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Abstract 

Interferon regulatory factors (IRFs) play a key role in many aspects of immune response, and IRF1, IRF3, and IRF7 are 
positive regulators of IFN induction in mammals. However, IRF3, as the most critical regulatory factor in mammals, is 
naturally absent in birds, which attracts us to study the functions of other members of the avian IRF family. In the pre-
sent study, we cloned goose IRF1 (GoIRF1) and conducted a series of bioinformatics analyses to compare the protein 
homology of GoIRF1 with that of IRF1 in other species. The overexpression of GoIRF1 in DF-1 cells induced the activa-
tion of IFN-β, and this activation is independent of the dosage of the transfected GoIRF1 plasmids. The overexpression 
of GoIRF1 in goose embryonic fibroblasts (GEFs) induced the expression of IFNs, proinflammatory cytokines, and IFN-
stimulated genes (ISGs); it also inhibited the replication of green fluorescent protein (GFP)-tagged Newcastle disease 
virus (NDV) (NDV-GFP) and GFP-tagged vesicular stomatitis virus (VSV) (VSV-GFP). Our results suggest that GoIRF1 is 
an important regulator of IFNs, proinflammatory cytokines, and ISGs and plays a role in antiviral innate immunity in 
geese.

Keywords:  Goose, IRF1, IFN, innate immunity, NDV

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
As a host’s first line of defense against exogenous insults, 
the innate immune system, which is broadly conserved in 
vertebrates, plays an important role in the host’s resist-
ance to infections such as viruses, bacteria, and para-
sites. Pathogen-associated molecular patterns (PAMPs) 
are evolutionarily conserved molecular vital structures 
in pathogens, such as lipopolysaccharides, glycoproteins, 
proteoglycans, and nucleic acid motifs (RNA and DNA) 
[1]. Pattern recognition receptors (PRRs) located on the 
cell membrane or in the cell, which include nucleotide 
binding oligomerization domain (NOD)-like receptors 
(NLRs), toll-like receptors (TLRs), retinoic acid-inducible 

gene-I (RIG-I)-like helicases (RLHs), and several cyto-
plasmic DNA sensors, are proteins encoded by host ger-
mline genes that can recognize PAMPs [2–6]. The innate 
immune system is particularly critical for the host to 
detect invading pathogens and activate subsequent adap-
tive immunity [7]. The triggering of this system depends 
on the host’s PRRs to specifically recognize and bind to 
PAMPs and then activate related receptor-dependent 
signaling cascades to induce cytokine production [2]. 
Exogenous insults, such as bacteria, viruses, and para-
sites, are quickly recognized by the host’s innate immune 
system, which then induces several immune mechanisms 
to resist invasion, including an interferon (IFN)-mediated 
antiviral response and an interleukin (IL)-mediated pro-
inflammatory response [8, 9]. The type I IFN response 
is an effective defense of the host against viral infection 
[10].

Type I IFN is an important class of antiviral cytokines, 
including IFN-α, IFN-β, IFN-κ, and so on [11]. The 
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induction of type I IFN is mainly controlled at the gene 
transcriptional level, and the interferon regulatory fac-
tors (IRFs) play central roles [12]. IRFs are transcription 
factors in IFN signaling pathways that play an important 
role in immune responses against bacterial or viral inva-
sions [13]. So far, 11 members of the IRF family, IRF1 to 
IRF11, have been identified in vertebrates and 9 of them 
are expressed in mammalian cells (IRF1–IRF9) [14]. 
Compared with mammals, birds seem to naturally lack 
IRF3 and IRF9 [15], but the unique IRF10 can be found 
in them [16]. More importantly, it is widely accepted that 
a closely related IRF7, considered to be the major IRF in 
birds, complements the functions of IRF3, considered to 
be the critical IRF in mammals, and that other IRFs such 
as IRF1 may also compensate the functions of IRF3 to a 
certain extent [17–20]. In addition, both IRF10 and IRF11 
have been identified in fishes [21]. The amino terminus of 
all IRFs contains a well-conserved DNA binding domain 
(DBD), which is characterized by five well-conserved 
tryptophan (Trp, W)-rich repeats, and the DBD contains 
a helix-turn-helix domain that recognizes specific DNA 
sequences [22]. The C-terminal amino acid of IRFs is less 
well conserved and contains an IRF-associated domain 
(IAD), which confers each IRF a unique function [23].

