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FerL, a multifunctional iron-storage polypeptide, not only exhibited a regulatory role in iron metabolism, but also
participated in the regulation of fish immunity. In this study, ORF sequence of WR-FerL was 522 bp, encoding
173 amino acid residues. Tissue-specific analysis revealed that the highest expression of WR-FerL was detected in
spleen. A. hydrophila challenge and LPS stimulation could sharply enhance WR-FerL. mRNA expression in tissues
and fish cells, respectively. Purified WR-FerL fusion peptide exhibited in vitro binding activity to A. hydrophila

and endotoxin, limited bacterial dissemination to tissues as well as attenuated A. hydrophila-induced production
of pro-inflammatory cytokines. Moreover, WR-FerL overexpression could abrogate NF-kB and TNFa promoter
activity in fish cells. These results indicated that WR-FerL could play an important role in host defense against

A. hydrophila infection.

1. Introduction

Exposure to ambient stressors may cause occurrences of severe dis-
eases in mammals [1]. Broadly speaking, biotic or abiotic stressors may
disrupt physiological function [2] and suppress immune response in fish
[3]. Iron metabolism participates in a variety of biological processes,
including synthesis of various enzymes [4], regulation of innate im-
munity [5], occurrence of metabolic diseases [6] and growth perfor-
mance [7], whereas excessive level of intracellular iron level can elicit
an adverse effect on organisms, including reactive oxygen species (ROS)
accumulation, antioxidant imbalance and destruction of macromolec-
ular cell products, finally leading to tissue damage and cell malfunction
[8]. Previous studies demonstrate that mammalian ferritin, an iron
storage protein, is detected in all cell types of the body as multiple iso-
ferritins composed of 24 subunits of ferritin H (FerH) and ferritin L
(FerL) [9]. In contrast, FerH and ferritin M (FerM) are the predominant
ferritin subunits in fish, while the evidence for the existence of FerL in
fish is scanty [10]. As known iron-regulatory proteins, hepcidin is firstly
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discovered as a iron regulatory hormone peptide regulated by
immune-related signals in mammals [11-13], which can serve as anti-
microbial peptides participating in both iron metabolism and immune
defense against bacterial infection in fish [14-18]. Recent studies
demonstrate that ferritin deletion may increase induced levels of hep-
cidin and cause abnormal iron absorption regulated by hepcidin alone,
suggesting that ferritin may play an important role in both iron ho-
meostasis and antimicrobial peptide metabolism [19]. In addition,
ferritin can also serve as one of important indicators or acute phase
proteins (APPs) during pathogenic stimulation or malignancies occur-
rence [20-22].

In general, fish possess various forms of pathogen-recognizing
properties, developed complement cascades as well as immune-related
signals [23,24]. Although mammalian ferritin has been extensively
studied, some reports only focus on the characterization of FerH and
FerM in fish [25-28]. Recent studies firstly discover the existence of L
subunit in seahorse, whose transcript levels can be up-regulated
following bacterial stimulation [29]. However, the data on
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immunomodulatory role of FerL in fish is limited.

Crucian carp (Carassius auratus) is one of the most important eco-
nomic freshwater fish and abundant in lakes, rivers and reservoirs in
China, which is popular with fish farmers [30]. Currently, white crucian
carp (Carassius cuvieri, WCC) and red crucian carp (Carassius auratus red
var, RCC) are classified into different species in the genus of Carassius
[31], thus generation of hybrid crucian carp (WR) by crossing of WCC
(2n =100, Q) and RCC (2n = 100, &) is considered as interspecific hy-
bridization [32]. Apart from documented problems, the aquaculture of
crucian carp is ravaged by environmental deterioration, which may
render fish less resistant to pathogenic infection [33,34]. Additionally,
the emergence of global climate change may exhibit a lingering effect in
the expansion of water-borne pathogenic diseases, posing a great threat
to the survival of aquatic animals [35]. Previous studies demonstrate
that A. hydrophila challenge can significantly increase accumulative
mortality of allogynogenetic crucian carp [36]. Thus, this study on the
immune response to gram-negative bacterial infection in crucian carp
may be propitious to the sustainable development of aquaculture.

In this study, the aims were to characterize architecture of WR-FerL
in hybrid crucian carp and measure tissue distribution of WR-FerL
mRNA. We also assessed the effect of bacterial infection on the expres-
sion patterns of WR-Fer. mRNA in various immune tissues. To further
characterize its function, we also studied binding activity of WR-FerL to
A. hydrophila and its potential effect on bacterial growth in vitro and in
vivo, which may provide a new insight to the immune regulation of FerL
in crucian carp.

