, and possibly 

microbial associated metabolic pathways, may be one of the mechanisms by which influenza virus 

establishes infection in chickens.  

Even though the above study established that infection of chickens with H9N2 virus resulted 

in a shift in the composition of the gut microbiota, it was not possible to reveal some of the 

mechanisms involved or that the changes virus shedding resulted from this shift in the microbiota. 

Therefore, a model was developed where chickens were administered a cocktail of antibiotics to 

deplete their gut microbiota. Results from this study showed that dysbiosis of the gut microbiota 

using a cocktail of antibiotics leads to compromised type I IFN responses both in the upper 

respiratory tract and the GIT, which was also associated with higher virus shedding both in the 

oropharyngeal and cloaca swabs. However, systemic antibody-mediated immune response was 

significantly higher in depleted chickens compared to undepleted chickens. Previous studies in 

both germ-free and antibiotic depleted mice and infected with influenza virus have demonstrated 

a significantly higher viral load in the lung (Dolowy and Muldoon, 1964; Ichinohe et al., 2011; 

Abt et al., 2012). Furthermore, Abt et al. (2012) reported that depletion of mice with antibiotics 
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followed by influenza virus infection resulted in downregulation of type I IFNs and their inducible 

associated antiviral response genes such as IFN-b, IRF7, MX1 and OAS in innate cells such as 

macrophages. Similarly, Ganal et al. (2012) showed impaired NK-cell response and 

cytomegalovirus clearance in germ-free mice, which was mainly associated with a failure in type 

I IFN production by mononuclear phagocytes. In the current study, significantly higher serum IgG 

and HI titres were observed in antibiotic-depleted chickens compared to non-depleted chickens, 

which may be linked to our observation that antibiotic-depleted chickens had significantly lower 

type I IFN response compared to non-depleted chickens. Previously, deficiency in IFN-α and IFN-

β receptors showed significantly higher influenza-specific HI antibodies compared to normal mice 

(Price et al., 2000). Furthermore, deficiencies in type I IFN responses were shown to be enough to 

result in persistent systemic murine norovirus infection despite a fully functional adaptive immune 

response (Nice et al., 2016). Therefore, findings from the present study suggest that commensal 

gut microbiota of chickens may be associated with modulation of anti-viral innate responses 

against H9N2 AIV, even though antibody-mediated responses may not be affected. Further studies 

to compare the role of gut microbiota of chickens in antibody-mediated responses to both HPAI 

and LPAI may provide further insight in to the modulation of this key response by the gut 

microbiota. 

The next study was conducted using a microbial recovery method consisting of 

administration of probiotics and fecal microbial transplant (FMT) to chickens with dysbiotic 

microbial composition. To this end, a combination of five lactobacilli or FMT that was extracted 

from age-matched chickens was delivered to chickens via gavage. Subsequently, innate responses 

to influenza virus subtype H9N2 were studied. Furthermore, the composition of the gut microbiota 

was studied as described above. Although depletion of the gut microbiota using antibiotics resulted 

in higher virus shedding, the recovery from depletion using administration of probiotics and FMT 
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resulted in lower cloacal virus shedding. When the innate responses were assessed, both IFN-α 

and IFN-β were compromised in antibiotic depleted chickens. However, treatment with probiotics 

or FMT did not lead to recovery of IFNs to levels comparable to undepleted chickens, suggesting 

that the reduction in virus shedding may be due to other innate response mechanisms. Another 

cytokine that can synergistically control viral infection in the GIT in an IFN receptor signaling and 

STAT1 dependent mechanism is IL-22 (Hernández et al., 2015). IL-22R, which is constitutively 

expressed by various epithelial cells, and its ligand, IL-22, are important in the maintenance and 

homeostasis of GIT epithelial cells (Zheng et al., 2008). Assessment of IL-22 expression showed 

that depletion of gut microbiota of chickens resulted in a reduction in IL-22 expression, while 

administration of probiotics and FMT to antibiotic depleted chickens resulted in recovery of IL-

22 response both in the GIT and upper respiratory tract. Post H9N2 infection, IL-22 expression 

was significantly higher in both probiotic- and FMT-treated chickens, suggesting that intact gut 

microbiota can induce the expression of IL-22 post-H9N2 infection in chickens. Previously, 

inoculation of cecal contents from 3-week-old chickens was associated with a significant IL-22 

expression and the reduction of Salmonella Enteritidis counts in the cecum (Varmuzova et al., 

