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Introduction

Vertebrates are protected against external pathogens by 
two broad types of immunity: innate and adaptive immu-
nity. The innate immune system of vertebrates is the first 
line of defense against infections and provides non-specific 
responses to a wide range of pathogens [1, 2]. It recognizes 
invading pathogens by their conserved pathogen-associated 
molecular patterns using pattern recognition receptors, 
such as those of the Toll-like receptor (TLR) family [3]. 
The adaptive immune system uses T and B cells to recog-
nize and defend against pathogens by developing effector 
cells, antibodies, and memory cells [4–6]. Although each 
system appears to possess distinct activation mechanisms, 
interleukin-1 receptor (IL-1R)-associated kinase (IRAK)-4 
is essential for NF-κB activation in the signaling pathways 
of Toll-like and T cell receptors [7–9]. As such, IRAK-4 
plays a central role in both innate and adaptive immunity.

IRAK-4 is a serine/threonine kinase belonging to the 
IRAK family of kinases, which comprises IRAK-1, IRAK-
2, IRAK-M, and IRAK-4 [10, 11], all containing a death 
and a kinase domain. IRAK-4 is the only IRAK family 
member that does not possess a C-terminal extension [11].

Recent studies have reported the complete cDNA 
sequences of IRAK-4 for mammals [8, 10]. Among tel-
eost fishes, the IRAK-4 cDNA has been cloned and char-
acterized for the zebrafish Danio rerio [12], tongue sole 
Cynoglossus semilaevis [13], rainbow trout Oncorhyn-
chus mykiss [14], and orange-spotted grouper Epinephelus 
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coioides [15]. However, there is no information available 
on IRAK-4 in ayu Plecoglossus altivelis altivelis.

Ayu is a freshwater fish that is a popular food and game 
fish in various Asian countries, and is widely cultured in 
Japan. Infectious diseases caused by Gram-negative bac-
teria [16–18], a Gram-positive bacterium [19], a fungus 
[20], and a parasite [21] have been reported in ayu, which 
affect both the fish farming industry and natural water eco-
systems. Teleost fishes have an innate and adaptive immune 
system that defends against disease-causing organisms [2, 
22–24], and therefore it is important to understand how 
this immune system in ayu responds to infectious diseases. 
Innate immunity-regulating genes in ayu, including tumor 
necrosis factor (TNF), bactericidal permeability-increas-
ing protein/lipopolysaccharide (LPS)-binding protein, and 
interleukin-1beta (IL-1β), have been cloned and expression 
analyses performed in various studies [25–28]. Neutro-
phils of ayu have shown to have unusually high respiratory 
burst activity (RBA) in comparison to neutrophils of other 
freshwater teleost fishes [29], and this high RBA present 
in ayu neutrophils in healthy kidney stock did not change 
after stimulation with phorbol 12-myristate 13-acetate [30]. 
In mammals, IRAK-4 is important for controlling reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidation in RBA and neutrophil recruitment [31–33]. 
In addition, unlike many teleost fishes, which survive for 
several years, the ayu lives only 1 year, and thus the study 
of ayu IRAK-4 is valuable for the field of immunology, as 
the ayu has a unique immune system with respect to neu-
trophils and life history. The results of passive immuniza-
tion experiments revealed an adaptive immune system that 
showed protective efficacy of a specific antibody in ayu 
against bacterial cold water disease (BCWD) caused by 
Flavobacterium psychrophilum [34]. Furthermore, vacci-
nation against F. psychrophilum was found to be effective 
[35]. Although the ayu life span is only 1 year, the adap-
tive immune system is important for protection against dis-
ease. As a contribution to the characterization of the innate 
and adaptive immune systems of ayu, we cloned the cDNA 
and gene encoding ayu IRAK-4 and evaluated IRAK-4 
mRNA expression in different tissues and its expression 
after immersion challenge with F. psychrophilum of Gram-
negative bacteria.

Materials and methods

Experimental fish

Immature ayu weighing 12–20  g were obtained from a 
rearing tank in the Gunma Prefectural Fisheries Experi-
mental Station. Fish were maintained in well freshwater at 
16 °C with regular feeding.