2. Materials and methods
2.1. Animals

Hybrid crucian carp (WR) was generated by crossing white crucian
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carp (Carassius cuvieri, WCC, Q) and red crucian carp (Carassius auratus
red var, RCC, @) [37]. Healthy WRs with approximately 23.50 + 0.79 g
were obtained from an aquaculture base in Wang Cheng district
(Changsha, Hunan province, China).WRs were acclimatized with the
diluted freshwater for two weeks and fed with commercial diet twice
daily till 24 h before challenge experiment.

2.2. Cell culture

Hybrid crucian carp fin cells (WRFCs) were cultured at 26 °C with a
humidified atmosphere of 5% COs as described in our previous studies
[38].

2.3. Gene cloning and bioinformatics analysis

According to cloning protocols, ORF sequence of WR-FerL was ob-
tained as previously described [39]. Gene-specific primers were shown
in Table 1. Domain structure and phylogenetic analysis of predicted
WR-FerL amino acid sequence were constructed by using NCBI blast,
ExPASy tools, SignalP 5.0 server, PredictProtein server, Phyre2 system
and MEGA 6.0, respectively.

2.4. Immune challenge with A. hydrophila

A. hydrophila preparation and immune challenge experiment were
based on our previous studies [40]. In brief, 100 pl suspension of 1 x
107 CFU ml~! A. hydrophila in PBS was injected intraperitoneally, while
injection of 100 pl sterile PBS was used as the control group [41]. Each
group was composed of six individuals and each treatment contained
three replicates under the same condition. Tissues were isolated at 0, 6,
12, 24, 36 and 48 h post-injection, immediately frozen in liquid nitrogen
and preserved in —80 °C.

Table 1
The primer sequences used in this study.

Primer names Sequence direction (5° — 3') Use
FerL-F ATGTCTCTAGTCAAGCAGAA clone
FerL-R TCAGAGCGTGTGCTTGTCAAA clone
pET-FerL-F CCGGAATTCATGTCTCTAGTCAAGCAGAA vector
pET-FerL-R CCGCTCGAGTTAATGATGATGATGATGATGGAGCGTGTGCTTGTCAAACA vector
pc-FerL-F CCCAAGCTTGCATGTCTCTAGTCAAGCAGAA vector
pc-FerL-R CCGGAATTCTTACTTGTCGTCATCGTCTTTGTAGTCGAGCGTGTGCTTGTCAAACAG vector
RT-18S-F CCGACCCTCCCTCACG qPCR
RT-18S-R GCCTGCTGCCTTCCTTG qPCR
RT- FerL-F CAGACCGTTGCGAAGCCC qPCR
RT- FerL-R GCCAGCGTAGTCACCCAGC qPCR
RT-MyD88-F CTATGAGGCGATTCCAGTAACA qPCR
RT- MyD88-R CCAGTCTGCTGCCACCG qPCR
RT-IRAK4-F GCGTCCTGCTGCCTGAT qPCR
RT- IRAK4-R CCTCTGAACACGATGCCAA qPCR
RT-TRAF6-F AGACCAGCAAGGCTATGACG qPCR
RT- TRAF6-R GCCGAGCGAAGACCCA qPCR
RT-IL-1beta-1-F CCTGACAGTGCTGGCTTTG qPCR
RT- IL-1beta-1-R AATGATGATGTTCACCACCTTC qPCR
RT-IL-1beta-2-F TCTTCGCATCCTCACAGCAT qPCR
RT-IL-1beta-2-R CAGCGTCACAGCCTTCAAAT qPCR
RT-TNFalpha-1-F GGATTGCTGCCCTCACGG qPCR
RT-TNFalpha-1-R CTTTGGACACTTTAGGTTCATACG qPCR
RT-TNFalpha-2-F GTGGGGTCCTGCTGGCT qPCR
RT-TNFalpha-2-R CTGGTCCTGGTTCTGTTTC qPCR
RT-hlyA-F GGCCGGTGGCCCGAAGATACGGG qPCR
RT-hlyA-R GGCGGCGCCGGACGAGACGGGG qPCR
RT-GAPDH-F CAGGGTGGTGCCAAGCG qPCR
RT-GAPDH-R GGGGAGCCAAGCAGTTAGTG qPCR
RT-Bax-F GGTGGAGGCGATACGGG qPCR
RT-Bax-R CGAGTTGGTTGAAGAGTGGAGT qPCR
RT-caspase-3-F AGATGCTGCTGAGGTCGGG qPCR
RT-caspase-3-R GGTCACCACGGGCAACTG qPCR
RT-caspase-8-F TGTGAATCTTCCAAAGGCAAA qPCR
RT-caspase-8-R CTGTATCCGCAACAACCGAG qPCR
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2.5. Fish cells treated with various doses of Lipopolysaccharide (LPS)

WREFCs were seeded in 6-well plates at 80% confluence for 24 h. After
that, cell culture medium was replaced with fresh medium containing
500 ng/ml or 1000 ng/ml of LPS (Escherichia coli 0111:B4, Sigma, USA)
[42]. Cells were harvested at 0, 6, 12, 24, 36 and 48 h post-treatment,
immediately frozen in liquid nitrogen and preserved in —80 °C.