2016). Furthermore, Volf et al (Volf et al., 2017) showed that either raising germ-free chickens 

under conventional conditions or inoculating them with a tetrafloa species containing E. coli, 

Enterococcus faecium, Lactobacillus rhamnosus and Clostridium butyricum induced the 

expression of IL-22. Histomorphological analysis in the current study also supported this 

observation where a strong recovery in the general architecture of the ileum after probiotic or FMT 

administration was observed. In germ-free mice, IL-22 response was severely impaired in cells 

isolated from the small intestine, and these mice were also susceptible to Citrobacter rodentium 

infection (Satoh-Takayama et al., 2008). Therefore, our findings suggest that the gut microbiota 

of chickens may enhance immunity to avian influenza virus subtype H9N2 in complex 
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mechanisms that involve the expression of key cytokines such IL-22. Therefore, findings from this 

study highlighted that composition of the gut microbiota is linked with a coordinated response that 

includes developed barrier function and innate response associated cytokine responses. 

While the first study established a possible link between influenza virus infection and a shift 

in gut microbial composition in chickens, and the second and third studies established the role of 

gut microbiota of chickens in the initiation of innate anti-viral responses, we also wanted to study 

the role of commensal gut microbiota of chickens in adaptive immune responses, which are 

important responses against the virus. Therefore, the model of antibiotic depletion was employed 

to assess the role of commensal gut microbiota of chickens in cell- and antibody-mediated 

responses to a whole inactivated influenza virus subtype H9N2. Furthermore, administration of a 

combination of five lactobacilli to healthy chickens was employed as a means of changing the 

composition of the gut microbiota. Compared to antibiotic-administered chickens, healthy 

chickens administered the five-lactobacilli combination showed a significantly higher mean HI 

titre post-primary vaccination. After the secondary vaccination, chickens treated with lactobacilli 

combination and FMT showed a significantly higher mean HI titre compared to healthy chickens 

administered the five lactobacilli combination. Virus neutralization assay measured at day 7 post-

secondary vaccination showed a significant VN antibody titre in chickens treated with lactobacilli 

combination and FMT treatments compared to all other treatments, except those that received 

antibiotics for 35 days. In a human study, treatment with Lactobacillus rhamnosus GG (LGG) 

(gelatin capsule containing 1 ́  1010 LGG organisms and 295 mg Inulin) as an adjuvant to influenza 

vaccine, showed a significantly higher HI titre compared to those receiving placebo (gelatin 

capsule containing 355 mg Inulin) (Davidson et al., 2011). A previous study showed PRRs as key 

modulators of antibody neutralization capacity against West Nile virus and compromised innate 

response signaling in knockout mice was associated with a reduced virus neutralization index 
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compared to wild type mice (Suthar et al., 2010). Furthermore, in the current study, composition 

of the gut microbiota towards a healthy status was associated with overall higher IgM and IgG titre 

in the serum of chickens post-vaccination when compared to a dysbiotic composition. In human 

studies, treatment with the probiotic L. fermentum CECT571 resulted in a significantly higher total 

IgM compared to subjects receiving placebo (Olivares et al., 2007), and treatment with 

Bifidobacterium animalis ssp. lactis and Lactobacillus paracasei ssp. paracasei resulted in 

significantly higher IgG titre compared to placebo (Rizzardini et al., 2012). In mice, depletion of 

the gut microbiota using broad spectrum antibiotics resulted in significant reduction in TIV-

specific IgG (Oh et al., 2014a). Findings from the present study also suggest a possible role of gut 

microbiota in cytokine responses where treatment of chickens with antibiotics resulted in impaired 

expression of IFN-g compared to non-depleted chickens, while administration of probiotics and 

FMT after antibiotic treatment restored the expression of IFN-g to levels of the control treatment. 

Oh et al. (Oh et al., 2014a) showed that gut microbiota in association with TLR5 signaling plays 

an important role in differentiation or function of memory B cells following vaccination with TIV 

(Oh et al., 2014a). Furthermore, re-stimulation of splenocytes from antibiotic treated mice 

intranasally vaccinated with cholera toxin showed a significantly reduced IFN-g production 

compared to conventional mice (Kim et al., 2016a).  

