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Abstract

The Okinawa rail is endemic to Okinawa Island and is categorized as an endangered ani-
mal. In this study, we focused on innate immunity because it is the first line of host defense.
In particular, signals recognizing foreign RNA (e.qg., viruses) are important for host defense
because they activate the host immune system. The retinoic acid-inducible gene | (RIG-/)-
like receptor (RLR) families (RIG-I, MDA5, and LGP2) are sensors that activate innate
immunity. Therefore, we analyzed these functions in the Okinawa rail using genomic and
cellular analyses of fibroblasts. Fibroblasts can be obtained from dead individuals, allowing
these cells to be obtained from dead individuals, which is particularly useful for endangered
species. The MDAS5 gene of Okinawa rail was sequenced using the Sanger method follow-
ing PCR amplification and extraction of the amplified sequence from agarose gel. Addition-
ally, mRNA expression analysis of cultured fibroblasts exposed to poly I:C was done. The
MDAS5 gene was found to be a mutated nonfunctional gene in the Okinawa rail. The mRNA
expression rates of inflammatory cytokine genes type | IFN, and Mx1 were slower in Oki-
nawa rail than in chicken cultured fibroblasts. Similar to the mRNA expression results, cell
number and live cell ratio also slowly decreased in the Okinawa rail compared with chicken
cultured fibroblasts, indicating that the innate immune reaction differs between chicken and
the Okinawa rail. To the best of our knowledge, this is the first experimental evaluation of the
loss of function of the Okinawa rail innate immune genes. In conclusion, our results provide
a basis for conservation strategies for the endangered Okinawa rail.

Introduction

The Okinawa rail (Hypotaenidia okinawae) is endemic to northern Okinawa Island [1]. The
Okinawa rail is categorized as endangered (EN) in the IUCN Red List because its individual
numbers are estimated to be approximately 1500 [2]. The Ministry of Environment of Japan
lists traffic accidents, habitat destruction, and negative influences by introduced species as risk
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factors for the reduction in the number of Okinawa rails. Therefore, the Ministry of Environ-
ment of Japan and non-profit organizations (NPO) are trying to reduce the risk of extinction
and conserve the Okinawa rail. In addition to these risks, infectious diseases also need to be
considered as risk factors that would dramatically reduce the number of Okinawa rails, consid-
ering that more than 400,000 non-poultry birds, such as wild birds, have died of infectious
avian influenza virus between 2021 and 2022 worldwide [3]. Information on the risk of infec-
tious disease in Okinawa rails would benefit their conservation, but this information is quite
limited owing to their endangered status.

The innate immune system plays a critical role in host defense in vertebrates, including
avians [4]. Members of the retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) families
(RIG-I, MDAS5, and LGP2) are present in the cytoplasm, and RIG-I and MDA5 are important
sensors for recognizing virus [5-8]. The innate and adaptive immune systems are activated by
RLR-derived signals; therefore, their recognition function plays a critical role in host defense
in avians [4]. In avians, species differences are found in recognition systems of RLR families
[4,9,10]. For example, the recognition system of RLR families is different between chickens
and ducks: chickens lack the RIG-I gene, whereas ducks have this gene [4,9,11]. An immune
cell would be the first choice to analyze the RLR function, but the barrier of sampling is high
because we basically obtained it from live individuals. In contrast to immune cells, fibroblasts
can be obtained from dead individuals, and therefore endangered species-derived fibroblasts
can be obtained without sacrificing individuals. RLR genes are expressed in mammals and
avian fibroblasts; therefore, many studies have been conducted using fibroblasts to analyze the
function of RLR family genes [7,9]. In chickens, duck RIG-I-transfected chicken cells (DF-1)
can recognize the RIG-I ligand and induce the expression of antiviral genes, including chicken
IFN-f and MX1, whereas HPAIV titers are significantly reduced [9,12]. This could contribute
to the higher resistance of ducks to HPAIV infections. Recently, Lee et al. reported using tar-
geted knockout of chMDAS5 in chicken DF-1 cells in which the loss of chMDA5 impaired
innate immune responses against RNA ligands [13]. Therefore, MDAS5 is a major sensor for
the activation of innate immune responses in chickens. Based on these results, cultured fibro-
blasts could be useful for analyzing the function of the innate immune system. Thus, we pre-
dicted that the host defense response of the Okinawa rail could be evaluated by analyzing the
cellular response to the stimulation of RLR family genes in cultured cells.

Here, we compared the RLR function of the Okinawa rail with that of chicken to evaluate
the host defense response of the Okinawa rail through the innate immune response in cultured
fibroblasts. We accessed the publicly available draft genome sequence of the Okinawa rail to
obtain its genomic information. Subsequently, the MDA5 gene was obtained using the Sanger
method after PCR amplification and extraction of the amplified sequence from agarose gel.
We further exposed cultured fibroblasts to poly I:C for stimulation of the host RLR [5,9,14,15].
After poly I:C exposure, we analyzed the mRNA expression (of the RLR family and down-
stream genes), cell growth, live cell ratio, and apoptotic cell ratio in Okinawa rail cells.

Materials and methods
Animal cells

Chicken fibroblasts were obtained from muscle tissue in a previous study [16]. These fibro-
blasts were preserved in a liquid nitrogen tank until use. Embryonic muscle-derived fibroblasts
were obtained from a domestic duck purchased from a farm (Amatake-Tanohatamura Co.,
Inc. Tanohata village, Iwate, Japan). Fibroblast cells from the Okinawa rail and whooper swans
were obtained from dead animals, such as those killed by vehicles; thus, approval was not
required to obtain these samples.
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The details described below exclude the exact sampling locations to protect the animals
against poaching. All records are available at the National Institute for Environmental Science
(NIES).

A dead Okinawa rail was found on May 27, 2005, by the Okinawa Wildlife Federation, a
non-profit organization that focuses on the conservation of wild animals in the Okinawa area
of the southwest region of Japan. The organization has permission from the Japanese Ministry
of the Environment (MOE) to handle and perform first-aid activities on endangered animals.
Dead birds were transferred to the National Institute for Environmental Studies (NIES) the
following day, and cultured fibroblasts were obtained from their muscle tissue and skin (NIES
ID:74A). In this study, skin-derived fibroblasts were used.

Dead whooper swans were found by residents on March 10, 2018, in Morioka City, Iwate
Prefecture. They were collected by the staff of Iwate Prefecture and transferred the following
day to the NIES. Cultured fibroblasts were obtained from muscle tissue and skin of dead birds
(NIES ID:5137A). Skin-derived fibroblasts were used.

Cell culture

We used KAv-1 medium to obtain and culture chicken, Okinawa rail, domestic duck, and
whooper swan fibroblasts. KAv-1 is based on o-MEM and contains 5% FBS (SH30396.03;
Cytiva, Marlborough, MA, USA), 5% chicken serum (16110082; Thermo Fisher, Waltham, MA,
USA), 0.1% D-glucose (041-00595; FUJIFILM Wako Pure Chemical Industries, Osaka, Japan),
0.4 mM calcium chloride, 10 mM EPPS (348-03192; FUJIFILM Wako Pure Chemical Indus-
tries), 0.11% sodium carbonate (199-01585; FUJIFILM Wako Pure Chemical Industries),

55 uM 2-mercaptoethanol (21985-023; Thermo Fisher, Waltham, MA, USA), and 1% penicil-
lin-streptomycin-amphotericin B suspension (x100) (Antibiotic-Antimycotic Solution) (161-
23181; FUJIFILM Wako Pure Chemical Industries). Cells were cultured at 37°C in 5% CO.,.

Staining of F-actin

Chicken muscle-derived, Okinawa rail muscle-derived, and chicken embryonic fibroblasts
were seeded in 12-well cell culture plates for immunological staining. After 48 h of incubation,
F-actin staining was performed using Alexa Fluor 568 phalloidin (A12380; Thermo Fisher Sci-
entific) according to the manufacturer’s protocol. The samples were counterstained with Cell-
stain-DAPI solution (DOJINDO). Chicken embryonic fibroblasts were obtained from a
primary culture of chicken embryonic tissue provided by Prof. Atsushi Tajima, Tsukuba
University.

Exposure to poly I:C

After preculture for 48 h, fibroblasts were exposed to 5 pg/mL or 50 ug/mL of poly I:C (polyi-
nosinic-polycytidylic acid sodium salt) (4287/10; R&D Systems, Minneapolis, MN, USA). Poly
I:C is a mixture of long and short reagents. During preculture and poly I:C exposure, the cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 043-30085; FUJIFILM Wako
Pure Chemical Industries) containing 10% FBS (SH30396.03; Cytiva) and 1% penicillin-strep-
tomycin-amphotericin B suspension (x100) (Antibiotic-Antimycotic Solution) (161-23181;
FUJIFILM Wako Pure Chemical Industries). Cells were cultured at 37°C in 5% CO,.