2.6. RNA isolation, cDNA synthesis and qRT-PCR assay

Total RNA was extracted from isolated tissues and harvested cell
samples by using HiPure Total RNA Mini Kit (Magen, China). Following
quality check, 1000 ng of purified total RNA was used for cDNA syn-
thesis by using Revert AidTM M-MuLV Reverse Transcriptase Kit (MBI
Fermentas, USA). Then, expression profiles of WR-FerL. were investi-
gated by qRT-PCR assay [43]. In brief, qRT-PCR assay was performed by
using PowerUp SYBR Green Master Mix (Applied Biosystems, USA). At
the end of qQRT-PCR assay, melting curve analysis was implemented to
confirm credibility of each qRT-PCR result. The primers used in this
study were shown in Table 1. 18S rRNA (XR_003291850.1) was used as
internal control to normalize the results [44]. Primer specificity was
confirmed and each sample was analyzed in triplicate to certify the
repetitiveness and credibility of experimental results. qRT-PCR results
were measured by using Applied Biosystems QuantStudio 5 Real-Time
PCR System with 2 -ANACt pethods [45].

2.7. Plasmid preparation

To investigate WR-FerL function, ORF sequence of WR-FerL was used
as the template. Following double digestion reaction, the above
sequence was ligated to pET32a or pcDNA3.1 plasmids, which was
subjected to the sequencing confirmation as previously described [46].

2.8. Prokaryotic expression, purification and western blotting of WR-FerL

The protocols of fusion protein expression and purification were
performed as previously described [47]. In brief, the above pET32a
plasmid or pET32a-WR-FerL plasmid was transformed into E. coli Ros-
setta (DE3) competent cells for protein expression, respectively. Rossetta
clone inserted with a corrected plasmid was cultured in LB medium with
100 pg/ml ampicillin at 37 °C until ODggg value reached about 0.6, then
IPTG was added to a final concentration of 1 mM for another 4 h in-
duction. After IPTG induction and sonication, pellets were harvested,
dissolved in the buffer containing 8 M urea and centrifuged, then the
soluble recombinant proteins were obtained and purified by using
Ni-NTA resins (Novagen, China). Following proper dialysis, the protein
concentration and western blotting were performed. According to our
previous studies, purified pET-32a tag peptide was kept in lab and used
as the control [48].

2.9. Iron binding assay

The iron binding assay was performed as previously described [49].
In brief, various concentrations of purified pET32a tag or WR-FerL were
co-cultured with 2 mM FeCl; at room temperature for 10 min. After that,
30 pl of 5 mM ferrozine was added to the solution. Following 15 min
incubation at room temperature, the absorbance at 562 nm was
measured by using a spectrophotometer. The experiment was performed
in triplicate.

2.10. ELISA assay

Based on ELISA coating protocols [50], 96-well plates were coated
with resuspension of A. hydrophila (1 x 107 CFU ml_l) or LPS (100
pg/ml, purified from Escherichia coli O111:B4, Sigma, USA) at 4 °C
overnight, then blocked with 5% milk and washed with 0.5%
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Tween-20/PBS. After that, various concentrations of purified pET32a
tag or WR-FerL. were added to the plates for 2 h incubation at room
temperature, followed by incubation with anti-His antibody and HRP
secondary antibody. Then, 200 pl of TMB diluted in substrate buffer was
added and incubated for 30 min in dark. Until the color was developed,
the reaction was stopped by adding.

2 M H3S04. The absorbance at 450 nm was determined by a micro-
plate reader. pET32a tag group was served as the control. The experi-
ment was performed in triplicate. The binding index was calculated.

2.11. Invivo effect of WR-FerL on A. hydrophila infection

To investigate the effect of WR-FerL on growth of A. hydrophila, in
vivo injection was performed. Thirty minutes after bacterial infection (1
x 107 CFU ml™!), WRs received intraperitoneal injection of purified
pET32a tag or WR-FerL at a dose of 3.0 ug/g, respectively. Following 24
h post-injection, both bacterial load assay and detection of A. hydrophila
hlyA gene were performed as described previously [51]. In brief, bac-
terial loads were quantitated in liver, kidney and spleen. The tissues
(approximately 0.15 g fresh tissue weight) were homogenized in 1.0 ml
of sterile PBS and cultured onto LB agar plates for 16 h incubation, then
bacterial colonies were counted [52]. For detection of A. hydrophila hlyA
gene, both genomic DNA of tissues and bacterial DNA were extracted by
using a DNA extraction kit (Omega, USA), and the concentration was
adjusted to 100 ng/ul qPCR assay was used to detect hlyA gene of
A. hydrophila, while GAPDH gene was analyzed as the reference gene.
pET32a tag-treated group was used as the control. The experiments were
performed in triplicate.