Cloning of full‑length ayu IRAK‑4 cDNA

Ayu were injected intramuscularly with virulent F. psy-
chrophilum strain GMA0330 derived from ayu at a dose 
of 3.8 × 106 colony-forming units (CFU) per fish [26, 36], 
which was cultured with tryptone and yeast extract (TYE 
broth) (tryptone 0.4 %, yeast extract 0.05 %, CaCl2·2H2O 
0.02 %, MgSO4·7H2O 0.05 %, pH 7.2) at 18 °C for 1 day. 
Twenty-four hours later, total RNA was extracted from the 
whole kidney using the TRIzol reagent (Invitrogen/Thermo 
Fisher Scientific, Waltham, MA, USA). First-strand 
cDNA of ayu whole kidney was synthesized from 7.5 μg 
of total RNA using the AMV Reverse Transcriptase First-
strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan) 
according to the manufacturer’s protocol. To clone the 
partial sequence of ayu IRAK-4, degenerate oligonucleo-
tide primers paIRAK-4-DF (5′-GARYTNYTNTTYGAY 
TGGGGNAC-3′) and paIRAK-4-DR (5′-GCYTCNG-
GNGCCATRTANGC-3′) were designed for amplification 
of ayu IRAK-4 cDNA based on conserved amino acid 
sequences of zebrafish IRAK-4 (GenBank accession no. 
AAT37635), human Homo sapiens IRAK-4 (NP_057207), 
and mouse Mus musculus IRAK-4 (NP_084202). Poly-
merase chain reaction (PCR) amplification was performed 
in a total reaction volume of 10 µl with a GeneAmp PCR 
System 9700 (Applied Biosystems/Thermo Fisher Sci-
entific, Waltham, MA, USA). The reaction mixture con-
tained 1 µl of the synthesized ayu whole kidney cDNA as 
template, 2  nmol of each dNTP, 10  pmol of degenerate 
oligonucleotide primers, and 0.25 units of Ex Taq DNA 
polymerase (Takara Bio). The PCR cycling protocol for 
amplification was carried out as follows: one cycle of 
5  min at 94  °C, followed by 35 cycles of 30  s at 94  °C, 
30  s at 58  °C, and 60  s at 72  °C, with a final extension 
step of 5 min at 72 °C. The PCR amplicons from the ayu 
whole kidney cDNA were ligated with pGEM-T Easy Vec-
tor (Promega, Madison, WI, USA). Following transfec-
tion into competent Escherichia. coli DH5α cells (TOY-
OBO, Osaka, Japan), recombinants were screened by 
PCR. Several independent transformants were subjected 
to DNA sequencing using M13 universal primers with an 
ABI PRISM 3730xl DNA sequencer and a BigDye Ter-
minator v3.1 Cycle Sequencing Kit (Applied Biosystems/
Thermo Fisher Scientific) according to the manufacturer’s 
directions for assessing sequence accuracy. The obtained 
DNA-sequencing data were analyzed using Chromas Lite 
software (http://www.technelysium.com.au/chromas_lite.
html). We then cloned the full-length ayu IRAK-4 cDNA 
by 5′- and 3′- rapid amplification of cDNA ends (RACE) 
PCR using the SMART RACE cDNA Amplification Kit 
(Clontech Laboratories, Mountain View, CA, USA) accord-
ing to the manufacturer’s protocol, with gene-specific prim-
ers for 5′- and 3′- RACE PCR, paIRAK-4GSP1 (5′RACE) 
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(5′-CACTGGCAGAGATGGCTGGCTGAAC-3′) and paIR 
AK-4GSP2 (3′RACE) (5′-CTTGTGGCGAAGATCTCCGA 
CTTTGG-3′). The nucleotide sequences of RACE-PCR 
amplicons with ayu whole kidney cDNA were determined 
as described above. The ayu whole kidney cDNA with a 
complete open reading frame (ORF) was generated using 
primers paIRAK-4-UTRF (5′-TTAGCCTACGGTTGA-
GATTTTCAG-3′) and paIRAK-4-UTRR (5′-ACATT-
GCAGGTGGGACTGCACCAG-3′) corresponding to the 
5′-untranslated region (UTR) and 3′-UTR, respectively. 
The PCR cycling protocol for amplification was carried out 
as follows: one cycle of 5  min at 94  °C, followed by 35 
cycles of 30 s at 94 °C, 30 s at 60 °C, and 2 min at 72 °C, 
with a final extension step of 5  min at 72  °C. The PCR 
amplicons of the complete ORF with ayu whole kidney 
cDNA were ligated with pCR-XL-TOPO Vector (Invitro-
gen/Thermo Fisher Scientific) and used to transform One 
Shot TOP10-competent E. coli cells (Invitrogen/Thermo 
Fisher Scientific). The nucleotide sequences of the com-
plete ORF with ayu were determined as described above.