RNA extraction and quantitative real-time polymerase chain reaction (PCR)

Total RNA was extracted from the cultured cells using NucleoSpin® RNA (740955.50;
MACHEREY-NAGEL, Diiren, Germany). After measuring the concentration of total RNA
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from cultured cells, we synthesized complementary DNA (cDNA) from the total RNA. cDNA
was synthesized using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time)
(RR047A; Takara Bio, Shiga, Japan). Quantitative real-time PCR was performed in 12.5 uL
reaction mixture containing 2xKOD SYBR® qPCR Mix (QKD-201; TOYOBO, Osaka,
Japan), 12.5 ng of cDNA, 0.5 pL of Rox, 0.3 uM of each primer, and DW (added up to
12.5 pL), using the Applied Biosystems 7300 system (Thermo Fisher Scientific). The primer
sequences are shown in S1-54 Tables. The cycling conditions were 98°C for 2 min (initial
denature), 98°C for 10 s (denature), 58°C for 10 s (annealing), and 68°C for 32 s (extension at)
for 45 cycles. The expression levels of the target genes were normalized with those of GAPDH.
We searched the sequence information of chicken, swan, and domestic duck from the
NCBI database (https://www.ncbi.nlm.nih.gov/gene/?term=) and used Oligo7 (Molecular
Biology Insight, Vondelpark Colorado Springs, CO, USA) to design the primers for real-time
PCR. We confirmed that the designed primers did not amplify non-target sequences with
primer blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). During this search, we used
the Refseq mRNA as a database, and selected chicken (taxid:9031), domestic duck
(taxid:8839), or black swan (taxid:8868) as an organism. Below 400bp amplificated non-target
sequence did not find. We consider that our designed primers specifically amplified the target
sequence with real-time PCR because the maximum size of the PCR product is around 150 bp.
In addition to chicken, swan, and domestic duck primers, we designed the primers for real-
time PCR of Okinawa rail targets. To design the primers for Okinawa rail, we tried to obtain
the RIG-I, MDAS5, LGP2, IL6, IL1beta, IFN-beta, Mx1, TLR3, and GAPDH sequences. To
obtain those Okinawa rail sequences, we searched the Okinawa rail draft sequence (Gallirallu-
s_okinawae_ver1.0 GenBank assembly [GCA_002003005.1] (https://www.ncbi.nlm.nih.gov/
assembly/GCA_002003005.1)) using blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE _
TYPE=BlastSearch&PROG_DEF=blastn&BLAST_SPEC=Assembly&UID=19747853). We
used the chicken mRNA sequence as a query, except for RIG-I because there is no chicken
ortholog. Therefore, we used the duck RIG-I sequence as the query and designed the primers
for the Okinawa rail sequences using Oligo7 (Molecular Biology Insight). We confirmed that
the designed primers did not amplify non-target sequences using primer blast (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/). However, we could not select the Okinawa rail mRNA
and therefore used the Okinawa rail genome database (genomic/547194/GCA_002003005.1).
No amplified product without the target sequence was observed below 400 bp. Therefore, our
designed primers specifically amplified the target sequence with real-time PCR.

Sequencing of amplified MDA5 products from chicken and Okinawa rail

The amplified MDAS5 products from chicken and Okinawa rail were sequenced after real-time
PCR. First, we collected the chicken and Okinawa rail total RNA after exposure to 0 pg/mL or
50 ug/mL of poly I:C for 24 h using an RNA extraction kit (NucleoSpin® RNA). Next, we syn-
thesized cDNA using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time)
(RR047A; Takara Bio, Shiga, Japan). For cDNA synthesis, we prepared the reverse transcrip-
tase plus (RT (+)) and reverse transcriptase minus (RT (-)). To amplify the cDNA, we used the
KOD SYBR® qPCR Mix; the detailed protocol is described in the above section. After amplifi-
cation, we performed electrophoresis of the amplified MDAS5 products from chicken and Oki-
nawa rail in a 2% agarose gel. After staining with GelGreen (41005; Biotium, Inc., Fremont,
CA), the amplified products of 132 bp (chicken) and 82 bp (Okinawa rail) were extracted
because these were the predicted MDA5 targets. The amplified sequences were extracted with
NucleoSpin® Gel and PCR Clean-up (740609.50; MACHERY-NAGEL). After those extrac-
tions, we stained extracted sequence using BigDye™ Terminator v3.1 Cycle Sequencing Kit
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(4337457; ThermoFisher) with forward or reverse primers of MDAS. After staining, the sam-
ples were sequenced using the Sanger method. We compared the sequences obtained with
chicken and Okinawa rail MDAS5 sequences using t-coffee (https://tcoffee.crg.eu).

Quantitative real-time PCR with fluorescence probe

We designed the primers and probe to analyze the MDAS5 gene expression of chicken and Oki-
nawa rail cultured fibroblasts. To design the primers and probe, we used the common
sequence between the chicken and Okinawa rail MDAS5. We also designed the primers and
probe for GAPDH. Designed primers and probe information are shown in S5 Table. cDNA
was synthesized with the PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time).
Quantitative real-time PCR was performed using 1x THUNDERBIRD Probe qPCR Mix
(QPS-101; TOYOBO), 0.3 uM of each primer, 0.2 uM of probe, and 1x Rox. Fifty cycle of 95°C
for 60 s (initial denaturation), 95°C for 15 s (denaturation), and 50°C (MDAS5) or 55 °C
(GAPDH) 60 s (annealing and extension) were used. The expression levels of the target genes
were normalized to those of GAPDH.

Direct sequencing of Okinawa rail MDAS5 using the Sanger method

First, we collected the Okinawa rail total RNA after exposure to 50 pg/mL of poly I:C for 24 h
using an RNA extraction kit (NucleoSpin® RNA). Next, we synthesized cDNA using the Pri-
meScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time) (RR047A; Takara Bio, Shiga,
Japan). We designed the primers using the candidate sequence of Okinawa rail MDAS5 genes
from the draft genome (S3 Fig) to amplify the MDAS5 gene. Designed-primer information is
shown in S6 Table. To amplify the Okinawa rail cDNA of MDAS5, we used the PrimeSTAR®)
Max DNA Polymerase (R045A; Takara Bio, Shiga, Japan) or KOD FX Neo (KFX-201;
TOYOBO, Osaka, Japan). While using the PrimeSTAR, the first shot PCR was performed in
0.5-uL template cDNA, 12.5-uL reaction mixture containing 2xPrimeSTAR Max Premix, 0.3-
uM of each primer, and DW (added up to 25 pL). The cycling conditions were 94°C for 2 min
(initial denaturation), 98°C for 10 s (denaturation), 56°C for 10 s (annealing), and 72°C for 60
s (extension) for 45 cycles. Next, the nested PCR was performed in 5 pL of diluted first shot
PCR product (which was 1 pL PCR product diluted with 49 uL DW), 12.5 uL of reaction mix-
ture containing 2xPrimeSTAR Max Premix, 0.3 uM of each primer, and DW (added to make
up the volume to 25 pL). The cycling conditions were 94°C for 2 min (initial denature), 98°C
for 10 s (denature), 56°C for 10 s (annealing), and 72°C for 60 s (extension) for 45 cycles.
While using the KOD FX Neo, the first shot PCR was performed in 4-uL template cDNA,
12.5-uL reaction mixture containing 2xPCR buffer for KOD FX Neo, 0.3-uM of each primer,
0.4-mM dNTPs, and DW (added up to 25 pL). The cycling conditions were 94°C for 2 min
(initial denaturation), 98°C for 10 s (denaturation), 51°C for 30 s (annealing), and 68°C for 75
s (extension) for 50 cycles. Next, the nested PCR was performed in 5 uL of diluted first shot
PCR product (which was 1 uL PCR product diluted with 49 uL. DW), 12.5 pL of reaction mix-
ture containing 2xPCR buffer for KOD FX Neo, 0.3 uM of each primer, 0.4 mM of dNTPs,
and DW (added up to make up the volume to 25 pL). The cycling conditions were 94°C for 2
min (initial denature), 98°C for 10 s (denature), 56°C for 30 s (annealing), and 68°C for 60 s
(extension) for 45 cycles.