2.12. Protective effect of WR-FerL in the immune challenge with
A. hydrophila

To investigate the effect of WR-FerL in A. hydrophila stimulated in-
flammatory response, the above pET32a tag or WR-FerL treated samples
were used for RNA isolation and cDNA synthesis. Then, qRT-PCR assay
was performed as described above. pET32a tag treated group was used
as the control. The primers of myeloid differentiation factor 88 (MyD88,
KC816578.1), interleukin-1 receptor-associated kinase 4 (IRAK4,
XM_026202045.1), tumor necrosis factor receptor associated factor 6
(TRAF6, KF767099.1), interleukin-1p-1 (IL-1f8-1, KC306642.1), inter-
leukin-1p-2 (IL-1B-2, KC771268.1), tumor necrosis factor a-1 (TNFa-1,
KJ923252.1), tumor necrosis factor a-2 (TNFa-2, KJ923253.1) and 18S
rRNA were shown in Table .1. Each sample was analyzed in triplicate to
certify the repetitiveness and credibility of experimental results. qRT-
PCR results were measured by using QuantStudio 5 Real-Time PCR
system (Applied Biosystems, USA) with 2 “AAC methods.

2.13. Dual-luciferase reporter assay

Based on previous studies, dual-luciferase reporter assay was per-
formed in fish cells [53]. In brief, cells were grown in 24-well plates for
18 h. Cells were co-transfected with PRL-TK and NF-kB Luc/TNFa Luc
[54]. Various amounts of recombinant vectors pcDNA3.1 or
pcDNA3.1-WR-FerL were transfected to investigate transcriptional ac-
tivity of reporter activities. To investigate the effect of LPS stimulation
on promoter activities, transfected cells were stimulated with LPS at 100
ng/ml for 6 h [55]. Following 24 h, luciferase activity was performed by
using a dual-luciferase reporter assay system (Promega). Relative folds
of luciferase activity were normalized to the amount of Renilla lucif-
erase. The results were repeated in triplicate.

2.14. Statistical analyses
The data analysis was measured by using SPSS 18 analysis program

and represented as means + standard deviation. All of the experimental
data analysis was subjected to Student’s t-test or one-way ANOVA (one-
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way analysis of variance). In the further analysis of Duncan’s multiple
range test, only if the level of P-value < 0.05, the differences were
considered statistically significant.
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Fig. 1. Bioinformatics analysis of WR-FerL. (A) Multiple alignment of the predicted amino acid sequence of WR-FerL with other FerL sequences. AgFerL, Anabarilius
grahami Ferritin L, ROL51056.1; CaFerL, Carassius auratus Ferritin L, XP_026093571.1; CcFerL, Cyprinus carpio Ferritin L, XP_018922143.1; DcFerL, Denticeps clu-
peoides Ferritin L, XP_028845021.1; MpFerL, Mylopharyngodon piceus Ferritin L, AVO65126.1; OmFerL, Oncorhynchus mykiss Ferritin L, XP_021420938.2; PpFerL,
Pimephales promelas Ferritin L, XP_039522540.1; SaFerL, Sinocyclocheilus anshuiensis Ferritin L, XP_016310750.1; TtFerL, Triplophysa tibetana Ferritin L,
KAA0704991.1. The shared residues represented the similar regions between the different species and the conservative degree was distinguished from light to dark.
Ferritin-like domain was indicated by arrow. (B) Secondary structure of WR-FerL was predicted by PDBsum Generate. <#§7"=: Helix strand; Helices labeled: H1,
H2, ...and strands by their sheets A, B, ...; p: beta turn. (C) 3D structure of WR-FerL was predicted by using Phyre2. Tertiary structure of WR-FerL was colored by
rainbow from N to C terminus. 100% of residues were modeled at >90% confidence Model dimensions (A): X:44.914, Y:46.296, Z:57.031. (D) Phylogenetic tree
constructed by using full-length amino acid sequences of FerL. Full-length FerL amino acid sequences were extracted from Genbank and analyzed by using Neighbor-
Joining method by Mega 6.0 with 1000 bootstrap replications. The numbers shown at branches indicated the bootstrap values (%). Sequence used in analysis with
their latin names and GenBank accession number: Labrus bergylta FerL, XP_020496361.1; Stegastes partitus FerL, XP_008281518.1; Betta splendens FerL,
XP_028989547.1; Channa argus FerL, KAF3704483.1; Epinephelus lanceolatus FerL, XP_033466545.1; Trematomus bernacchii FerL, XP_034006194.1; Cyprinodon
tularosa FerL, XP_038156978.1; Oncorhynchus mykiss FerL, XP_021420938.2; Denticeps clupeoides FerL, XP_028845021.1; Triplophysa tibetana FerL, KAA0704991.1;
Carassius auratus FerL, XP_026093571.1; Cyprinus carpio FerL, XP_018922143.1; Sinocyclocheilus anshuiensis FerL, XP_016310750.1; Mylopharyngodon piceus FerL,
AVO065126.1; Anabarilius grahami FerL, ROL51056.1; Pimephales promelas FerL, XP_039522540.1; Xenopus laevis FerL, AAQ10929.1; Podarcis muralis FerL,
XP_028559083.1; Homo sapiens FerL, NP_000137.2.
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Fig. 1. (continued).
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Fig. 2. Expression profiles of apoptosis-related genes determined by qRT-PCR. The calculated data (mean + SD) of six individuals (n = 6) with different letters were
significantly different (P < 0.05).
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Kidney WR-Caspase-3 mRNA expression Liver WR-caspase-8 mRNA expression