Amino acid alignment and phylogenetic analysis

The deduced amino acid homology search of ayu IRAK-4 
was conducted with the NCBI protein BLAST program 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi/) [37]. Multiple 
sequence alignment was performed with the ClustalW 
program (http://www.genome.jp/tools/clustalw/) [38]. 
The structure of the deduced amino acid sequence of ayu 
IRAK-4 was predicted using the SMART program (http://
smart.embl-heidelberg.de/) [39, 40] and the NCBI Con-
served Domain Database [41]. A phylogenetic tree of IRAK 
amino acid sequences was constructed using the neighbor-
joining method with 1000 bootstrap replications [42, 43] in 
the MEGA5 software program [44]. The published Gen-
Bank sequences of known IRAK family members were 
used for corresponding phylogenetic tree analysis.

Gene structure analysis

To analyze the gene structure of ayu IRAK-4, two spe-
cific primers, paIRAK-4-STF (5′-ATGAATCACACGAT-
GACATCGTC-3′) and paIRAK-4-STR (5′-CTAAGCCT-
CACTCTCCGACATGTG-3′), were designed based on the 
5′-end and 3′-end sequences of ayu IRAK-4 complete ORF. 
Genomic DNA was extracted from ayu muscle using the 
PureLink DNA Extraction Kit (Invitrogen/Thermo Fisher 
Scientific). One microliter of genomic DNA was used as 
template. The PCR amplification was performed in same 
reaction volume in the above-mentioned. The PCR cycling 
protocol for amplification was carried out as follows: one 
cycle of 5 min at 94 °C, followed by 35 cycles of 30 s at 

94 °C, 30 s at 60 °C, and 4 min at 72 °C, with a final exten-
sion step of 5 min at 72 °C. The PCR amplicons from the 
ayu muscle genomic DNA were ligated with the pCR-
XL-TOPO vector (Invitrogen/Thermo Fisher Scientific) 
and used to transform One Shot TOP10-competent E. coli 
cells (Invitrogen/Thermo Fisher Scientific). The nucleo-
tide sequence of the ayu IRAK-4 gene was determined as 
described above.

Tissue expression analysis of ayu IRAK‑4 cDNA 
by semiquantitative RT‑PCR

The expression patterns of ayu IRAK-4 mRNA in various 
tissues of healthy ayu were determined using semiquan-
titative reverse transcription polymerase chain reaction 
(RT-PCR), as described by Suzuki et  al. [26]. Briefly, the 
various tissues including whole blood, brain, gill, heart, 
intestine, whole kidney, liver, spleen, muscle, stomach, 
and skin were dissected from three healthy ayu. Total RNA 
was extracted using TRIzol reagent (Invitrogen/Thermo 
Fisher Scientific). Total RNA was treated with RNase-Free 
DNase (Invitrogen/Thermo Fisher Scientific) to eliminate 
genomic DNA contamination. First-strand cDNA samples 
of various ayu tissues were synthesized from 2 μg of total 
RNA using the PrimeScript 1st Strand cDNA Synthesis Kit 
(Takara Bio), according to the manufacturer’s protocol, and 
the samples were diluted threefold with distilled water. Ayu 
IRAK-4 gene-specific primers, paIRAK-4-RTF (5′-ACAC-
CTGTGCAGGTGCAGGACTC-3′) and paIRAK-4-RTR 
(5′-AGTCCCGTCCAAGCAAGCCAGTC-3′), were 
designed for RT-PCR and amplified to give a specific prod-
uct of 375 base pairs (bp). β-actin was used as a reference 
gene to normalize gene expression. The ayu β-actin gene-
specific primers, paβ-actin-RTF (5′-TGCGTGACATCAA-
GGAGAAG-3′) and paβ-actin-RTR (5′-CGTGAATACCG-
CAAGACTCC-3′), were described by Suzuki et  al. [26]. 
One microliter of the reverse-transcribed product was used 
as template. PCR amplification was performed in the same 
reaction volume as described above. The PCR cycling pro-
tocol for amplification was carried as follows: out one cycle 
of 5 min at 94 °C, followed by 32 cycles (for IRAK-4) or 
23 cycles (for β-actin) of 15 s at 94 °C, 20 s at 68 °C (for 
IRAK-4) or at 62 °C (for β-actin), and 30 s at 72 °C, with a 
final extension step of 5 min at 72 °C. To measure transcript 
abundance, 5 μl of the PCR products was subjected to elec-
trophoresis on 3 % L03 agarose gel (Takara Bio) in Tris ace-
tate ethylenediaminetetraacetic acid (EDTA) buffer. The gel 
was stained with ethidium bromide and photographed. Elec-
trophoretic images and densitometric analyses of ampli-
fied bands were performed using ImageJ software (version 
1.40)  (http://imagej.nih.gov/ij/) [45]. Data were expressed 
as mean and standard error of the mean (SEM).