We performed electrophoresis of the amplified MDAS5 products from Okinawa rail in a 2-%
agarose gel. After staining with GelGreen (41005; Biotium, Inc., Fremont, CA), the amplified
products were extracted. The amplified sequences were extracted with NucleoSpin® Gel and
PCR Clean-up (740609.50; MACHERY-NAGEL). Thereafter, we stained the extracted
sequence using BigDye™ Terminator v3.1 Cycle Sequencing Kit (4337457; ThermoFisher) with
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forward or reverse primers of MDAS5. After staining, the samples were sequenced using the Sanger
method. We compared the sequences obtained with chicken and Okinawa rail MDA5 sequences
using Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and t-coffee (https://tcoffee.crg.eu).

Analysis of apoptosis
The chicken and Okinawa rail cells were trypsinized and collected after 48 h of poly I:C expo-
sure. The collected cells were suspended and stained using the Muse@® Annexin V & Dead

Cell Kit (MCH100105; Luminex Corporation, Austin, Texas, USA). The stained cells were ana-
lyzed using a Muse Cell Analyzer (0500-3115, Luminex Corporation, Austin, Texas, USA).

Genomic information

To obtain target Okinawa rail genes (such as RIG-I and LGP2), we searched the Okinawa rail
draft sequence (Gallirallus_okinawae_ver1.0 GenBank assembly [GCA_002003005.1] (https://
www.ncbi.nlm.nih.gov/assembly/GCA_002003005.1)) using blastn (https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PAGE_TYPE=BlastSearch&PROG_DEF=blastn&BLAST_SPEC=
Assembly&UID=19747853). We used the chicken mRNA sequence as query, except for RIG-I,
because the RIG-I ortholog is absent in chicken. Therefore, we used the duck RIG-I sequence
as query.

Statistical analysis

First, we tested the normality of our dataset using the chi-square test for goodness of fit. Some
data did not show a normal distribution (S7 Table). Therefore, we employed a unified non-
parametric analysis for this study as it is not contingent on normal distribution of the data. To
compare the three groups, we used the steal-Dwass test, which is a non-parametric version of
the Tukey-Kramer test (Figs 3A, 3B, 5C, 7A, 7B, 10A and 10B). As shown in Fig 9C and 9D,
the Mann-Whitney U test is used to compare the two groups, which is also a non-parametric
analysis. Significant statistical differences are indicated by *(P<0.05). We used the statistical
analysis software Statcel3 to perform the analyses (Statcel-the Useful Addin Forms on Excel-
3rd ed., OMS Publishing, Higashi-Kurume, Tokyo, Japan).

Results

Sequence alignment of the RLR family genes (RIG-I, MDAS5, and LGP2)
between Okinawa rail and chicken or duck

The RLR family recognizes viruses such as influenza. Therefore, we explored the RLR family
genes (RIG-I, MDA5, and LGP2) from the draft genome of the Okinawa rail. Our research
group has completed the sequencing of the entire genome of the Okinawa rail, and this infor-
mation has been made available to the public at the DNA databank of Japan (DDB]), however,
gene annotation has not yet been conducted (https://www.ncbi.nlm.nih.gov/genome/?term=
okinawa+rail). In this study, we performed a BLAST search for the RLR family mRNA using
chicken LGP2, chicken MDAS5, and duck RIG-I. We obtained almost full-length sequences of
Okinawa rail RIG-I and LGP2 (Fig 1A and 1B), however, hit sequences of the Okinawa rail
MDAS5 were partial-length sequences (Fig 1C and 1D). Next, we searched for three sequences
(TGA, TAA, and TAG) in the candidate sequence of Okinawa rail MDAS5, as these sequences
could act as stop codons. In the candidate sequence of Okinawa rail MDAS5, a large number of
the three sequences (TGA, TAA, and TAG) were present (TGA: 51, TAA: 33, and TAG: 12)
(Fig 2A and 2B). We hypothesized that MDA5 might be a mutated nonfunctional gene in the
Okinawa rail.
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Fig 1. Hit sequences of chicken LGP2, MDAS5, and duck RIG-I in Okinawa rail draft genome sequence using blastn. a: Graphical
summary of hit sequences of duck RIG-I in the Okinawa rail draft genome sequence. b: Graphical summary of hit sequences of chicken
LGP2 in the Okinawa rail draft genome sequence. c: Graphical summary of hit sequences of chicken MDAS5 in the Okinawa rail draft
genome sequence. d: Amino acid structure of chicken MDA5 and mapping of hit sequences of chicken MDA5 in Okinawa rail draft
genome sequence to chicken MDA5 coding sequence.
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Changes in the RLR family (RIG-I, MDA5, and LGP2) gene expression
induced by poly I:C exposure in cultured chicken, Okinawa rail, domestic
duck, and whooper swan fibroblasts

As shown in Figs 1 and 2, Okinawa rail MDAS5 might be a mutated nonfunctional gene based
on the sequence information. To test this hypothesis, we determined the chicken and Okinawa
rail RLR family (RIG-I, MDAS5, and LGP2) gene expression levels in cultured fibroblasts after
stimulation of RLRs. We used chicken muscle-derived and Okinawa rail skin-derived fibro-
blasts. We first confirmed that the cytoskeleton was similar between chicken muscle-derived
and Okinawa rail skin-derived fibroblasts (S1 Fig). Therefore, we considered that the chicken
and Okinawa rail cultured fibroblasts had similar characteristics. In chickens, the RIG-I gene is
not present; therefore, we performed quantitative PCR of RIG-I in Okinawa rail [4,9,11]. We
analyzed the mRNA expression of the chicken and Okinawa rail RLR family genes after expo-
sure to 5 ug/mL and 50 ug/mL poly I:C for 24 h. In chicken, MDA5 and LGP2 mRNA levels
were significantly increased with exposure to 5 pg/mL and 50 pug/mL poly I:C compared with

0 pg/mL poly I:C (Fig 3A). In Okinawa rail, RIG-I and LGP2 mRNA levels significantly
increased with exposure to 5 pg/mL and 50 pg/mL poly I:C, whereas MDA5 mRNA expression
was not influenced by exposure to poly I:C (Fig 3B). These results indicate that there are spe-
cies differences in the response of MDA5 between chicken and Okinawa rail. Particularly, Oki-
nawa rail MDAS5 expression did not increase with stimulation with poly I.C; therefore, this
gene lost its function in Okinawa rail during its evolution. This result is consistent with our
hypothesis.

In addition to dose-dependent analysis with poly I:C, we also analyzed time-course analysis
with poly I:C exposure. In the chicken, MDA5 and LGP2 mRNA levels increased after 50 pg/
mL poly I:C exposure (Fig 3C). In Okinawa rail, although RIG-I and LGP2 mRNA levels
increased after 50 ug/mL poly I:C exposure, MDA5 mRNA levels remained constant (Fig 3C).

PLOS ONE | https://doi.org/10.1371/journal.pone.0290436  August 22, 2023 7122


https://doi.org/10.1371/journal.pone.0290436.g001
https://doi.org/10.1371/journal.pone.0290436

PLOS ONE Cultured fibroblasts of the Okinawa rail present delayed innate immune response compared to that of chicken

a RID: 3DSSN23U13

Job Title:Nucleotide Sequence

Program: BLASTN
Query: None I

tetjo

uery_19851(dna) Length: 3006

Database: genomic/547194/GCA_002003005.1

Sequences producing significant alignments:

Description

Gallirallus okinawae DNA, scaffol
Gallirallus okinawae DNA, scaffol

Scientific Common Max Total Query E Per. Acc.
Name Taxid Score Score cover Value Ident Len Accession
Gaok_36002, whole genome. 0 259 1476 48% 3e-66 87.39 20277 BDFHO1036002.1
Gaok_43297, whole genome. [ 70.7 70.7 2% 3e-09 81.69 3156 BDFHO1043297.1

Alignments:
Query 788 TAGGAGATGCAAGTGTCAGTAACTCGAACGAAAACCTGGGACAGAGCAGCACGACCAGTGATTCAGGTGAAGATGAAGCAG-AGGGCAGAGCTTCACCTGAGCCAGATCTCACCCTGAGAGAT TACCAGATGGAAGTTGCAAAACCAGCA
BDFH01036002.1 13893 GATGAAGATGGAGAGCAGAGCTTCACCTGAGCCAGATCTGATCCTGAGTGAT TGCCAGATGGAAGTTGCAAAGCCAGCA
1 17168 T TGTCAGTAATTTGAATGAAAACTTGGGACAGAGCTGCACAACCAGTGATTCAGGT

uery 937 CTGAATGGGGAGAATATTATAATATGTCTCCCTACAGGCAGTGGCAAAACCAGAGTGGCTGTTTACATTACCAAAGATCACT ATCAGAGC TATAGTACTTGTT-AATAAGGTACCGTTAGT
BDFH01036002.1 12840 AGGTACCACTGGT
BDFH01036002.1 13813 CTGAAT-GGGATAACATTATAATATGTCTCCCTACAGGCAGTGG-TAAACCAGAGTGGCTATTTACATTACCAAAGATCACTTGGATAAGAAGAARAGAGCATCAGAGTCTG-~~TAGTTACTATACTTGTTAAATAAGGTA