IRF1 is the first IRF family member found to be 
involved in the regulation of IFN [24]. Conservatively, the 
first 115 amino acids of the N-terminal of IRF1 contain a 
DBD with five highly conserved tryptophan-rich repeats 
that determines its transcriptional activity [25]. Mam-
malian IRF1 binds to the hexanucleotide unit in the posi-
tive regulatory domain 1 (PRD1) of the IFN-β promoter 
to regulate IFN expression [26]. Crystallographic studies 
further revealed that the 5′-GAAA-3′ sequence of PRD1 
is the core sequence recognized by the DBD of IRF1 [27]. 
The conserved tryptophan cluster within the DBD was 
found to be critical in recognizing the core sequence. 
Three of the five tryptophan residues (W11, W38, and 
W58) fix the helix-turn-helix motif within the DBD to 
the major groove of the DNA, forming contact with the 
sugar-phosphate backbone and allowing the other four 
conserved amino acids of the DBD [Arginine (Arg, R) 82, 
Cysteine (Cys, C) 83, Asparagine (Asn, N) 86 and Ser-
ine (Ser, S) 87] direct contact to the core sequence [27]. 
Mammalian IRF1 plays an important regulatory role in 
antiviral innate immunity. After a viral infection, IRF1, 
which is significantly upregulated and expressed in cells, 
inhibits virus replication by regulating the production of 
IFN [28, 29]. IRF1 interacts with myeloid differentiation 
primary-response protein 88 (MyD88) to regulate the 
TLRs (TLR2, TLR3, TLR4, TLR7, TLR8)-dependent sig-
nal cascade and promote the production of IFN or IL to 
resist infection [30]. In addition, IRF1 has also been con-
firmed to be involved in the regulation of physiological or 

pathological processes, such as tumor immune surveil-
lance, proinflammatory injury, immune system develop-
ment, and autoimmune diseases [31].

The immune systems of birds and mammals are quite 
different, and birds lack several key immune genes [32]. 
IRF3, as one of the most critical IRFs in mammals, is 
naturally absent in poultry [33, 34]. Whether its absence 
leads to avian immune system deficiency remains to be 
studied. IRF1 plays a role in mammalian antiviral innate 
immunity, but its function in poultry needs to be more 
comprehensively studied. It is not clear whether avian 
IRF1 can compensate for the missing IRF3 function. Our 
previous study demonstrated that chicken IRF1 inhibits 
the replication of avian influenza virus (AIV) and New-
castle disease virus (NDV) by regulating the production 
of IFN-β and ISGs [35]. Duck IRF1 regulates the pro-
duction of IFN-β by interacting with MyD88, effectively 
inhibiting virus replication [36]. However, the character-
istics and functions of IRF1 in geese have not yet been 
elucidated. Chickens, ducks, and geese have different 
levels of resistance to AIV and NDV. As a key regulatory 
factor of the immune system, the functional difference of 
IRF1 may be the reason for the difference in antiviral lev-
els of different birds. Therefore, it is necessary to conduct 
in-depth research on the function of GoIRF1 in antiviral 
innate immunity.

In the present study, GoIRF1 was identified and cloned 
from a cDNA spleen sample, and the function of IRF1 
in innate immunity in geese was explored. We investi-
gated the function of GoIRF1 in RNA virus infection and 
demonstrate that GoIRF1 plays a role in limiting rep-
lication and infection by NDV. Our results suggest that 
GoIRF1 is an important regulator of IFNs, proinflam-
matory cytokines, and ISGs and is involved in antiviral 
innate immunity in geese. These findings contribute to 
a more systematic understanding of the bird’s IFN-regu-
lated signaling pathway and innate immune system and 
provide reference data about the general and individual 
characteristics of the innate immune system in birds and 
mammals.

Materials and methods
Cells and viruses
DF-1 is a chicken embryonic fibroblast cell line from East 
Lansing strain eggs. Goose embryonic fibroblasts (GEFs) 
were prepared from 15-day-old embryonated goose eggs. 
The DF-1 cells and GEFs were maintained in high-glucose 
Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning, 
USA) containing 10% fetal bovine serum (FBS) (Gibco, 
USA) and 1% penicillin–streptomycin (Gibco). All cells 
were incubated at 37  °C in a 5% carbon dioxide incuba-
tor. The NDV strain NSD14 was isolated from chickens 
at a farm in Shandong Province, China. GFP-tagged NDV 
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low virulent strain LaSota, named NDV-GFP and VSV-
GFP, are stored in our laboratory. These three viruses 
were purified, propagated, and stored as described in our 
previous study [37].