http://blast.ncbi.nlm.nih.gov/Blast.cgi/
http://www.genome.jp/tools/clustalw/
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Expression analysis of ayu IRAK‑4 cDNA 
after bacterial challenge

The expression of ayu IRAK-4 mRNA after immer-
sion challenge with F. psychrophilum was analyzed by 
quantitative RT-PCR (qRT-PCR). The bacterial chal-
lenge experiment was performed as described previously 
[26]. Briefly, the cultured F. psychrophilum was diluted to 
2.8 × 107CFU/ml with 5 l of freshwater, and 20 ayu were 
then placed in the flask for 30  min. After exposure to F. 
psychrophilum, the fish were transferred to a 70-l fiber-rein-
forced plastics tank provided with running well freshwater 
at 16 °C. Control groups were similarly immersed in TYE 
broth. To extract total RNA from whole blood and whole 
kidney using TRIzol reagent (Invitrogen/Thermo Fisher 
Scientific), three individuals per immersion challenge and 
control groups were routinely sampled at 12, 24, 48, 96, 
and 168  h after the immersion challenge. After digestion 
with RNase-Free DNase (Invitrogen/Thermo Fisher Sci-
entific) to eliminate genomic DNA contamination, first-
strand cDNA samples of ayu tissues were synthesized from 
500  ng of total RNA using PrimeScript RT Master Mix 
(Takara Bio), according to the manufacturer’s protocol, 
and these samples were diluted tenfold with distilled water. 
Ayu IRAK-4 gene-specific primers, paIRAK-4-qRTF 
(5′-TGAAGGAGGATTTGGGACTG-3′) and paIRAK-
4-qRTR (5′-GGAGTTTCTTGACTGCTACCG-3′), were 
designed for qRT-PCR amplification to give a specific prod-
uct of 68 bp. The qRT-PCR was performed on an Mx3005P 
instrument (Stratagene/Agilent Technologies, Santa Clara, 
CA, USA) using FastStart Universal SYBR Green Master 
(Rox) (Roche Diagnostics K.K., Tokyo, Japan) in a total 
volume of 12.5  μl. The qRT-PCR reaction mixture con-
tained 1  µl of the synthesized ayu tissue cDNA as tem-
plate, 0.375  μl of 10  μM of each gene-specific primer, 
and 6.25 μl FastStart Universal SYBR Green Master. The 
qRT-PCR cycling protocol for amplification was carried 
out as follows: one cycle of 10  min at 95  °C, followed 
by 40 cycles of 30 s at 95 °C, 1 min at 55 °C, and 30 s at 
72 °C. To assess qRT-PCR efficiency, serial dilutions of a 
standard cDNA, which was inserted into the pGEM-T Easy 
Vector (Promega), were used to generate a standard curve 
for determining the expression values for ayu IRAK-4 
mRNA. β-actin was used as a reference gene to normal-
ize gene expression. The ayu β-actin gene-specific primers, 
β-actin-Q-F (5′-CGACCTCACCGACTACCTGATG-3′) 
and β-actin-Q-R (5′-TGATGTCACGCACGATCTCAC-3′), 
were described by Ohara et al. [46]. Data were expressed 
as mean and SEM. Statistical analysis of the data between 
control (TYE broth) and treatment (immersion challenge) 
groups was assessed using the t test. Differences were con-
sidered significant at P < 0.05.