Query 1086  GGAACAGCATTTACGAAAGGAGTTTAATCCATTCCTGAAACGCTGGTATCAAGTTATTGGCTTAAGTGGTGATTCTGAGCTGAAAATCTCGTTTCCTGAAGTTGTCAAAAGAT-ATGATGTCATCATCTGTACAGCACAGATCCTGGAGA
BDFHO1036002.1 12827 ATAACAGCATTTCCAAAAGGAGTTTAATCAATTCCTGAAGCATCAGTATCAGGTTATTGGTTTAAGTGGTGATTCTCAACTGAAAATCTAATTTCCTGAAGT TGTC--AGGATGATGTTGTCATCATCCATA-AGCACATATCCTTGAGA

1235  ATTCACTGCTAAATGCAACTGAAGAAGATGAAAGTGTCCGCTTGTCAGATTTTTCACTCATCATTAT .CATCACACTC, “TTACAACAATATCATGCGACGttacttaaaagaaaagatcaaGAACAGAA

BDFHO1036002.1 12680 ATTCATTGTTAAACGCAGCCAAAGAAGATGAAGGTGTCCAGTTATCAG

BDFH01043297.1 1553 CAGATTTCTCACTGCTGGTGATAGATGAGTGCCACCACACGCACAAGGAAGCTGTCTACAACARAATCATG

Query 1385 AGCAGGCAAAAGAGAACAAACCTTTGATTCCACAGCCGCAGATTCTGGGACTTACAGCCTCACCTGGAGTTGGAGGTGCAAGATCCAACTCARAAGCTGAAGAACATATTCTGAARATCTGTGCCAATCTTGATGCATGCAGAATCATGA
Query 1535 CTGTTAAAGAGCATGCATCCCAACTGAAGAATCAGGTGAAGGAACCATTTAAGAAGACTGTGATTGCAGATGAC, \TTATTGAGATCATGCAAGATATTCAAARATATTGCCAGCTCTATCCAA
BDFH01036002.1 9854 A TCATTTAGAGAGAGAATAACTOAGATCACGACAGATATTCAAACCTATTGCCACEACLLTTCAR
Query 1685  AATCTGAGTTTGGATCTCAGCCATATGAACAGTGGGTGAT AAGGAACG-TGTCTGTGCAGAACACTTGAAGAAATATAATGATGCTCTGCAAATTAATGATACCATTCGAATG
BDFH01036002.1 9786  AATCTGAGTTTGGAATGCAGCCATATGAACAGTGGGTGATTAGAGAAGAAAGAAAAG

BDFH01036002.1 9641 CTGCAAAAGAAARARAAAGACATCAACCATGTCTGTGCAGAACACTTAAAGAA

Query 1834  GTTGATGCATACAATCACCTAAATAACTTTTATAAGGAGC ATTAGTATCAAAAC AGATGAATTTTTAATGCGTTTATTTcatg :aaaaaagaaacaa
BDFH01036002.1 7507 CATAAAAGARACAG
BDFH01036002.1 9593 AAGAAGCAAGAAGACAGTTAGGAGTGATGATGATGACAAACCAGCACTATCAAACCAGGATGAAACAGATTAATTTCTAATAGGTTTATTTCATG

Query 1984 ctgaaagaGTTGGCTAGAAAACCAGAATATGACAATGAGAAGCTAATGAAGCTCCGGAATACT TTAATGGAAGAGT TCACAAAGACTGAAGAACCTAGAGGGATTATT TTCACGAAGACTCGACAAAGTGCCTTAGCTTTATACCACTGG
BDFHO1036002.1 7493  CTGAAAGAGTTGGCTGGAAAGTCAGAATATGA-AATGAGGAGCTAATACAGTTGCAAAACACA--AATGGAGGAGTTCACAAAAACTGAGGAACCTGGATGAATTATTTTCACGAAGACTTGGCTGAGTGCCGTTGCTCTATTCCAGTGG
uery 2134 ATTATGGATAATCCAAAATTTGAAGAAGTGGGAATCAAAGCTCATTTTCTTATTGGTGCTGGACACAATAGTGAAACTAAACCTATGACTCAGAATGAGCAAAGGGAAGT CATTGATAAATTCCGAGGTGGAAGTATAAATTTACTTATT
BDFHO1036002.1 7346  AATAAAGATAACCCAAAATGTGAAGAAATGGTAATTAAGGCCCATTATTTTATCAGTGCTGGACATAACAGTGAAGTTCAACCCATGGCTCAGA

BDFHO1036002.1 5891 CAGAATGAGCAAAGGGAAGTGACTGATAAATTCCAAGGCGGAA-TGTATATTTACTTATT
Query 2284 GCTACT-ACTGTAGCTGAGGAAGGCCTAGACATCAAAGAGTGTAACATTGTTATTCGCTATGGTCTGGTCACCAATGAAATTGCTATGGTGCAGGCCCGGGGTCGAGCTCGAGCTGATGAGAGCACTTATGCACTTGTGGCTTCAAGTGG
BDFH01036002.1 5061 TGCAGGCTCGCAGTTGAGTTCAAGATGATGAGAGCACCTATGCAGTTGTGGCTTTGAGTGG
BDFHO1036002.1 5832 GCTACTTAAAGTAGCTGAGGAAGGCCTATACATCAAAGAGTGTAATGTCATTATTCACTATGGCCTTGTGAGCAACAAAATTACTGTGATGCA

Query 433 CTCAGGAGCTGTTGAACGTGaagatgtaaatattttccGTGAAAATATGATGTATAAGGCCATTCGACGTGTCCAAGAGATGCCGCCAGAAGAGTATTTAAATAAGATTCAGGACTTCCAGTTGCAAAGCATA tggaaaaacaaatgaa
BDFH01036002.1 5000  CTCAGGAGCTGTTGAACATGAAGATGTTAATATTTTCTTTGTGAAAATGATGTATAGGGCCCATCAGCAAGTCCAGAAGATGCGGCAGGACTAGTATTTARATAAG

Query 2583  ggCAAAGAGAGATCAGCGTAAGACATATAAGAAAAACCCTTCACTAATAACATTCCTGTGCAAGAATTGCCACAAGTTGATATGT TCTGGAGAAGATATACAAGTTATTGAAAATATGCATCATGTCAGTGTGAAAAAAGATTTCCAACA
Query 2733 TCTTTAccataaaagagaaaacaggacATTGCAAGACAAGCATGCTGATTACCAGACAAACGTGGAAATTATATGTAAAGACTGTGGACAAGT TTGGGGAAATATGATGGTTTATCGAGGTCTTGACCTGCCTTGTCTAAAGATTAGAAA
BDFH01036002.1 4663 TGTGTAAAGATTAGAAA
Query 2883 TTTTGTGGTTGCTTTT 1T TGCCCATCATATTTCCTGATTTTGATTATGCATCTCAT 2982

BDEHPI036002.1 3648  TTOTOG0GTTOTOTTCTANGACET CAAANCARCAAAGCERT T T T ARGAAAT GOAGAAAACTOCCEATEAGGTTCCTAGTITTGATTCTGCAGTTCAT 4345

>Gallirallus okinawae DNA, scaffold: Gaok_36002, whole genome shotgun sequence, Sequence ID: BDFH01036002.1 Length: 20277

Range 1: 13677 to 13893, Score:259 bits(286). Expect:3e-66. Identities:194/222(87%). Gaps:7/222(3%). Strand: Plus/Minus
acallacatceacaceacacerteacdiBlicecaca Bl RBRCIBATTGCCAGATGGAAGTTGCAAAGCCAGCACTBRATGGGATRRCATTATRRTATGTCTCC

CTACAGGCAGTGG-AC ‘CAGAGTGGCTATTTACATTACCAAAGATCACTTGG: AAGAAAAGAGCATCAGAGTCTGTAGTTACTATAC TI'GI-A-GGTA

Range 2: 7253 to 7507, Score:221 bits(244). Expect:Se-55, Identities:205/258(79%). Gaps:3/258(1%). Strand: Plus/Minus
calfllaacaaacaclBAAGAGTTGGCTGGAAAGTCAGAATATORA ANBRGGAGCTRRTACAGTTGCAAAACACAAATGGAGGAGTTCACAAAAACTRBIGGAACCTGG