Cloning and bioinformatics analysis of GoIRF1
Based on the predicted GoIRF1 sequence 
(XM_013175976.1) obtained from the National Center 
for Biotechnology Information (NCBI), the primers 
GoIRF1-F and GoIRF1-R (Table  1), which are located 

outside the GoIRF1 open reading frame, were designed. 
The above primers and ApexHF HS DNA Polymer-
ase FS Master Mix AG12202 (Accurate Biotechnology 
Co., Ltd., Hunan, China) were used to amplify GoIRF1 
cDNA from a spleen sample via transcriptase polymerase 
chain reaction (PCR). The PCR product was ligated into 
a pTOPO-Blunt vector (Aidlab Biotech, Beijing, China) 
for sequencing, and positive colonies were sent to the 
Beijing Genomics Institute (Beijing, China) for sequenc-
ing. The amino acid sequence of GoIRF1 was aligned 

Table 1  PCR primers used in the study 

Target gene Purpose Name Sequence of oligonucleotide (5′–3′)

GoIFN-α qRT-PCR qGoIFN-α F CTC​CAG​CAC​CTC​TTC​GAC​AC

qGoIFN-α R GTT​GAT​GCC​GAG​GTG​AAG​GT

GoIFN-γ qRT-PCR qGoIFN-γ F ACA​TCA​AAA​ACC​TGT​CTG​AGC​AGC​

qGoIFN-γ R AGG​TTT​GAC​AGG​TCC​ACG​AGG​

GoIFN-κ qRT-PCR qGoIFN-κ F ACA​GCA​AAG​AAA​AGT​GAT​TG

qGoIFN-κ R GTT​GGA​AGA​TCT​CTT​CAA​TGG​

GoIFN-λ qRT-PCR qGoIFN-λ F GAG​CTC​TCG​GTG​CCC​GAC​C

qGoIFN-λ R CTC​AGC​GGC​CAC​GCA​GCC​T

GoIL-6 qRT-PCR qGoIL-6 F AGC​AAA​AAG​TTG​AGT​CGC​TGTGC​

qGoIL-6 R TAG​CGA​ACA​GCC​CTC​ACG​GT

GoIL-8 qRT-PCR qGoIL-8 F GCT​GTC​CTG​GCT​CTT​CTC​CTG​ATT​

qGoIL-8 R GGG​TCC​AAG​CAC​ACC​TCT​CTG​TTG​

GoPKR qRT-PCR qGoPKR F GCA​ACA​GCA​AAG​ACT​GAC​GA

qGoPKR R TGT​TTG​TGA​CCT​CTG​CCT​TG

GoOASL qRT-PCR qGoOASL F CAG​CGT​GTG​GTG​GTT​CTC​

qGoOASL R AAC​CAG​ACG​ATG​ACA​TAC​AC

GoMx-1 qRT-PCR qGoMx-1 F TTC​ACA​GCA​ATG​GAA​AGG​GA

qGoMx-1 R ATT​AGT​GTC​GGG​TCT​GGG​A

GoIRF1 qRT-PCR qGoIRF1 F TGA​GAA​AGA​CCC​TGA​CCC​CA

qGoIRF1 R GCT​GGA​GCC​TTT​GTT​GAT​GC

To obtain sequence GoIRF1 F CTC​TGC​TTC​TGT​CAC​AGC​CAC​

GoIRF1 R CTG​CAG​AAG​CCA​GGG​GTT​TAC​

Construction of GoIRF1 pcDNA3.1-Flag
EcoR I

tagtccagtgtggtggaattcATG​CCC​GTC​TCC​AGA​ATG​CG

pcDNA3.1-Flag
Xho I

gtcgtccttgtagtcctcgagCAA​GCC​ACA​GGA​GAT​GGT​TTG​

Construct truncated forms of 
GoIRF1

GoIRF1 d1-10 aa F gtgtggtggaattcatgTGG​CTG​GAA​ATG​CAG​

GoIRF1 d1-10 aa R CAT​GAA​TTC​CAC​CACAC​

GoIRF1 d1-50 aa F gtgtggtggaattcatgGAT​GCC​TGC​CTT​TTC​

GoIRF1 d1-50 aa R CAT​GAA​TTC​CAC​CACAC​

GoIRF1 d51-114 aa F ctgggacatggagaaaTTG​ACA​AAG​GAT​CAG​

GoIRF1 d51-114 aa R TTT​CTC​CAT​GTC​CCAG​

GoIRF1 d120-220 aa F GCT​TCA​TCC​TCG​GAAG​

GoIRF1 d120-220 aa R cttccgaggatgaagcCTG​ATC​CTT​TGT​C

GoIRF1 d201-317 aa F gactggaggacgccgCTC​GAG​GAC​TAC​AAG​

GoIRF1 d201-317 aa R CGG​CGT​CCT​CCA​GTC​

GoIRF1 d251-317 aa F caggactggcacacgCTC​GAG​GAC​TAC​AAG​

GoIRF1 d251-317 aa R CGT​GTG​CCA​GTC​CTG​
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with other animal IRF1 proteins from chickens, humans, 
pigs, and mice using Clustal W and edited with ESPript 
3.0 [38]. Sequence homology and a phylogenetic analy-
sis of the IRF1 amino acid sequences were conducted 
using DNASTAR. A phylogenetic tree was constructed 
based on the IRF1 from 13 different species, including 
mammals, birds, and fish. Conserved domains in the 
GoIRF1 amino acid sequences were predicted using the 
simple modular architecture research tool (SMART) 