Results

Cloning of full‑length ayu IRAK‑4 cDNA

The ayu IRAK-4 cDNA fragment was amplified by degen-
erate oligonucleotide primers (paIRAK-4-DF and paIRAK-
4-DR) according to regions of high identity between teleost 
fish and mammalian IRAK-4 amino acids. Subsequently, 
the 5′- and 3′-regions of the cDNA and ORF regions were 
amplified using the 5′- and 3′-RACE-specific primers 
(paIRAK-4GSP1 and paIRAK-4GSP2) and ORF prim-
ers (paIRAK-4-UTRF and paIRAK-4-UTRR). The ORF 
of ayu IRAK-4 cDNA was 1392  bp and encoded a pro-
tein of 463 amino acids (Fig. S1). It contained a 5′-UTR 
of 154 bp and a 3′-UTR of 822 bp. The 3′-UTR contained 
a probable polyadenylation (ATTAAA) and three ATTTA 
sequence motifs. A conventional polyadenylation signal 
sequence was located at 13 bp upstream of the poly(A) tail. 
Ayu IRAK-4 cDNA was sequenced and the sequence was 
deposited in the DNA Data Bank of Japan (DDBJ) with 
accession number AB469846.

Amino acid alignment and phylogenetic analysis

Amino acid analysis of ayu IRAK-4 indicated the exist-
ence of a death domain (DD) between amino acid residues 
9 and 108 and a serine/threonine protein kinase domain (S_
TKc) between amino acid residues 179 and 445, using the 
NCBI protein BLAST and SMART programs to search for 
homologous sequences and conserved domains (Fig. S1). 
The multiple sequence alignment of deduced amino acid 
sequences ayu IRAK-4 and other known IRAK-4 using the 
ClustalW program revealed areas of amino acid conserva-
tion throughout the vertebrates (Fig. S2). Alignment analy-
sis of ayu IRAK-4 amino acid residues showed 52–70  % 
identity with other vertebrate IRAK-4 and 32–35 % iden-
tity with invertebrate IRAK-4 (Table  1). Furthermore, 
ayu IRAK-4 DD and S_TKc were found to share higher 
amino acid identity with the homologous domains in other 
vertebrates (Table  1). To further examine the relationship 
between the ayu IRAK-4 and IRAK families (IRAK-1, 
2, M, 4) and those of other species, a phylogenetic tree 
was constructed from the amino acid sequences using the 
neighbor-joining method (Fig.  1). In a phylogenetic tree 
of vertebrate IRAK proteins, ayu IRAK-4 grouped with 
IRAK-4 of other species.

Gene structure analysis

The ayu IRAK-4 gene structure was determined using gene 
structure-specific primers (paIRAK-4-STF and paIRAK-4-
STR). The size of the ayu IRAK-4 gene, not including the 
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5′- and 3′-flanking regions, is 4948 bp (GenBank accession 
no. AB469845). Alignment of cDNA and gene sequences 
showed that the ayu IRAK-4 comprised 11 exons, all 
with intron/exon boundaries following the GT/AG rule. 
The gene structure of ayu IRAK-4 was found to be very 
similar to that of vertebrate IRAK-4 genes described thus 
far, whereas the rainbow trout and whitefish Coregonus 
maraena sequence was slightly different, with 9 exons 
(Fig. 2).

Tissue expression analysis of ayu IRAK‑4 cDNA 
by semiquantitative RT‑PCR

Semiquantitative RT-PCR analysis showed that ayu 
IRAK-4 mRNA was expressed in all tissues (Fig. 3), with 
transcripts predominantly expressed in the gill, heart, intes-
tine, whole kidney, and spleen, and moderately expressed 
in whole blood, brain, liver, stomach, and skin. In contrast, 
expression was weak in muscle tissue. β-actin amplicon as 
a positive control was detected in all tissues (Fig. 3).