Spleen WR-Caspase-8 mRNA expression
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Fig. 2. (continued).
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3. Results
3.1. Characterization of WR-FerL sequence

The obtained ORF sequence of WR-FerL was 522 bp, encoding 173
amino acid residues with an estimated molecular mass of 19.66 KDa and
a predicted isoeletric point of 6.13. In Fig. 1A, multiple sequence
alignment analysis revealed that WR-FerL contained a ferritin-like
domain (13-153 amino acid), showing a high similarity to the coun-
terparts in other vertebrates. Additionally, NCBI blast system discovered
that WR-FerL polypeptide harbored the conserved ferroxidase diiron
center (K23, Y30, k%7, E%8, Q°!, Q%% and s'¥), ferrihydrite nucleation
center (E53,L56, K°7 and D®%) and iron ion channel (H114, D'?7 and E'39),
In Fig. 1B, secondary structure analysis predicted that WR-FerL con-
tained 6 helices, 13 helix-helix interactions and 11f-turns. In Fig. 1C,
tertiary structure of WR-FerL was 50% identical to dlmfra template
modeled with 100% of residues exceeding a 90% confidence. In Fig. 1D,
phylogenetic tree analysis revealed that WR-FerL sequence was similar
to those of other teleost, suggesting that the evolutionary relationship
was in agreement with the concept of the traditional taxonomy.

3.2. A. hydrophila challenge promote activation of apoptosis-related
genes

In Fig. 2, expression profiles of apoptosis-related genes (Bax, caspase-
3 and caspase-8) in liver, kidney and spleen were investigated following
A. hydrophila challenge. In Fig. 2A, liver WR-Bax mRNA expression
peaked at 24 h after A. hydrophila challenge. In Fig. 2B, a gradual in-
crease of WR-Bax mRNA expression in kidney was observed from 12 h to
36 h following A. hydrophila challenge, followed by a sharp decrease at
48 h. In Fig. 2C, splenic WR-Bax mRNA expression dramatically fluc-
tuated and peaked at 48 h after A. hydrophila challenge. In Fig. 2D-F,
WR-caspase-3 mRNA in liver, kidney and spleen increased significantly
from 6 h to 36 h following A. hydrophila challenge, followed by a sharp
decrease at 48 h. In Fig. 2G-I, WRs receiving A. hydrophila infection
exhibited a gradual increase of WR-caspase-8 mRNA expression from 6 h
to 36 h.

3.3. Gene expression of WR-FerL mRNA

In Fig.3A, a high-level expression of WR-FerL. mRNA was observed in
spleen, while the lowest expression level was detected in muscle.
Expression patterns of WR-FerL. mRNA in liver, kidney and spleen were
investigated at 0, 6, 12, 24, 36 and 48 h following A. hydrophila chal-
lenge. In Fig. 3B, liver WR-FerL mRNA expression peaked at 6 h
following A. hydrophila challenge, followed by a sharp decrease from 12
h to 48 h. In Fig. 3C, a significant increase of WR-FerL. mRNA expression
in kidney was observed from 6 h to 48 h after A. hydrophila challenge
with the highest value peaked at 36 h. In Fig. 3D, WR-FerL mRNA
expression in spleen increased dramatically from 6 h to 12 h following
A. hydrophila challenge, followed by a dramatic decrease from 24 h to
48 h.

Expression profiles of WR-FerL. mRNA in WRFCs were investigated at
0, 6, 12, 24, 36 and 48 h after various doses of LPS stimulation. In
Fig. 3E, expression levels of WR-Ferl, mRNA in WRFCs increased grad-
ually and peaked at 36 h following 500 ng/ml LPS stimulation. In
contrast, WR-FerL mRNA expression increase dramatically from 6 h to
24 h following 1000 ng/ml LPS stimulation, followed by a sharp
decrease from 36 h to 48 h (Fig. 3F).