program [39]. Homology modeling for GoIRF1 was con-
ducted using the online protein-modeling server SWISS-
MODEL [40].

Plasmid construction
Flag-tagged GoIRF1 plasmids (pcDNA3.1-GoIRF1-Flag) 
were constructed by inserting the full-length GoIRF1 into 
the Xho I and EcoR I sites pcDNA3.1-Flag of the expres-
sion vector using a ClonExpress II One-Step Cloning Kit 
(Vazyme Biotech Co., Ltd., Nanjing, China). The primers 
used in the PCR are listed in Table 1. The truncated plas-
mids of GoIRF1, including deletion of amino acids 1 to 
10 (d1-10 aa), d1-50 aa, d51-114 aa, d120-220 aa, d201-
317 aa, and d251-317 aa, were constructed using a modi-
fied homologous recombination method and the primers 
listed in Table 1. The chicken IFN-β (chIFN-β) promoter 
luciferase reporter plasmids (pGL-chIFN-β-Luc), which 
contained −  158 to + 14 of the IFN-β promotor motif, 
were constructed as described in our previous study [41]. 
The Trelief™ 5α Chemically Competent Cell (Tsingke 
Biological Technology, Beijing, China) was used for plas-
mid transformation.

Luciferase reporter assays
The DF-1 or GEF cells were plated in 24-well plates 
(NEST Biotechnology, Wuxi, China) and cultured to 
95–100% confluence; they were then transiently trans-
fected with reporter plasmid pGL-chIFN-β-Luc (0.12 µg/
well) and internal control Renilla luciferase (pRL-TK, 
0.06  µg/well), along with the indicated plasmids, using 
Nulen PlusTrans™ Transfection Reagent (Nulen, Shang-
hai, China). The cells were lysed 24 h after transfection, 
and luciferase activity was detected using the Dual-Lucif-
erase Reporter Assay System (Promega, USA) accord-
ing to the manufacturer’s instructions. Renilla luciferase 
activity was used for normalization. All reporter assays 
were repeated at least three times.

RNA extraction and quantitative real‑time PCR
After the RNA was extracted from GEFs using an HP 
Total RNA kit (Omega, USA), the RNA was reverse-tran-
scribed to cDNA using a cDNA synthesis kit (Vazyme). 
Quantitative real-time PCR (qRT-PCR) tests were con-
ducted using the primers listed in Table  1 and an ABI 

7500 RT-PCR system. The qRT-PCR test was performed 
according to the manufacturer’s instructions using a 
ChamQTM SYBR® qPCR Master Mix (Vazyme). The 
conditions and data processing method for the qRT-PCR 
test were the same as in our previous study [41].

Western blot analysis
The DF-1 cells were plated in 12-well plates at 
1 × 106/1  mL and then transfected with empty plasmids 
or various expression plasmids. After 24 h, the transfected 
cells were washed twice with phosphate buffer saline (PBS) 
(Gibco) and then lysed with a cell lysis buffer (Beyotime, 
Shanghai, China) containing an InStab™ protease cocktail 
(Yeasen, Shanghai, China) and phenylmethylsulfonyl fluo-
ride (PMSF) (Yeasen). The cell lysates were centrifuged at 
13  000  rpm for 15  min to obtain the supernatant, and a 
5 × SDS-PAGE protein loading buffer (Yeasen) was added. 
The lysates were then boiled for 10 min. The proteins iso-
lated from the cell lysates were separated via SDS-PAGE 
and analyzed using a Western blot. Images were obtained 
using the Tanon 5200 imaging system (Tanon, Shanghai, 
China), as described in our previous study [42].