Expression analysis of ayu IRAK‑4 cDNA 
after bacterial challenge

We used the causative agent of BCWD—F. psychrophi-
lum—for the bacterial challenge. The expression level of 

ayu IRAK-4 mRNA in whole blood using qRT-PCR analy-
sis was dramatically up-regulated, approximately 21.6-fold, 
in comparison to the control (no challenge) at 12  h after 
immersion challenge (Fig.  4, significantly different from 
control, P < 0.05; t test, n = 3), after which levels decreased 
sharply. The expression level of ayu IRAK-4 mRNA in 
whole kidney was up-regulated approximately 2.4-fold in 
comparison with the control at 24 h after immersion chal-
lenge, followed by a gradual decrease. The expression 
level of ayu IRAK-4 mRNA then began increasing again, 
to approximately 2.1-fold in comparison with the control, 
until 168 h after immersion challenge (Fig. 4, significantly 
different from control, P < 0.05; t test, n = 3).

Discussion

In this work, we sequenced the full ayu IRAK-4 cDNA, 
which comprised 463 amino acids containing an N-termi-
nal death domain and a C-terminal serine/threonine protein 
kinase domain, both found in human and mouse IRAK-4 
[7–11]. This conservation of the observed domain suggests 
that the function of mammalian and fish IRAK-4 is similar. 
In mammals, IRAK-4 and MyD88 use their death domains 
for binding interactions and are critical signaling mediators 
of the TLR/IL1-R superfamily [47, 48]. A serine/threonine 

Table 1   Amino acid identity of 
ayu IRAK-4 shared with other 
species

a  The percentage of amino acid identity was calculated by pairwise alignment in ClustalW
b  Death domain
c  Serine/threonine protein kinase domain
d  Universal Protein Resource (UniProt) accession number

Gene name GenBank accession no. Identity (%)a

Full-length DDb S_TKcc

Ayu IRAK-4 BAH58736 – – –

Rainbow trout IRAK-4 CBI63173 70 77 81

Atlantic salmon IRAK-4 CDG49297 69 77 81

Orange-spotted grouper IRAK-4 AGQ48127 64 73 74

Tongue sole IRAK-4 ACU80549 60 67 71

Medaka IRAK-4 XP_004069560 59 63 70

Japanese pufferfish IRAK-4 XP_003967681 60 67 70

Zebrafish IRAK-4 AAT37635 52 57 59

Human IRAK-4 NP_057207 54 62 61

Rhesus monkey IRAK-4 NP_001129573 54 62 61

Mouse IRAK-4 NP_084202 55 61 62

Cattle IRAK-4 NP_001069466 54 61 62

Chicken IRAK-4 E1C1A7d 52 60 60

Western clawed frog IRAK-4 NP_001116877 53 55 61

Acorn worm IRAK-4 XP_002739502 35 38 40

Small abalone IRAK-4 ADC53123 32 29 39

Red abalone IRAK-4 AGZ03661 32 27 40
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protein kinase domain belonging to the protein kinase fam-
ily is related to many cellular processes, including division, 
proliferation, apoptosis, and differentiation [49].

The amino acid sequence of ayu IRAK-4 showed higher 
shared sequence identity with the IRAK-4 proteins of ver-
tebrates (52–70  %) than with those of invertebrates such 
as the acorn worm of the deuterostomes (35 %) and aba-
lone of the protostomes (32  %). Specifically, the peptide 
of ayu IRAK-4 amino acids shared high identity with tel-
eost fishes, such as the rainbow trout IRAK-4 (70 %) and 
Atlantic salmon IRAK-4 (69  %) (Table  1). In a phyloge-
netic tree of vertebrate IRAK proteins, ayu IRAK-4 was 
grouped with the IRAK-4 of other species, confirming 

that it is an IRAK-4 homologue (Fig.  1), which suggests 
that ayu IRAK-4 may share many common functions of 
IRAK-4 with its family members. In addition, because 
two conserved domains, DD and S_TKc, among fish and/
or vertebrate IRAK-4 is not conserved in IRAK-4, it could 
be speculated that these domains are important for adaptive 
immune response.