3.4. Prokaryotic expression and fusion protein validation

The pET32a and pET32a-WR-FerL plasmid were transformed into
E. coli Rossetta (DE3) competent cells for protein expression, respec-
tively. After IPTG induction, whole cell lysates were detected by SDS-
PAGE. In. Fig.4A, a strong protein band was visualized in pET32a-WR-
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FerL transformed cells compared with that of pET32a transformed
cells. Following sonication, WR-FerL fusion protein was purified by
using a Ni-NTA resin (Millipore) and confirmed by western blotting
using anti-His antibody.

3.5. Iron depriving activity of WR-FerL

To investigate the fundamental property of WR-FerL polypeptide
harboring conserved metal binding sites, iron depriving assay was per-
formed. As shown in Fig. 4B, the relative iron binding activity decreased
significantly in high dose of WR-FerL compared with that of pET32a tag
group, suggesting that fusion WR-FerL possessed an iron binding activity
in vitro.

3.6. Binding activity of WR-FerL to A. hydrophila and LPS

In Fig.5A and 5B, recombinant WR-FerL exhibited a gradual increase
of in vitro binding ability to A. hydrophila and LPS by comparing with
those of the control, implying that WR-FerL could directly bind to
A. hydrophila and LPS in vitro.

3.7. Antibacterial activity of WR-FerL against A. hydrophila

In Fig. 6A-B, bacterial load and detection of A. hydrophila hlyA in
liver, kidney and spleen tissue were determined at 24 h post-infection. In
this study, the administration of fusion WR-FerL could sharply reduce
the bacterial loads in tissues. In addition, the expressions of A. hydrophila
hlyA in liver, kidney and spleen in A. hydrophila + WR-FerL group were
approximately 71.1%, 97.6% and 86.9% lower than those of
A. hydrophila + pET32a tag group, respectively. These results suggested
that the administration of WR-FerL could restrict growth of A. hydrophila
in vitro and reduce its dissemination to tissues in vivo.

3.8. Regulatory effect of WR-FerL in A. hydrophila-induced inflammatory
response

To investigate the immunoregulatory effect of WR-Ferl in
A. hydrophila -induced cytokine cascades, expression levels of MyD88,
IRAK4, TRAF6, IL-1f-1, IL-1B-2, TNFa-1 and TNFa-2 were detected at
24 h post-challenge.

As shown in Fig. 7A-G, liver expression levels of MyD88, IRAK4,
TRAF6, IL-1f-1, IL-1-2, TNFa-1 and TNFa-2 mRNA in A. hydrophila +
WR-Ferl. group were approximately 70.5%, 63.1%, 82.1%, 82.3%,
38.2%, 75.2% and 69.1% lower than those of A. hydrophila + pET32a tag
group, respectively. In kidney, expressions of MyD88, IRAK4, TRAF®6, IL-
1p-1, IL-1p-2, TNFa-1 and TNFa-2 mRNA in A. hydrophila + WR-FerL
group were approximately 98.0%, 97.1%, 97.6%, 64.7%, 85.0%, 98.7%
and 94.8% lower than those of A. hydrophila + pET32a tag group,
respectively. In addition, expressions of splenic MyD88, IRAK4, TRAF6,
IL-1f-1, IL-1p-2, TNFa-1 and TNFa-2 mRNA in A. hydrophila + WR-FerL
group were 93.2%, 88.7%, 94.0%, 84.0%, 38.2%, 67.2% and 42.1%
lower than those of A. hydrophila + pET32a tag group, respectively.

3.9. WR-FerL overexpression suppressed NF-xkB and TNFa activation in
WRFCs

To detect the effect of WR-FerL overexpression on NF-kB and TNF«
promoter activity, dual-luciferase assay was performed. As shown in
Fig. 8A, WR-FerL overexpression could dramatically abrogate NF-«xB
luciferase reporter in WRFCs. 500 ng WR-FerL plasmid could attenuate
NF-kB luciferase activity to 56.2%, while 1000 ng WR-FerL plasmid
could decrease NF-kB activity to 44.7%. In addition, NF-kB reporter
activity induced by LPS stimulation could be inhibited by 500 ng WR-
FerL plasmid to 56.6%, while 1000 ng WR-FerL plasmid could miti-
gate increased level of NF-kB activity to approximately 40.3%.

In Fig. 8B, WR-FerL overexpression could significantly attenuate
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Fig. 3. Gene expression of WR-FerL determined by qRT-PCR. (A) Tissue-
specific mRNA expression of WR-FerL determined by qRT-PCR. Relative WR-
FerL mRNA expression of each tissue was calculated by the 2 AAC methods
using 18S rRNA as a reference gene, and the relative mRNA level was compared
with spleen expression. (L: liver; I: intestine; K: kidney; H: heart; SK: skin; G:
gill; M: muscle; B: brain; SP: spleen). (B-D) qRT-PCR analysis of WR-FerL mRNA
expression in liver, kidney and spleen at 0, 6, 12, 24, 36 and 48 h post-
challenge. (E-F) gRT-PCR analysis of WR-FerL. mRNA expression in WRFCs at
0, 6, 12, 24, 36 and 48 h following various doses of LPS stimulation. The
calculated data (mean + SD) of six individuals (n = 6) with different letters
were significantly different (P < 0.05).