Some of the major novel aspects of this thesis include the findings of the interplay between 

gut microbiota and viral infection, which has been lacking in the field. Findings from the above 

studies add to the list of benefits that commensal gut microbiota confer on the host such as host 

metabolism, nutrition, immune system development and modulation, and resistance to bacterial 

infection. Furthermore, the findings from the above experiments suggested a possible link between 

gut resident commensal microbiota and immunity to viral infection in the upper respiratory system 

of chickens, although more research is needed to highlight the mechanisms that are involved in 
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this connection. One of the benefits that can be gained from findings of this thesis is the potential 

use of specific members of the gut microbiota that either shifted in their relative abundance after 

H9N2 infection, or that appeared to colonize after the administration of both probiotics and FMT. 

In the short term, these select microbes can be cultured and administered to chickens to enhance 

the composition of the gut microbiota and establish a resilient population that can withstand or 

prevent influenza virus replication in the gut. In the long run, in addition to the select species of 

microbes, other factors such as metabolites can be developed that can modulate the immune 

response of chickens to influenza virus infection to reduce severity of infection and transimission 

to other chickens within a flock.  

Despite the discoveries presented in this thesis, some limitations still exist. The main model 

used in the current study involved administration of a cocktail of antibiotics to deplete the gut 

microbiota of chickens. Some limitations in using this model include the possible changes in the 

host physiology independent of microbial disturbance and the inability of antibiotic treatment to 

eliminate all gut bacteria since many bacteria are known to be resistant to antimicrobial therapies. 

This thesis described an attempt made to address this limitation using the administration of FMT 

and probiotics to antibiotic treated chickens. Another recommendation to circumvent this 

limitation is running experiments using both antibiotic-depleted and germ-free animals. However, 

germ-free animals have dramatically impaired lymphoid organ development and immune 

responses with smaller Peyer’s patches, fewer plasma cells, impaired IgA, and impaired 

antimicrobial peptides release among other immunological deficiencies, making it difficult for the 

transfer of knowledge generated from germ-free studies to conventional settings. Therefore, these 

limitations should be considered when translating findings from this study. Furthermore, some of 

the findings in regard to the upper respiratory system did not take into consideration the commensal 
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microbes that reside in the respiratory tract. Antibiotic treatment might have influenced the 

respiratory tract resident microbiota. 

Findings described in this project are one step forward in identifying the link between 

commensal gut microbiota and AIV infection in chickens. Some of the individual species 

identified in the current project, and the immune modulation pathways linked with the gut 

microbiota in the current project can provide an insight in to the development of novel and 

successful microbial consortia or single species inoculum to control AIV infection in chickens. 

Therefore, future research in this area should focus on identifying and developing novel single or 

combination of probiotics effective at modulation of the gut microbiota of chickens to a healthy 

status. To achieve this, a model of isolation and ex vivo propagation of gut microbiota can be 

utilized to identify potential promising single or combinations of microbes that can be used as 

probiotic supplements to modulate the composition of the gut microbiota. In addition to using an 

antibiotic depletion model, a combination of multiple models should be used to define the effect 

of probiotics. Even though the current study attempted to determine the link between gut 

microbiota and innate responses in the upper respiratory tract, future studies should also attempt 

to determine the mechanisms that are involved in this cross-talk between the gut microbiota and 

the upper respiratory tract. While the current project examined select cytokines with known 

antiviral effects, future studies should assess multiple cytokines and their network effects. To 

achieve this, recent technological advances in the form of RNAseq can be utilized to have a 

complete understanding of the role of gut microbiota in innate response to influenza virus 

infection. Finally, when studying the composition of the gut microbiota, the current project 

employed next generation sequencing technology to sequence the 16S rRNA. However, to have a 

complete understanding of the role of the gut microbiota in influenza virus infection, determining 

which microbe is present might not be sufficient. Therefore, studies looking at the functional role 
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of the gut microbiota in the form of metabolites may provide better insight into the interplay 

between gut microbiota and influenza virus infection. With current developments in gene knock 

out technologies, such as CRISPR/Cas9 and targeted genome editing, there is tremendous 

opportunity in developing genome edited chickens, which can then be used to explore a more 

targeted understanding of the role of commensal gut microbiota and host responses in the 

modulation of immune responses to influenza virus infection.  

Overall, the findings from this project provide insight into the role of commensal gut 

microbiota in modulating the innate and adaptive responses to influenza virus infection and 

vaccination in chickens. Furthermore, a potential link between the gut microbiota and responses 

in the upper respiratory tract was presented. Future studies aimed at a more holistic understanding 

of cytokine response and other anti-viral mechanisms and development of novel probiotics to 

modulate the composition of the gut microbiota of chickens to a healthy status are warranted if 

modulation of the gut microbiota is to be used as one of the strategies in combating outbreaks of 

influenza virus infection in chickens.  
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