The isolated ayu IRAK-4 cDNA contains three ATTTA 
sequence motifs in its 3′-UTR. The ATTTA consensus 
sequence is typically found in cytokine genes, such as TNF 
and IL-1β, as well as in chemokines, proto-oncogenes, and 
vertebrate transcription factors [27, 50–54]. This motif 
mediates the rapid turnover of mRNAs encoding proteins 

Fig. 1   Phylogenetic tree 
of IRAK family members 
produced using the neighbor-
joining method. Numbers 
on the line indicate percent-
age bootstrap values after 
1000 replications. Scale bar 
= 0.1. GenBank accession 
numbers used: ayu IRAK-4, 
AB469846; zebrafish IRAK-
4, AAT37635; rainbow trout 
IRAK-4, CBI63173; Atlantic 
salmon IRAK-4, CDG49297; 
orange-spotted grouper IRAK-
4, AGQ48127; tongue sole 
IRAK-4, ACU80549; medaka 
IRAK-4, XP_004069560; Japa-
nese pufferfish, XP_003967681; 
Western clawed frog IRAK-4, 
NP_001116877; human IRAK-
4, NP_057207; rhesus monkey 
IRAK-4, XP_001091707; 
cattle IRAK-4, NP_001069466; 
mouse IRAK-4, NP_084202; 
acorn worm IRAK-4, 
XP_002739502; small abalone 
IRAK-4, ADC53123; red 
abalone, AGZ03661; zebrafish 
IRAK-1, XP_697688; human 
IRAK-1, NP_001560; cattle 
IRAK-1, NP_001035645; 
mouse IRAK-1, NP_032389; 
human IRAK-2, NP_001561; 
cattle IRAK-2, NP_001069164; 
mouse IRAK-2, NP_751893; 
zebrafish IRAK-M, CAQ13227; 
human IRAK-M, AAD40879; 
cattle IRAK-M, XP_587469; 
mouse IRAK-M, NP_82955. 
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Fig. 2   Genomic structure 
of IRAK-4 in fish and other 
vertebrates. Open boxes indi-
cate exons for each gene, and 
numbers indicate the length (bp) 
of exons and introns. GenBank 
accession numbers of IRAK-4 
used: ayu IRAK-4, AB469845; 
human IRAK-4, AY186092; 
rhesus monkey IRAK-4, 
NC_007868; cattle IRAK-4, 
NC_007303; Western clawed 
frog IRAK-4, NW_004668234; 
medaka IRAK-4, NC_019864; 
Japanese pufferfish IRAK-4, 
NC_018898; rainbow trout 
IRAK-4, FN598578; white-
fish IRAK-4, FN598581. 
Ensembl accession numbers of 
IRAK-4 used: mouse IRAK-
4, ENSMUST00000074936; 
chicken IRAK-4, 
ENSGALT00000015616

Human IRAK-4

Rhesus monkey IRAK-4
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regulating cellular growth and immune response to exog-
enous agents such as microbes and inflammatory and envi-
ronmental stimuli [50].

We also determined the ayu IRAK-4 gene structure, and 
found that the sizes of ayu IRAK-4 coding exons matched 
well with the corresponding vertebrate exons, except for 
those of rainbow trout and whitefish (Fig. 2). Rainbow trout 
IRAK-4 exons 3, 4, 8, and 9 and whitefish IRAK-4 exons 
8, 9, and 10 have been subjected to rearrangement through 
an exon fusion event [14]. Japanese pufferfish Takifugu 
rubripes genes are compressed severalfold relative to 
human homologues due to small introns [55]. The sizes 
of ayu IRAK-4 introns are markedly smaller than those of 
human IRAK-4 genes.

We confirmed the expression of healthy ayu IRAK-4 
mRNA in various tissues using semiquantitative RT-
PCR analysis. Ayu IRAK-4 mRNA is predominantly 
expressed in the gill, heart, intestine, whole kidney, and 
spleen, and weakly in muscle (Fig.  3). A similar IRAK-4 
mRNA expression profile was found in teleost fishes: tran-
scripts were detected in all examined tissues, with highest 

expression in the kidney and spleen and lowest in the mus-
cle [12–15]. The highest expression of ayu IRAK-4 mRNA 
in whole kidney and spleen supported the role of these 
organs in governing immunity in fish.