AR rTATTTITCACGAAGACTTGGMBRGTGCCGTTGCTCTATTCCAGTGGAATARAGATRRCCCAAAA TG ROBAGAAATGGIANTIRAGGCCCATTATTTTATCAGTGCT

GGA(

cafflcacl@lacrreascceateeercaca

Range 3: 12633 to 12840, Score:200 bits(221), Expect:3e-48, Identities:173/211(82%). Gaps:4/211(1%), Strand: Plus/Minus
AGGTACCACTGGTATRRCAGCATTTCCAAAAGGAGTTRRRTCAATTCCIBMAGCATCAGTATCAGGTTATTGGTTRARG TGO RGN TTeTcAATBNAA A TTAR T TC G
AGTTGTCAGGATERTGTTGTCATCATCCATARGCACATATCCTRBRGAATTCATTGTRARACGCAGCCAAAGAAGATBAGGTGTCCAGTTATCAG

Range 4: 4895 to 5061, Score:158 bits(174), Expect:8e-36. Identities:135/167(81%). Gaps:0/167(0%). Strand: Plus/Minus

T6CAGGCTCGCAGTRORGTTCAAG A TERIORGAGCACCTATGCAGTTGTGGCTTRONGTGGCTCAGGAGCTGTHONACA A GA TG TRARTATTTTCTT TGO AAA HER

TGTATAGGGCCCATCAGCAAGTCCAGAAGATGCGGCAGGACTAGTA

Range 5: 5740 to 5891, Score:157 bits(173), Expect:3e-35, Identities:128/153(84%). Gaps:2/153(1%). Strand: Plus/Minus
acasBBlocarrcooasBRIBRIANATTCCAAGGCGGAATGTATATITACTTATTGCTACTRARAGTAGIBNGGAAGGCCTATACATCAAAGAGTGRRRTGTCATT

ATTCACTATGGCCTTRBRGCAACAAAATTACTGRGRTGCA

Range 6: 9730 to 9854, Score: 141 bits(155). Expect:2e-30, Identities: 106/125(85%). Gaps:0/125(0%), Strand: Plus/Minus

GGATCCATTTAGAGAGAGAATANCIBIGATCACGACAGATATTCAAACCTATTGCCACCACCCTTCAAAATY TTTGGAATGCAGCCATARGNACAGTGGGRBRTTAG

AGAAGAAAGAAAAG
Range 7: 4546 to 4663, Score:102 bits(112). Expect:Se-19, Identities:94/118(80%). Gaps:1/118(0%). Strand: Plus/Minus

TOTGIARAGATTAGAAATTGTGGGGTTGTGTTGIARGACGIBMAAACAACAAAGCCATTTTTTARGAAATGGAGAAAACTGCCCATCAGGTTCCCTAGTTTRORTTCTGCA

GTTCAT

Range 8: 9499 to 9593, Score:96.0 bits(105). Expect:

17, Identities: 78/95(82%). Gaps:0/95(0%). Strand:

AAGAAGCAAGAAGACAGTTAGGAG T GRTGRIGRIGN CAAACCAGCACTATCAAACCAGGATNAACAGATRARTTTCTARTAGGTTTATTTCATG
Range 9: 17101 to 17168, Score:92.4 bits(101), Expect:le-15, Identities:61/68(90%), Gaps:0/68(0%). Strand: Plus/Minus
TAGGAGATGGAAGTGTCAGTART TGN BBNAAACTTGGGACAGAGCTGCACAACCAGRBRTTCAGGT

Range 10: 9589 to 9641, Score:52.7 bits(57). Expect:8e-04, Identities:44/53(83%). Gaps:1/53(1%). Strand: Plus/Minus

CTGCAAAAGAAAAAAAAAGACATCAACCATGTCTGTGCAGAACACTIANAGAA

>Gallirallus okinawae DNA, scaffold: Gaok_43297, whole genome shotgun sequence, Sequence ID: BDFH01043297.1 Length: 3156

Range 1: 1483 to 1553, Score:70.7 bits(77). Expect:3e-09, Identities:58/71(82%). Gaps:0/71(0%), Strand: Plus/Minus
CAGATTI'CTCACTGCTGG-[AG (IGTGCCACCACACGCACAAGGAAGCTGTCTACAACAAAATCATG

Fig 2. Comparison of the base sequence of chicken MDA5 and similar sequence in Okinawa rail draft genome sequence. a:
Blastn results. The query is chicken MDAS5. The subject is the Okinawa rail draft genome sequence. b: TGA, TAA, and TAG
sequences in the candidate Okinawa rail MDAS5 sequence.

https://doi.org/10.1371/journal.pone.0290436.9002
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Fig 3. Expression of RLR family genes (RIG-I, MDA5, and LGP2) after poly I:C exposure in chicken and Okinawa
rail. a: Expression of MDA5 and LGP2 after exposure to 5 pg/mL and 50 pg/mL poly I:C in chicken cultured
fibroblasts. Centerlines of box plots indicate medians; box limits indicate 25™ and 75™ percentiles. Target gene
expression was quantified relative to the GAPDH internal control. The expression level of the control (poly I:C minus)
was 1.0. n = 6. *shows p < 0.05. b: Expression of RIG-I, MDA5, and LGP2 after exposure to 5 pg/mL and 50 pg/mL
poly I:C in Okinawa rail culture cells. Centerlines of box plots indicate medians; box limits indicate 25 and 75™
percentiles. Target gene expression was quantified relative to the GAPDH internal control. The expression level of the
control (poly I:C minus) was 1.0. n = 6. *shows p < 0.05. c: Time-course analysis of RLR family gene expression after
poly I:C exposure in chicken and Okinawa rail cultured fibroblasts. d: Time-course analysis of RLR family gene
expression after poly I:C exposure in domestic duck and whooper swan cultured cells. Analysis points are 0 (before
poly I.C exposure), 3, 6, 24, 48, and 72 h after poly I:C exposure. Error bars show the standard deviation. Target gene
expression was quantified relative to the GAPDH internal control. Prior to poly I:C exposure, the expression level was
1.0.n=6.

https://doi.org/10.1371/journal.pone.0290436.g003

The RIG-I, MDAS5, LGP2 genes are present in duck and swan cells, similar to Okinawa rail.
The RIG-I, MDAS5, LGP2 genes were upregulated in duck and swan cultured fibroblasts after
exposure to 50 pg/mL poly I:C (Fig 3D). These results support our hypothesis that Okinawa
rail MDAS5 is a mutated nonfunctional gene.

Sequence of a transcript fragment of MDAS5 in chicken and Okinawa rail

In Fig 3, we show MDA5 mRNA expression staining with SYBR green. We amplified the
MDAS5 transcript target in chicken and Okinawa rail using real-time PCR (Fig 4A). We used
the two templates to evaluate the origin of the amplified sequence: synthesized cDNA with
reverse transcriptase (RT) plus (+) and RT minus (RT(-)) (Fig 4A). We only detected the target
sequence of MDAS5 transcript fragments of chicken and Okinawa rail when amplified from
synthesized cDNA with RT (+) (Fig 4B). Therefore, the amplified sequences of chicken and
Okinawa rail originated from mRNA, not the genome or primer dimers.
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Fig 4. Sequencing of the amplified MDAS5 product from Okinawa rail and chicken using real-time PCR. a:
Amplified MDA5 sequence from chicken and Okinawa rail using real-time PCR staining with SYBR green.
Amplification plots of chicken MDAS5 reverse transcriptase plus (RT(+)) (upper left), chicken MDA5 RT (-) (lower
right), Okinawa rail MDAS5 RT (+) (upper light), and Okinawa rail MDA5 RT (-) (lower light) with real-time PCR. b:
Detection of the amplified MDA5 sequence after real-time PCR. Electrophoretic image of the detection of the
amplified MDAS5 sequence from chicken (left panel) and Okinawa rail (right panel). Samples were exposed to 50 pg/
mL poly I:C for 24 h. ¢, d: Comparison between chicken MDA5 genome sequence and amplified sequence using real-
time PCR. The amplified MDA5 product from chicken was sequenced using the Sanger method. Before sequencing, to
stain those sequences with dye, we used the forward or reverse primer of chicken. The stained sequence of the
amplified MDAS5 product from chicken was obtained with the forward (c) and reverse (d) primers. e: Primer design of
Okinawa rail MDAS5. Arrows indicate forward and reverse primers of Okinawa rail MDA5. f, g: Comparison between
Okinawa rail MDA5 genome sequence and amplified sequence using real-time PCR. Before sequencing, to stain the
sequences with dye, we used the forward and reverse primers of Okinawa rail. The stained sequences of the amplified
product of MDAS5 transcripts in Okinawa rail were obtained using forward (f) and reverse (g) primers. h: Graphical
summary of hit sequences of the amplified product of Okinawa rail MDAS5 in the chicken mRNA database.

https://doi.org/10.1371/journal.pone.0290436.9004
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We next sequenced the amplified MDAS5 products from chick and Okinawa rail using the
Sanger method. For staining the amplified products with dye, we used the forward or reverse
primer of chicken and Okinawa rail. The sequence of the amplified MDA5 product from
chicken was highly similar to that of the reference sequence of chicken MDA5 (Fig 4C and
4D). Therefore, our designed primers amplified the chicken MDAS5 target sequence. We
designed the primers for the amplification of Okinawa rail MDA5 transcripts fragment with
the candidate sequence of Okinawa rail MDAS5 (Fig 4E). After sequencing with the Sanger
method, our results show that the sequence of the amplified product was highly similar to that
of the MDAS5 sequence of Okinawa rail (Fig 4F and 4G). We conclude that our designed prim-
ers correctly amplified the Okinawa rail MDAS5 target sequence derived from the candidate
sequence of Okinawa rail MDAS5.