Viral infection
The GEF cells were plated, washed twice with PBS 
(Gibco), and infected at 0.1 multiplicity of infection 
(MOI) with NSD14. The RNA from the cells, which was 
infected with the virus at different times, was then col-
lected for quantitative real-time PCR (qRT-PCR). The 
GoIRF1-overexpressing and normal DF1 cells were 
infected at 0.1 MOI with NDV-GFP or VSV-GFP, and 
fluorescence was measured 24  h after infection using a 
fluorescence microscope.

Statistical analysis
The data were expressed as means ± standard deviations. 
Significance was determined using a two-tailed inde-
pendent Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

Results
Cloning and sequence analysis of GoIRF1
To better understand the role of GoIRF1 in innate immu-
nity in geese, we cloned GoIRF1 and conducted a bioin-
formatics analysis. The open reading frame of GoIRF1 
contains 954  bp and encodes 317 amino acid residues. 
The IRF1 amino acid sequences in chickens (Gallus gal-
lus, NP_990746.1), humans (Homo sapiens, NP_002189.1), 
mice (Mus musculus, CAJ18442.1) and pigs (Sus scrofa, 
NP_001090882.1) are 90.1%, 62.2%, 60.1.4%, and 59.6% 
identical to those in geese, respectively (Figure  1A). The 
protein domains of GoIRF1 were predicted using SMART. 
The results show that there is an IRF domain (DBD) at the 
N-terminal of GoIRF1 (aa 1-114) (Figure 1B). The DBD of 
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IRF1 in geese and mammals is highly conserved. In par-
ticular, the elements (W11, W38, W58, R82, C83, N86, 
S87) that mediate 5′-GAAA-3′ sequence recognition are 
well preserved among different species (Figure 1C).

Phylogenetic tree analyses and the three‑dimensional 
structure of GoIRF1
The amino acid sequence homologies of differ-
ent animals were conducted using MegAlign; the 
results are shown in Figure  2A. A phylogenetic tree 
was developed based on multiple alignments of IRF1 
from various species, including mammals, birds, 
and fish (Figure  2B). The resulting phylogenetic tree 
consists of three major branches. The IRF1 protein 
sequences of geese, chickens (NP_990746.1), and 
ducks (XP_027324327.2) belong to one subgroup. The 
IRF1 of mammals, including cattle (NP_001178190.1), 
sheep (NP_001009751.1), pigs (NP_001090882.1), dogs 
(XP_003639416.3), horses (XP_005599497.1), cats 
(XP_003980801.1), humans (NP_002189.1), monkeys 
(XP_012300198.1), and mice (CAJ18442.1), belongs 
to another subgroup. IRF1 sequences from zebrafish 
(NP_991310.1) belong to a third subgroup. These cat-
egorizations reflect the genetic relationships among 
these species. The predicted three-dimensional struc-
tures of GoIRF1 are shown in Figure 2C.

Upregulation of GoIRF1 expression in response to viral 
infection
In chickens and some mammals, IRF1 is involved in type-I 
IFN-mediated antiviral innate immune response. How-
ever, the role of goose IRF1 in antiviral response remains 
unknown. For the host, upregulating the expression of 
certain immune-related genes is an important strategy in 
infection resistance. To determine whether GoIRF1 could 
induce an antiviral response to infection with NDV, we con-
ducted a preliminary analysis of the expression of GoIRF1, 
of some cytokines, and of the IFN-stimulated genes in GEF 
cells following infection with NDV. The results show that 
the mRNA levels of GoIRF1 were significantly upregulated 
during viral infection (Figure 3A). The mRNA levels of IFNs 
(IFN-α, IFN-κ, IFN-γ, and IFN-λ) (Figures 3B–E), IL6 (Fig-
ure 3F), and IFN-stimulated genes (ISGs) (Mx-1, PKR, and 
OASL) (Figures 3G–I) were significantly upregulated as well. 
These upregulations play a key role in cell resistance to exog-
enous insults.