TNFa promoter activity in WRF cells. 500 ng WR-FerL plasmid could
attenuate TNFa activity to approximately 64.2%, while 1000 ng WR-
FerL plasmid could reduce TNFa activity to 33.3%. In addition, TNFa
reporter activity induced by LPS stimulation could be inhibited by 500
ng WR-FerL plasmid to 59.9%, while 1000 ng WR-FerL plasmid could
alleviate increased level of TNFa activity to approximately 25.9%.

4. Discussion

Previous studies have indicated that ROS overproduction induced by
stressors may play a regulatory role in signal transduction for bridging
innate immunity with adaptive immune response [56], whereas its
long-term increase can disrupt antioxidant balance and damage
macromolecular products [57]. Our previous studies suggested that
LPS-induced inflammation and mitochondrial damage may be highly
associated with ROS-mediated cytotoxic stress [54]. In general,
apoptosis or programmed cell death (PCD) is highly modulated cell
death process in the normal development and homeostasis within the
host that can promote resolution of the acute inflammatory response and
remodel inflamed sites via phagocytic clearance of dying cells [58,59].
Bax, a pro-apoptotic member of Bcl-2 like superfamily, can be activated
in a p53-dependent manner by various stimuli [60]. In addition, Bax is
required for the activation of caspase-8 and caspse-3 during apoptotic
process [61], which is widely considered as a major determinant in
p53-Bax apoptotic signals [62]. In this studies, increased levels of Bax,
caspase-8 and caspase-3 expression were observed in liver, kidney and
spleen following A. hydrophila challenge, suggesting that the activation
of apoptosis-related genes can serve as the indicators of fish following
A. hydrophila infection.

FerL is a ubiquitous iron storage protein of ferritin-like superfamily.
Increasing evidences indicate that mammalian FerL can participate in
occurrences of autoimmune disease [63] and confer protection against
sepsis-induced inflammatory response [64]. However, the studies on
existence of FerL in fish and its function of immune regulation are
sparse. Current study revealed that the obtained WR-FerL sequence of
522 bp encoded 173 amino acid residues, possessing the ferritin-like
domain, ferroxidase diiron center, ferrihydrite nucleation center and
iron ion channel. In this study, we found that WR-FerL exhibited the
ferroxidase activity. Similarly, previous studies have shown that the
presence of partially conserved residues of ferroxidase centers in sea-
horse FerL. may exhibit an observed ferroxidase activity [29].

Tissue-specific analysis revealed that a high-level of WR-FerL
expression was observed in spleen, while the lowest expression level
was detected in muscle, suggesting that the expression of WR-FerL
mRNA was broadly expressed in various tissues. In general, liver, kid-
ney and spleen play vital roles in fish immunity [65]. In this study,
elevated expression levels of WR-FerL. mRNA were detected in liver,
kidney and spleen after A. hydrophila challenge. In addition, WRFCs
receiving various doses of LPS stimulation exhibited a significant
up-regulated expression of WR-FerL. mRNA. These results implied that
WR-FerL may be involved in immune response to A. hydrophila infection
and gram-negative bacterial endotoxin stimulation. However, the po-
tential function of FerL in fish is still scanty.

Iron metabolism is not only critical for the growth of microorganisms
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Fig. 4. WR-FerL fusion protein purification and iron depriving activity. (A)
Production and purification of WR-FerL fusion protein. Lane M: Protein mo-
lecular standard; Lane pET32a WCL: Total protein was isolated from induced
pET32a-Rossetta; Lane WR-FerL WCL: Total protein was isolated from whole
cell lysis of induced pET32a-WR-FerL-Rossetta; WR-FerL supernatants: Super-
natants from induced pET32a-WR-FerL-Rossetta after sonication; WR-FerL
pellets: Pellets from induced pET32a-WR-FerL-Rossetta after sonication; WR-
FerL purification: Purified WR-FerL fusion protein; WR-Ferl. WB: Purified
WR-FerL fusion protein was identified using anti-His tag antibody. (B) Iron
depriving activity of WR-FerL. The calculated data (mean + SD) with different
letters were significantly different (P < 0.05) among the groups. The experi-
ments were performed in triplicate.

and tumor cells, but also plays an important role in the proliferation of
immune cells and regulation of cellular immune effectors [66]. As a
critical iron-regulatory protein, FerL may play a complex role in immune
regulation. In mammals, recent studies indicate that FerL can alleviate
LPS-induced productions of inflammatory cytokines [67], ameliorate
sepsis-induced organ dysfunction [64] as well as enhance the cellular
resistance to temozolomide chemotherapy [68]. However, the mecha-
nism linking FerL to immune regulation in fish is still unclear. To
investigate the immune-regulatory function of WR-FerL, WR-FerL pro-
tein was generated in vitro. ELISA assay indicated that fusion WR-FerL
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Fig. 5. Binding activity of WR-FerL to A. hydrophila (A) and LPS (B) determined
by ELISA assay. The calculated data (mean + SD) with different letters were
significantly different (P < 0.05) among the groups. The experiments were
performed in triplicate.