The sequence of the amplified products from Okinawa rail was obtained from both the 5’
and 3’ ends (Fig 4F and 4G). To obtain the full-length sequence of the amplified product from
Okinawa rail with real-time PCR, we combined those sequences. Next, we obtained two full-
length sequences of the amplified product of Okinawa rail with real-time PCR. Sequence No. 1
was GTTGCAAAGCCAGCACTGAATGGGATAACATTATAATATGTCTCCCTACAGGCAGTGGT
AAACCAGAGTGGCTATTTACAT, and sequence No. 2 was GTTGCAAAGCCAGCACTGAAATG
GGATAACATTATAATATGTCTCCCTACAGGCAGTGGTAAACCCAGAGTGGCTATTTACAT.
After mapping to the chicken RNA reference database, our obtained sequence only hit the
MDA5 mRNA (Fig 4H). Therefore, we considered that our amplified product was identified as
the Okinawa rail MDA5 sequence.

MDA5 mRNA expression analysis with fluorescence probe in cultured
chicken and Okinawa rail fibroblasts after exposure to poly I:C

In addition to mRNA expression analysis of MDAS5 staining with SYBR green, we analyzed
MDA5 mRNA expression with a fluorescence probe. To design the MDAS5 primers and probe,
we targeted the common sequences of MDA5 and GAPDH between chicken and the Okinawa
rail genomes (Fig 5A and 5B). Similarly to the real-time PCR analysis with SYBR green, even
though chicken MDAS5 expression increased with exposure to poly I:C, Okinawa rail MDA5
expression did not change after exposure (Fig 5C and 5D). Therefore, we considered that Oki-
nawa rail MDA5 lost its function during its evolution. Based on the results, we regarded that
the Okinawa rail MDAS5 gene could be nonfunctional.

Direct sequencing of MDA5 of Okinawa rail using the Sanger method

Next, we tried to obtain the long sequence of the ORF of MDAS5 in Okinawa rail. First, we
designed the primers based on the candidate sequence of Okinawa rail MDAS5 from the draft
genome (S3 Fig). Using these primers, we amplified the MDA5 sequence from the cDNA of
Okinawa rail with PCR (S4A Fig). Additionally, we amplified the sequence with nested PCR
(S4A Fig). Next, we performed agarose-gel electrophoresis of the nested-PCR products to visu-
alize the bands (S4B Fig). After the extraction of the amplified sequence from the agarose gel,
we read those sequences using the Sanger method.

We obtained the ORF of the MDA5, including the ATG start codon, and we found the
sequence size to be over 1200 bp (Fig 6A). Next, we performed the Blast search with chicken
genome (Fig 6B). These sequences showed homology with the chicken MDA5 genome (Fig
6C). The Okinawa rail MDAS5 amino acid sequence also showed homology with that of the
chicken MDA5 amino acid sequence (S4C and S4D Fig). Several stop codons were present in
the Okinawa rail MDA5 sequence (Fig 6D). We observed the deletion of the base in the Oki-
nawa rail MDA5 sequence (Fig 6D). Therefore, we concluded that Okinawa rail MDA5 is a
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Fig 5. Amplification of chicken and Okinawa rail MDA5 and GAPDH products with fluorescence probe. a, b: Primer and probe
design of chicken and Okinawa rail MDAS5 (a) and GAPDH (b). Blue arrows show forward and reverse primers. Yellow arrows show
fluorescence probes. c: Expression of MDAS5 after exposure to 5 ug/mL and 50 ug/mL poly I:C in the chicken and Okinawa rail cultured
fibroblasts. Centerlines of box plots indicate medians; box limits indicate 25th and 75th percentiles. Target gene expression was
quantified relative to the GAPDH internal control. The expression level of the control (poly I:C minus) was 1.0. n = 6. *shows p < 0.05.
d: Time-course analysis of MDAS5 expression during poly I:C exposure in chicken and Okinawa rail cultured fibroblasts. The analysis
points were 0 (before poly I:C exposure), 3, 6, 24, 48, and 72 h after poly I:C exposure. Error bars show the standard deviation. Target
gene expression was quantified relative to the GAPDH internal control. Prior to poly I:C exposure, the expression level was 1.0. n = 6.

https://doi.org/10.1371/journal.pone.0290436.9005

non-functional gene, resulting from frameshift mutations. This conclusion was fully consistent
with the mRNA expression of Okinawa rail MDAS5. Thus, we conclude that Okinawa rail
MDAS5 gene is nonfunctional.

In Fig 4, the mRNA of Okinawa rail MDA5 is amplified with real-time PCR. This amplified
sequence is contained in our obtained Okinawa rail MDA5 (S5 Fig). Although we observed the
frameshift mutation in this sequence, stop codons were absent in it (S5 Fig). However, we
found stop codons upstream of this short sequence. Therefore, we concluded that the levels of
Okinawa rail MDA5 mRNA do not increase after exposure to poly I:C.

Inflammatory cytokine expression induced by poly I:C exposure in
cultured chicken, Okinawa rail, domestic duck, and whooper swan cells

RLR family recognition of poly I:C leads to increased expression of inflammatory cytokines,
such as IL-6 and IL1-$ [17,18]. We analyzed the mRNA expression of these cytokines from
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https://doi.org/10.1371/journal.pone.0290436.g006

chicken and Okinawa rail after exposure to 5 pg/mL and 50 pg/mL poly I:C for 24 h. In
chicken cultured cells, IL6 and IL1beta mRNA levels significantly increased with exposure to
5 ug/mL and 50 pg/mL poly I:C compared with 0 ug/mL poly I:C (Fig 7A). In Okinawa rail cul-
tured cells, IL-6 mRNA expression levels significantly increased after exposure to poly I:C at 24
h (Fig 7B). Although IL1-8 mRNA expression levels also increased with exposure to poly I:C
for 24 h, the increment was not significant compared to 0 pg/mL poly I:C exposure (Fig 7B).
Therefore, the cellular response of inflammatory cytokines to poly I:C exposure is different
between chicken and Okinawa rail cell at 24 h.

The maximum expression level of IL-6 in chicken, domestic duck, and whooper swans was
at 3 h but that in Okinawa rail was at 24 h (Fig 7C and 7D). IL1-f expression increased in
chicken, Okinawa rail, and domestic duck cultured fibroblasts after exposure to 50 ug/mL poly
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Fig 7. Representative inflammatory cytokine mRNA expression after poly I:C exposure in chicken, Okinawa rail, domestic duck,
and whooper swan cells. a: Expression of IL6 and, IL1beta after exposure to 5 pg/mL and 50 pg/mL poly I:C in the chick cultured
fibroblasts. Centerlines of box plots indicate medians; box limits indicate 25 and 75" percentiles. Target gene expression was quantified
relative to the GAPDH internal control. The expression level of the control (poly I:C minus) was 1.0. n = 6. *shows p < 0.05. b:
Expression of IL6 and IL1beta after exposure to 5 pg/mL and 50 pg/mL poly I:C in the Okinawa rail cultured fibroblasts. Centerlines of
box plots indicate medians; box limits indicate 25 and 75™ percentiles. Target gene expression was quantified relative to the GAPDH
internal control. The expression level of the control (poly I:C minus) was 1.0. n = 6. *shows p < 0.05. c: Time-course analysis of IL6 and
IL1beta expression during poly I:C exposure in chicken and Okinawa rail cultured fibroblasts. d: Time-course analysis of IL6 and
IL1beta expression during poly I:C exposure in domestic duck and whooper swan cultured fibroblasts. Analysis points are 0 (before poly
I:C exposure), 3, 6, 24, 48, and 72 h after poly I:C exposure. Error bars show the standard deviation. Target gene expression was
quantified relative to the GAPDH internal control. Prior to poly I:C exposure, the expression level was 1.0. n = 6.

https://doi.org/10.1371/journal.pone.0290436.g007

L:C, but swan cell expression levels did not dramatically change (Fig 7C and 7D). Similar to IL-
6 expression, the maximum expression level of IL1-f for the Okinawa rail was at a later point
compared to that for the chicken (Fig 7B).