GoIRF1 involvement in the regulation of IFNs, 
proinflammatory cytokines, and ISGs
IRF1 plays an important role in mammalian antiviral innate 
immunity, but its function in geese is unknown. To inves-
tigate whether GoIRF1 is also involved in the regulation of 
IFN production, DF-1 cells were cotransfected with GoIRF1 

expression plasmids and with chIFN-β luciferase reporter 
plasmids. We found that the overexpression of GoIRF1 in 
DF-1 cells significantly activated the chIFN-β promoter 
(Figure 4A), and this activation is independent of the dosage 
of the transfected GoIRF1 plasmids (Figure 4B). To further 
confirm the role of GoIRF1 in IFN activation, we conducted 
luciferase assays with primary goose embryonic fibroblasts 
(GEFs). This test also shows that the overexpression of 
GoIRF1 in GEFs significantly activated the chIFN-β pro-
moter (Figure 4C). To further explore the effect of GoIRF1 
on the expression of innate immune genes, we conducted 
qRT-PCR tests after we transfected GoIRF1 or an empty 
vector into GEFs. The results show that the mRNA lev-
els of IFNs (IFN-α and IFN-γ), proinflammatory cytokines 
(IL-6 and IL-8), and IFN-stimulated genes (PKR, OASL, 
and Mx-1) increased significantly when GoIRF1 was over-
expressed (Figures 4D–F). In the presence of overexpressed 
GoIRF1, the expression levels of IFN-α, IFN-γ, IL-6, IL-8, 
PKR, OASL, and Mx-1 were 2.0, 10.2, 1.9, 1.6, 2.1, 3.7, and 
6.2 times higher than in the controls (which were transfected 
with an empty vector), respectively. In addition, the overex-
pression of GoIRF1 in GEFs did not induce the upregulation 
of IFN-κ and IFN-λ.

Essential domains of GoIRF1 in IFN activation
The secondary structure predicted by the SMART program 
shows that there is an IRF domain (DBD) at the N-termi-
nal of GoIRF1 (aa 1-114). A series of truncated forms of 
GoIRF1 were generated based on the secondary structure 
of GoIRF1. The ability of these forms to activate the IFN-β 
promoter was measured and compared to that of wild-type 
GoIRF1 using the dual luciferase reporter gene detection 
method (Figures  5A and B). As shown in Figure  5B, the 
deletion of 10 (d1-10 aa) or 50 (d1-50 aa) amino acids at the 
GoIRF1 N-terminal clearly decreased IFN-β promoter activ-
ity. Compared with the wild type, GoIRF1 has a significantly 
reduced ability to activate IFN-β when amino acids 51–114 
are deleted. The deletion of amino acids 120–220 had lit-
tle effect on IFN-β activation by GoIRF1. The C-terminal 
deletion mutants of GoIRF1 (d201-317 aa and d251-317 aa) 
also led to a significant degradation in IFN-β promoter acti-
vation. These results indicate that the first 114 amino acid 
sequences of GoIRF1 contain domains that are pivotal for 
inducing IFN-β promoter activity. In addition, the deletion 
of the C-terminal amino acid of GoIRF1 also led to a signifi-
cant degradation in IFN-β promoter activation.

The in vitro antiviral role of GoIRF1
To test the antiviral effects of GoIRF1, the GoIRF1-over-
expressing and normal DF-1 cells were infected with 
VSV-GFP or NDV-GFP, and fluorescence was measured 
with a fluorescence microscope. The fluorescence inten-
sities of both VSV-GFP and NDV-GFP in the cells that 
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Figure 1  Sequence analysis of GoIRF1. A Alignment of the amino acid sequence of GoIRF1 with IRF1 proteins from humans (NP_002189.1), mice 
(CAJ18442.1), pigs (NP_001090882.1), and chickens (NP_990746.1). The amino acid sequences of different animals were aligned using Clustal W and edited 
with ESPript 3.0. The black shading indicates the identity of the amino acid, and the gray shading indicates similarity (50% threshold). B Protein domains of 
GoIRF1 predicted by SMART. C The elements that mediate 5′-GAAA-3′ sequence recognition in IRF1 are well preserved among different species.
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overexpressed GoIRF1 were significantly lower than 
those in the control cells 14 or 24 h after viral infection 
(Figures  6A and B). This result suggests that GoIRF1 
overexpression in DF-1 cells suppresses VSV-GFP and 
NDV-GFP viral replication. The virus-infected cells were 
then lysed and collected for Western blot analysis. The 
GFP protein expression levels of NDV-GFP and VSV-
GFP in the cells overexpressing GoIRF1 were significantly 
lower than those of the controls (which were transfected 
with an empty vector).