protein could exhibit the in vitro binding activity to A. hydrophila and
LPS in a dose-dependent manner. Then, in vivo treatment of WR-FerL
revealed that WR-FerL. administration could reduce bacterial loads in
liver, kidney and spleen. These results suggested that WR-FerL may exert
its antibacterial activity by decreasing the adhesion of gram-negative
bacteria to cell surface.

A. hydrophila is a gram-negative bacteria, posing a great threat to the
survival of economic fish [69]. In general, endotoxin of gram-negative
bacteria can directly increase antimicrobial products from ontogeny to
adulthood [16] and mediate immune response through toll-like re-
ceptors (TLRs) in fish [70]. MyD88 is a pivotal adaptor involved in TLR
signals by IRAK4 recruitment [71,72]. IRAK4 activation can promote
TRAF6 activation [73,74] and facilitate mRNA stability of cytokines
[75], then mediating the induction of proinflammatory cytokines via
activation of IkB kinases/nuclear factor-kB (IKKs/NF-xkB) and
mitogen-activated protein kinase/activator protein-1 (MAPK/AP-1) [76,
771. As is well known, NF-xB is a key transcription factor capable of
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Fig. 6. Determination of antibacterial activity of WR-FerL. (A) Bacterial load
assay. Following injection, liver, kidney and spleen was homogenized in 1 ml of
sterile PBS and then cultured in agar medium. (B) Inhibitory effect of WR-FerL
on A. hydrophila infection in vivo. Thirty minutes after A. hydrophila infection,
treatment of pET32a tag or WR-FerL was performed. Liver, kidney and spleen
were isolated at 24 h post-injection. Expression of A. hydrophila hlyA gene was
determined by qPCR assay. The calculated data (mean + SD) with different
letters were significantly different (P < 0.05) among the groups. The experi-
ments were performed in triplicate.

determining the choice between life or death events [78] and partici-
pating in cytokine production [79,80]. Thus, to investigate the regula-
tive roles of WR-FerL in A. hydrophila-induced inflammation, we
performed A. hydrophila challenge followed by in vivo treatment of
above fusion proteins. In this study, gene expressions of MyD88, IRAK4,
TRAF®6, IL-1p-1, IL-1p-2, TNFa-1 and TNFa-2 were significantly lower in
WR-FerL + A. hydrophila group by comparing with those of pET32a tag
+ A. hydrophila group. In addition, WR-FerL overexpression could
dramatically attenuate NF-kB and TNFa activity in WRFC with or
without LPS treatment. Taken together with previous studies, these
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Fig. 7. Protective effect of WR-FerL in A. hydrophila-mediated inflammatory
signals. QRT-PCR analysis of MyD88 (A), IRAK4 (B), TRAF6 (C), IL-1p-1 (D), IL-
1p-2 (E), TNFo-1 (F) and TNFa-2 (G) mRNA expression in liver, kidney and
spleen at 24 h post-challenge. The calculated data (mean + SD) with different
letters were significantly different (P < 0.05) among the groups. The experi-
ments were performed in triplicate.
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Fig. 8. Effect of WR-FerL overexpression on the promoter activities. Cells were
co-transfected with PRL-TK, NF-kB Luc/TNFa Luc, together with pcDNA3.1 or
pcDNA3.1-WR-FerL. The calculated data (mean + SD) with different letters
were significantly different (P < 0.05). The experiments were performed
in triplicate.

results indicated that WR-FerL may counteract MyD88-IRAK4 proin-
flammatory signals as well as decrease proinflammatory cytokine pro-
ductions of IL-1p-1, IL-1f-2, TNFa-1 and TNFa-2 following A. hydrophila
infection.

In summary, we analyzed the expressions of apoptosis-related genes
following A. hydrophila challenge. Then, we characterized the archi-
tecture of WR-FerL in crucian carp for the first time and studied up-
regulated expression of WR-FerL mRNA after A. hydrophila infection
and LPS stimulation. WR-FerL fusion protein could elicit the iron
chelating activity, bind to A. hydrophila and LPS as well as restrict
bacterial dissemination to tissues in vivo. In addition, the administration
of WR-Ferl protein could downregulate bacteria-induced proin-
flammatory signals and decrease cytokine production. WR-FerL over-
expression could alleviate transcript activity of NF-xB and TNFa in
WREFCs. Our results revealed that WR-FerL may be involved in the down-
regulation of inflammatory response in fish following A. hydrophila
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