Because BCWD causes the greatest damage to farmed 
and wild ayu [17, 56], we used the causative agent of this 
disease—F.  psychrophilum—for the bacterial challenge 
to induce immune response. During the infection experi-
ment, the expression level of ayu IRAK-4 mRNA was up-
regulated markedly in whole blood and gradually in whole 
kidney (Fig.  4); this result is in agreement with previous 
reports of bacterial infection [12, 13]. In teleost fishes, 
large numbers of neutrophils are released from the kidney 
into the peripheral blood in response to the initial phase of 
bacterial stimulus, and neutrophil release decreases rapidly 
thereafter [57]. In addition, a small number of leucocytes 
containing the F. psychrophilum antigen in their cytoplasm 
were first observed in ayu 1  day after immersion chal-
lenge with F. psychrophilum. On day 2, many of these cells 
appeared in the kidney and spleen. These cells were con-
tinually observed on days 3 and 5 in most fish [58]. The 

(a)

(b)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

WB Brn Gill Hrt Int Kid Liv Spln Mus Stom Skin
Tissue 

R
el

at
iv

e
ex

pr
es

si
on

of
ay

u
IR

A
K

-4

M WB Brn Gill Hrt Int Kid Liv Spln Mus Stom Skin NC

IRAK-4

-actin

300 bp
200 bp

100 bp

400 bp
300 bp
200 bp

500 bp

Fig. 3   Analysis of ayu IRAK-4 mRNA semiquantitative expres-
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RBA of ayu kidney neutrophils was high in healthy kidney 
stock even prior to infection [30]. In addition, IRAK-4 is a 
central mediator of the TLR/IL-1R signaling pathway and 
operates during regulation of the NADPH oxidase activa-
tion with neutrophils in response to LPS [7, 31]. These 
results suggest that a large number of IRAK-4-expressing, 
persistently activated neutrophils migrated toward periph-
eral blood from the kidney in the early stage of infection 
of F. psychrophilum with LPS. Moreover, we speculate that 
the gradual upregulation of ayu IRAK-4 in the whole kid-
ney after bacterial infection may be due to the accumula-
tion of neutrophils and other leukocytes as a result of the 
high level of IRAK-4 expression in the kidney. In addition, 
the expression level of ayu IRAK-4 in whole kidney again 
began to increase until 168  h after the F.  psychrophilum 
immersion challenge, which may be related to the adaptive 
immune response.

After the of F.  psychrophilum immersion challenge, 
ayu IRAK-4 mRNA copy numbers increased in the whole 
blood and whole kidney of immunity-related organs. The 
expression of IRAK-4 mRNA in the spleen and head kid-
ney of tongue sole were similarly up-regulated by a chal-
lenge with Vibrio anguillarum [13]. The response of ayu 
IRAK-4 mRNA in whole blood immediately began to 
increase upon exposure to F.  psychrophilum, suggesting 
that the innate immune system in blood was activated by 
the immersion challenge of F. psychrophilum, and that ayu 
IRAK-4 gene transcripts could thus be a useful marker of 
ayu response to infectious Gram-negative bacteria. In con-
trast, the level of mouse IRAK-4 mRNA in a macrophage-
like cell line, RAW 264, was not significantly affected by 
bacterial lipopeptide Pam3CSK4 stimulation [59]. Further-
more, the IRAK-4 expression level in zebrafish and rain-
bow trout was down-regulated after infection with snake-
head rhabdovirus and Aeromonas salmonicida, respectively 
[12, 14]. This difference in ayu IRAK-4 mRNA expression 
pattern from that of mouse, zebrafish, and rainbow trout 
may be due to differences in the method of analysis, ligand, 
sampling intervals, or infectious reagents (virus, bacteria, 
and their species). The ayu neutrophils exhibit much higher 
RBA activity than those of other animals [29]. In addi-
tion, NADPH activity is regulated with IRAK-4 in neu-
trophils [31], implying that the IRAK-4-neutrophil system 
of the ayu differs from that of other animals. As such, ayu 
could be an interesting model for investigating neutrophil 
regulation and function. A thorough understanding of ayu 
IRAK-4 function in innate and acquired immunity, and the 
effect of IRAK-4 on NF-κB activation, will make it pos-
sible to design novel strategies for therapeutic intervention 
in infections.
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