Discussion
Mammalian IRFs play a key role in many aspects of the 
immune response, and IRF1 is a positive mediator of IFN 
induction after PRRs recognize PAMPs [43]. Compared 

with mammals, birds have fewer immune genes, and 
IRF3, one of the most important IFN regulatory factors 
in mammals, is naturally absent in birds [15]. It is widely 
accepted that a closely related IRF7, considered to be the 
major IRF in birds, complements the functions of IRF3, 
and that other IRFs may compensate the function [18, 
20]. It remains to be studied whether IRF3 deletion leads 
to deficiencies in the innate immune system of birds and 
whether IRF1 plays an immune regulatory function in 
IRF3-absent birds. Although the IRF1 of chickens and 
ducks has been shown to be an important regulatory 
factor involved in IFN regulation [35, 36], geese have 
shown more significant advantages in resisting AIV and 
NDV infections [44, 45], and IRF1 as a key IFN regula-
tory factor may be the cause of the difference in disease 

Figure 2  Phylogenetic tree analyses and the three-dimensional structure of GoIRF1. A The amino acid sequence homology of different 
animals. B Phylogenetic tree of vertebrate IRF1. A neighbor-joining phylogenetic tree of vertebrate IRF1 was generated with MegAlign 
software using IRF1 sequences from the following animals: cattle (NP_001178190.1), sheep (NP_001009751.1), pigs (NP_001090882.1), dogs 
(XP_003639416.3), horses (XP_005599497.1), cats (XP_003980801.1), humans (NP_002189.1), monkeys (XP_012300198.1), mice (CAJ18442.1), 
chickens (NP_990746.1), ducks (XP_027324327.2), zebrafish (NP_991310.1), and geese. C Three-dimensional structure of GoIRF1 predicted using 
SWISS-MODEL.
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resistance. A better understanding of the function of 
GoIRF1 may help explain these differences.

First, we cloned GoIRF1 and analyzed the amino acid 
sequences of IRF1 from different animals. The N-termi-
nus of IRF1 in different animals contains a DBD, which 
is highly conserved among different species, while the 
C-terminus has poor homology, which determines the 
uniqueness of its function (Figure  1A). The conserved 
domains predicted by SMART show that there is an IRF 
domain (DBD) at the N-terminal of GoIRF1 (aa 1-114) 
(Figure 1B). Not surprisingly, the DBD of IRF1 in geese 

and mammals is highly conserved. In particular, the 
elements (W11, W38, W58, R82, C83, N86, and S87) 
that mediate 5′-GAAA-3′ sequence recognition are 
well preserved among geese and mammals (Figure 1C). 
These conserved elements allow GoIRF1 to bind to the 
core sequence on the PRD1 of the IFN promoter to reg-
ulate IFN production [27]. The resulting phylogenetic 
tree consists of three major branches (Figures  2A and 
B). The IRF1 protein sequences of geese, ducks, and 
chickens belong to one subgroup. The IRF1 of mam-
mals, including humans, monkeys, mice, cats, horses, 

Figure 3  Upregulation of GoIRF1, IFNs, IL-6, and ISGs expression in response to viral infection. A Upregulation of goose IRF1 in GEFs 
infected with NDV at 0.1 MOI. B–E Upregulation of IFNs (IFN-α, IFN-κ, IFN-γ, and IFN-λ) in GEFs infected with NDV at 0.1 MOI. F Upregulation of IL-6 
in GEFs infected with NDV at 0.1 MOI. G–I Upregulation of ISGs (Mx-1, PKR, and OASL) in GEFs infected with NDV at 0.1 MOI. Error bars represent 
standard deviations.
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dogs, cattle, sheep, and pigs, belong to another sub-
group. IRF1 sequences from zebrafish belong to a third 
subgroup. These results reflect the genetic relationships 
among these species. The predicted three-dimensional 
structures of GoIRF1 are shown in Figure 2C.

IRF1 was initially identified as a positive regulator that 
directly binds to the promoter of type I IFN genes, but 
subsequent studies have found that the absence of IRF1 
in mice does not affect the induction of IFN-β [46]. 
Whether IRF1 is a necessary IFN regulatory factor was 
once in controversy. With the deepening of innate immu-
nity research, IRF1 was found to interact with MyD88 
to control the production of TLR9-dependent IFN-β 
in mouse myeloid dendritic cells [47]. IRF1 also plays a 

positive regulatory role in the innate immune response 
to viral infection by enhancing the phosphorylation 
of IRF3 and the production of types I and III IFN trig-
gered by viral infection [48]. For the host, upregulat-
ing the expression of certain immune-related genes is a 
required strategy in infection resistance. Mammalian 
IRF1 is upregulated by viral stimulation and resists viral 
infection by regulating IFNs and ISGs [48]. A qRT-PCR 
test shows that GoIRF1 mRNA was significantly upreg-
ulated in GEFs infected with NDV. Some key cytokines 
and ISGs that resist viral infection are also significantly 
upregulated, showing the same expression trend as IRF1. 
These results indicate that GoIRF1 may be involved in 
the regulation of antiviral innate immunity in geese. 