These results show that the cellular response of inflammatory cytokines to poly I:C expo-
sure was different between chicken and Okinawa rail cultured fibroblasts. In particular, we

considered that these responses were delayed in Okinawa rail cultured fibroblasts compared to
that of chicken cultured fibroblasts.
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Cell number and evaluation of live cell ratio in chicken and Okinawa rail
cultured fibroblasts after poly 1:C exposure

We evaluated the number of chicken and Okinawa rail cultured fibroblasts after poly I:C expo-
sure for 24 h and 48 h. The number of chicken cultured fibroblasts decreased in a dose-depen-
dent manner at 24 h and 48 h (Fig 8A and 8B). Similar to the cell number, the live cell ratio of
chicken cultured fibroblasts also decreased with poly I:C exposure, with a significant decrease
after exposure to 50 pg/mL poly I:C (Fig 8C and 8D). In Okinawa rail cultured fibroblasts, the
cell number and live cell ratio remained constant at 24 h, regardless of poly I:C exposure (Fig
8A and 8C). Contrastingly, the cell number and live cell ratio of Okinawa rail cells decreased
with poly I:C exposure for 48 h (Fig 8B and 8D). The cellular response to poly I:C was different
between chicken and Okinawa rail cultured fibroblasts. In particular, the decrease in cell num-

ber and live cell ratio was delayed in Okinawa rail cultured fibroblasts compared with that of
chicken cultured fibroblasts.
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Fig 8. Cell number and live cell ratio of chicken and Okinawa rail cells after poly I:C exposure. a, b: Number of chicken and
Okinawa rail cells at 24 h (a) and 48 h (b) after poly I:C exposure. Box plot graphs show the cell numbers of the control (poly I:C minus)
and after 5 pug/mL and 50 pg/mL of poly I:C exposure. Centerlines of box plots indicate medians; box limits indicate 25™ and 75™
percentiles. n = 6. *shows p < 0.05. ¢, d: Live cell ratios of chicken and Okinawa rail cells at 24 h (c) and 48 h (d) after poly I:C exposure.
Box plot graphs show the cell numbers of the control (poly I:C minus) and after 5 pg/mL and 50 pg/mL of poly I:C exposure. Centerlines
of box plots indicate medians; box limits indicate 25™ and 75™ percentiles. n = 6. *shows p < 0.05.

https://doi.org/10.1371/journal.pone.0290436.g008
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Apoptosis occurred after poly I:C exposure in chicken cultured fibroblasts

Chicken cultured fibroblasts showed significantly increased late apoptosis and cell death at 48
h (Fig 9A and 9C). In contrast, Okinawa rail cultured fibroblasts did not show a significant

a  Chicken 48hour b Okinawa rail 48 hour
Opg/mL 50ug/mL Opg/mL 50pg/mL
APOPTOSIS PROFILE 2 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
Dead Late Apop./Dead . Dead Late Apop./Dead Dead Late Apop./Dead Dead Late Apop./Dead
0.40 % 14.85% 015% 23.20% 110 % 15.80 % 0.70 % 16.40 %
34 34 x 34 : 34
= : = = =
p | | = p
5 24 3 24 o 29 o 2
= = = <
> > > >
14 14 1 > 14
34.60 % 50.15 % 24.40°¢ 5225 % 49.45%%; 3365% 33.45%
Live Early Apop. Live ~ § Early Apop. Live ~ Early Apop. Early Apop.
0 T T T 0 T T T 0 - — 0 ak
0 4 2 3 4 0 1 2 3 4 0 1 2 3 4 0 3 4
Live ANNEXINV  Apoptotic Live ANNEXIN V  Apoptotic Live ANNEXINV  Apoptotic Live ANNEXINV  Apoptotic
c Chicken
Live cell Early Apoptotic Late Apop./ Dead
40 70 25
*
35 60
= == “ =
30
50 ==
9 25 3
= 15
E 40
20
30
15 10
10 2
5
5 10
0 0 0
- r ) - _, -
e E E E e £
S <] B [=)] [=) £
[=] = 3
= =3 a3 2 a S
o S S = © n
5] )
d Okinawa rail
Live cell Early Apoptotic Late Apop./ Dead
60 50 40
45
50 35
40
35
40
RS 25
-l(-u' 30
= 30 25 20 =
20 15
20
15
10
10 0
5 5
0 0 0
< = — = i
=
£ %, € £ [ £
(o)} B [e)) &= =
3 3 =] = =3 >
S [=) 3 S 2 3
0 © ) S 2

Fig 9. Detection of apoptosis in chicken and Okinawa rail cells after exposure to 50 ug/mL poly I:C. a: Detection of
apoptotic cells in chicken after 48 h of exposure to 50 pg/mL poly I:C. b: Detection of apoptotic Okinawa rail cells after 48 h
of exposure to 50 pg/mL poly I:C. ¢, d: Comparison of live cells, early apoptotic cells, and late apoptosis/dead cell ratio
between control (poly I:C minus) and 50 pg/mL poly I:C-exposed chicken cells (c) and Okinawa rail cells (d). Left, live cells;
middle, early apoptotic cells; right, late apoptosis/dead cells. Box plot graphs show the ratio of control (poly I:C minus) to
50 pg/mL poly I:C-exposed cells. Centerlines of box plots indicate medians; box limits indicate 25™ and 75 percentiles.
n=6. *shows p < 0.05.

https://doi.org/10.1371/journal.pone.0290436.g009
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change after exposure to 50 pg/mL poly I:C (Fig 9B and 9D). Therefore, exposure to poly I:C
for 48 h induced apoptosis in chicken cultured fibroblasts but not in Okinawa rail cultured
fibroblasts. These results support our hypothesis that the cellular response to poly I:C exposure
differs between chicken and the Okinawa rail.

IEN-f and Mx1 expression in chicken and Okinawa rail cultured fibroblasts
after poly I:C exposure

The IFN-beta is activated by RIG-I- and MDA5- derived signals [4,5]. Our results show that
IFN-f mRNA expression dose-dependently increased with the amount of poly I:C in chicken
and Okinawa rail cultured fibroblasts (Fig 10A). Similar to inflammatory cytokines, the time
point of the maximum value of IFN-f mRNA expression was delayed in Okinawa rail cultured
fibroblasts compared with that in chicken cultured fibroblasts (chicken: 6 h, Okinawa rail: 24
h) (Fig 10B).

Mx1 protein suppresses the intracellular self-renewal of viruses, such as that of the influenza
virus [19,20], and the Mx1 protein induces IFN- signaling [19]. Chicken and Okinawa rail
cultured fibroblasts showed significantly increased MxI mRNA expression after exposure to
5 pg/mL and 50 pg/mL poly I:C compared with 0 ug/mL poly I:C exposure (Fig 10C). In addi-
tion to inflammatory cytokine expression, IFN-8 and MxI mRNA expression associated with
poly I:C exposure was also delayed in Okinawa rail cultured fibroblasts compared with that in
chicken cultured fibroblasts (Fig 10D). These results also indicate that Okinawa rail cultured
fibroblasts show delayed response to poly I:C compared with that shown by chicken cultured
fibroblasts.

Discussion

RLR families (RIG-I, MDA5, and LGP2) act as sensors for stimulation of the host’s innate
immune system [4-8]. Therefore, their recognition function is critical in host defense in birds
[4,5]. In avians, the recognition systems of the RLR families differ among species [10], for
example, the lack of the RIG-I gene in chickens [4,9]. Therefore, we considered that obtaining
the sequence of Okinawa rail RLR families would be a clue to their reactivity of host defense to
infectious disease. Therefore, we first tried to obtain the RLR family genes (RIG-I, MDA5, and
LGP2) from the draft genome of the Okinawa rail. Although the almost full sequence of RIG-I
and LGP2 allowed us to obtain the Okinawa rail draft genome with a blastn search, the candi-
date sequence of MDA5 was partial. Zheng and Satta reported that avian MDAS5 has the high-
est conservation level in the helicase domain but a lower level in the caspase recruitment
domain (CARDs) region using predicted coding sequences from 62 bird species [10]. The cor-
responding sequence of the CARD region (approximately 1 to 600 base pairs from the N-ter-
minal) was not obtained from the Okinawa rail draft genome sequence in this study; therefore,
our results agree with those of previous reports. In the candidate sequence of Okinawa rail
MDAS5, a number of TGA, TAA, and TAG sequences were found; therefore, we considered
that stop codons occurred in the Okinawa rail MDAS5 sequence. Based on these results, we sus-
pect that MDAS5 is a mutated nonfunctional gene in the Okinawa rail.

In this study, we analyzed the mRNA expression of MDA5 in Okinawa rail cultured fibro-
blasts. Although phagocytosis and antigen presentation occurs only in immune cells (e.g., mac-
rophages and dendritic cells), fibroblasts recognize antigens through RLRs. Therefore,
fibroblasts can be used for RLR-derived signaling studies in humans, mice, and chickens
[9,15,21]. To stimulate the RLR pathway, we used poly I:C, which has been used in a number
of studies for stimulation of the RLR pathway [5,9,14,15]. In the present study, poly I:C stimu-
lated RIG-I, LGP2, and downstream signals but did not alter MDA5 mRNA expression in
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Fig 10. Expression of IFNf and Mx1 mRNA after poly I:C exposure in chicken and Okinawa rail culture cells. a: Expression of IFNj
mRNA after exposure to 5 pg/mL and 50 pg/mL poly I:C (control) in chicken and Okinawa rail cells. Centerlines of box plots indicate
medians; box limits indicate 25™ and 75" percentiles. IFNf mRNA expression was quantified relative to the GAPDH internal control. The
expression level of the control (poly I:C minus) was 1.0. n = 6. *shows p < 0.05. b: Time-course analysis of IFNS during poly I:C exposure
in chicken and Okinawa rail cells. Analysis points are 0 (before poly I:C exposure), 3, 6, 24, 48, and 72 h after poly I:C exposure. Error bars
show the standard deviation. IFN mRNA expression was quantified relative to the GAPDH internal control. Prior to poly I:C exposure,
the expression level was 1.0. n = 6. *shows p < 0.05. c: Expression of MxI mRNA after exposure to 5 pg/mL and 50 ug/mL poly I.C
(control) in chicken and Okinawa rail cells. Centerlines of box plots indicate medians; box limits indicate 25" and 75™ percentiles. MxI
mRNA expression was quantified relative to the GAPDH internal control. The expression level of the control (poly I:C minus) was 1.0.

n = 6. *shows p < 0.05. d: Time-course analysis of MxI mRNA expression during poly I:C exposure in chicken, Okinawa rail, domestic
duck, and whooper swan cells. The measurement points are 0 (before poly I:C exposure), 3, 6, 24, 48, and 72 h after poly I:C exposure.
Error bars show the standard deviation. Mx1 mRNA expression was quantified relative to the GAPDH internal control. Prior to poly I:C,
the expression level was 1.0. n = 6. *shows p < 0.05.

https://doi.org/10.1371/journal.pone.0290436.9010

Okinawa rail cultured fibroblasts. In addition to mRNA expression analysis of Okinawa rail
MDAS after poly I:C exposure, we tried to obtain the ORF of MDA5, including the ATG start
codon. As consequently, we obtained the ORF of the MDAS5, including the ATG start codon
and the sequence size is over 1200bp. In those sequences, we observed a number of stop
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codons. This result is fully consistent with our hypothesis. Based on these results, we conclude
that MDAS5 of Okinawa rail is a mutated nonfunctional gene. To the best of our knowledge,
this is the first experimental evaluation of the loss of function of Okinawa rail genes.

We considered that the loss of function of the MDAS5 gene is critical for the innate immune
response of the Okinawa rail. In mammals, RIG-I is the main sensor for detecting the influenza
A virus, whereas MDAS is the primary influenza A virus sensor in chicken [22,23]. MDAS5 rec-
ognizes dsRNA of the influenza A virus, resulting in type I IFN induction in chicken cells [22].
In the present study, we showed that IFN- mRNA expression was delayed in Okinawa rail
after exposure to poly I:C compared to that in chicken. The Mx protein is induced by an IFN-f
signal and exhibits antiviral activity against RNA viruses, such as the influenza virus [19,20]. In
the present study, MxI mRNA expression was delayed in Okinawa rail compared to that in
chickens. These results indicate that the innate immune response of the Okinawa rail is
delayed when compared to that of chickens. This result is consistent with our hypothesis that
the loss of function of the MDAS5 gene has a critical effect on the innate immune response of
the Okinawa rail.

Furthermore, we observed that inflammatory cytokine mRNA expression in Okinawa rail
was delayed compared with that in chickens, domestic ducks, and whooper swans after poly I:
C exposure. Cell number and live cell ratio analysis in chicken cells showed a rapid decrease in
cell number and live cell ratio with poly I:C exposure compared with that in Okinawa rail cul-
tured fibroblasts. Late apoptosis/dead cells were only significantly increased in chicken cells
after 48 h of poly I:C exposure. Based on these in vitro experiments, we conclude that the
innate immune response of Okinawa rail cultured fibroblasts was delayed compared with that
of chicken cultured fibroblasts.

In addition to RLRs, toll-like receptor (TLR) 3 is stimulated by poly I:C in avian cells [24].
In the present study, we observed that TLR3 mRNA expression increased with exposure to
poly I.C (S2 Fig). Similar to RLRs, TLRs are sensors for the recognition of antigens, and TLR-
derived signals activate innate immunity in birds [4,5]. Although a single knockout of MDAS5
in chicken DF-1 reduced the innate immune responses against RNA ligands, a single knockout
of TLR3 maintained innate immune responses against RNA ligands [13]. Therefore, it has
been suggested that MDAS5 is the major sensor, whereas TLR3 is a secondary sensor in chicken.
Therefore, we also considered that RLR in Okinawa rail would be the major sensor for virus
recognition compared with TLR 3.

The innate immune response plays a critical role in host defense, especially during the early
stages. Our in vitro study indicated that the MDAS5 gene is a mutated nonfunctional gene in
the Okinawa rail and that the innate immune response of the Okinawa rail is delayed com-
pared to that of chicken. Our results provide useful information for the conservation of Oki-
nawa rail because studies of the Okinawa rail immune response are quite limited.
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S1 Fig. Comparison of the cytoskeleton of chick muscle-derived fibroblast, Okinawa rail
skin derived fibroblast, and chicken embryonic fibroblast. Images show the cytoskeleton of
chick muscle-derived fibroblast (upper three panels), Okinawa rail skin-derived fibroblast
(middle three panels), and chicken embryonic fibroblast (lower three panels). The left panels
show merge images; the middle panels show staining with F-actin; the right panels show the
image of Dapi. Scale bar show 100 pm.
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S2 Fig. Expression of TLR3 mRNA after poly I:C exposure in chicken and Okinawa rail cul-
ture cells. Expression of TLR3 mRNA after exposure to 5 pg/mL and 50 pg/mL poly I.C
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(control) in chick and Okinawa rail cells. Left side is chicken, right side is Okinawa rail. Cen-
terlines of box plots indicate medians; box limits indicate 25th and 75th percentiles. TLR3
mRNA expression was quantified relative to the GAPDH internal control. The expression
level of the control (poly I:C minus) was 1.0. n = 6. *shows p < 0.05.
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$3 Fig. Primer design for the direct sequencing of Okinawa rail MDA5. a: Our designed
primer location in the candidate sequence of Okinawa rail MDAS5 from the draft genome. b-d:
Designed primers of this study.
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$4 Fig. Amino acids sequence of the obtained Okinawa rail MDA5. a: Flow of obtaining the
Okinawa rail MDAS. b: Image of electrophoresis after nested PCR. We extracted the amplifica-
tion sequence from the white arrows. c: Amino acids sequence of our obtained Okinawa rail
MDAS. Those sequences were translated from our obtained Okinawa rail MDA5 sequence
(Fig 6A). Red asterisks are stop codons. d: Homology between chicken MDAS5 and our Oki-
nawa rail MDA5 amino acids sequence.

(PDF)

S5 Fig. Translation of the 81 bp cDNA fragment into an amino acid sequence. The orange line
is the 81bp cDNA fragment of Fig 4H. The blue highlight sequences are translated amino acids
sequences of Okinawa rail that of 81bp cDNA fragment. The green highlight sequences are trans-
lated amino acids sequences of chicken that of 81bp cDNA fragment. Asterisks are stop codons.
(PDF)
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