Figure 4  Goose IRF1 is involved in the regulation of IFNs, proinflammatory cytokines, and ISGs. A DF-1 cells were cotransfected with 
chIFN-β luciferase reporter plasmids (pRL-TK and pGL-chIFN-β-Luc) and with pcDNA3.1-Flag or pcDNA3.1-GoIRF1-Flag. Luciferase assays 
were performed 24 h after cotransfection. B GoIRF1 dose-independently induced IFN-β induction. C GEFs were cotransfected with chIFN-β 
luciferase reporter plasmids and with pcDNA3.1-Flag or pcDNA3.1-GoIRF1-Flag. Luciferase assays were performed 24 h after cotransfection. D 
Endogenous mRNA levels of goose IFNs (IFN-α, IFN-κ, IFN-γ, and IFN-λ) after stimulation with GoIRF1 or an empty vector. E Relative mRNA levels of 
proinflammatory cytokines (IL-6 and IL-8) after transfection with GoIRF1 or an empty vector. F Relative mRNA levels of ISGs (PKR, OASL, and Mx-1) 
after transfection with GoIRF1 or an empty vector. Error bars represent standard deviations. The difference between the experimental and control 
groups was *p < 0.05, **p < 0.01 or ***p < 0.001.
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In cell experiments, we found that the overexpression 
of GoIRF1 in GEFs or DF-1 cells strongly induced the 
expression of chIFN-β, and this induction is independ-
ent of the amount of GoIRF1 plasmid transfected (Fig-
ures  4A–C). Other types of IFNs, including IFN-α and 
IFN-γ, were also activated by GoIRF1 overexpression, 
while IFN-κ and IFN-λ were not upregulated (Figure 4D). 
In addition, the overexpression of GoIRF1 in GEF cells 
significantly upregulated the expression of several pro-
inflammatory cytokines (IL-6 and IL-8) and IFN-stim-
ulated genes (PKR, OASL, and Mx-1) (Figures  4E and 
F). Our results indicate that GoIRF1 positively regulates 
the expression of IFNs, proinflammatory cytokines, and 
ISGs.

To identify the domain of GoIRF1 that is indispen-
sable to IFN induction, a series of truncated forms of 
GoIRF1 were generated, and their abilities to induce 
IFN-β promoter activity were compared (Figure  5). 
The deletion of different fragments of the IRF domain 
(d1-10 aa, d1-50 aa, and d51-114 aa) leads to the loss 
of its function of activating IFN-β. These mutated IRF1 
may be due to its inability to recognize the 5′-GAAA-
3′ core sequence on the IFN-β promoter, leading to the 
loss of its function, which indicates that the complete 
DBD is necessary for GoIRF1 to activate IFN-β. The 
deletion of amino acid fragments of different sizes at 

the C-terminus of GoIRF1 also results in a significant 
decrease in its ability to activate the IFN-β promoter. 
In contrast, the deletion of amino acids 120–220 has 
little effect on the activation of the IFN-β promoter 
by GoIRF1. Our previous studies on the indispensable 
domains of chicken IRF1 to activate IFN also showed 
the same characteristics [35].

IRF1 plays an important role in the antiviral innate 
immunity of mammals, but the research on its antivi-
ral function in birds is incomplete. In particular, the 
antiviral function of goose IRF1 is unknown. To further 
verify the immunomodulatory and antiviral activities 
of GoIRF1, we conducted a series of experiments to 
explore the effect of GoIRF1 on virus replication. The 
results suggest that GoIRF1 overexpression in DF-1 
cells significantly suppresses the viral replication of 
VSV-GFP and NDV-GFP (Figure 6).

In brief, our results show that GoIRF1 is an important 
regulator of IFNs, proinflammatory cytokines, and ISGs 
and is involved in goose antiviral innate immunity. Our 
findings contribute to a more systematic understanding 
of the innate immune system of geese and could help 
explain the differences in the resistance of different 
birds to viral infection. Our results also provide refer-
ence data about the general and individual characteris-
tics of innate immunity in birds and mammals.

Figure 5  GoIRF1 domains that are essential to IFN-β promoter activity. A Schematic structure of GoIRF1 mutants. B The effects of GoIRF1 
truncated mutants on IFN-β promoter activity. Error bars represent standard deviations. The difference between the experimental and control 
groups was ***p < 0.001.
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