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a b s t r a c t

Ferritins play an indispensable role in iron homeostasis through their iron-withholding function in living
beings. In the current study, cDNA sequences of three distinct ferritin subunits, including a ferritin H, a
ferritin M, and a ferritin L, were identified from big belly seahorse, Hippocampus abdominalis, and
molecularly characterized. Complete coding sequences (CDS) of seahorse ferritin H (HaFerH), ferritin M
(HaFerM), and ferritin L (HaFerL) subunits were comprised of 531, 528, and 522 base pairs (bp),
respectively, which encode polypeptides of 177, 176, and 174 amino acids, respectively, with molecular
masses of ~20e21 kDa. Our in silico analyses demonstrate that these three ferritin subunits exhibit the
typical characteristics of ferritin superfamily members including iron regulatory elements, domain sig-
natures, and reactive centers. The coding sequences of HaFerH, M, and L were cloned and the corre-
sponding proteins were overexpressed in a bacterial system. Recombinantly expressed HaFer proteins
demonstrated detectable in vivo iron sequestrating (ferroxidase) activity, consistent with their putative
iron binding capability. Quantification of the basal expression of these three HaFer sequences in selected
tissues demonstrated a gene-specific ubiquitous spatial distribution pattern, with abundance of mRNA in
HaFerM in the liver and predominant expression of HaFerH and HaFerL in blood. Interestingly, the basal
expression of all three ferritin genes was found to be significantly modulated against pathogenic stress
mounted by lipopolysaccharides (LPS), poly I:C, Streptococcus iniae, and Edwardsiella tarda. Collectively,
our findings suggest that the three HaFer subunits may be involved in iron (II) homeostasis in big belly
seahorse and that they are important in its host defense mechanisms.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ferritin is an important protein that primarily regulates the
cellular concentration of free iron (II) in living organisms. It can
serve as a potent iron depriver and thereby plays a crucial role in
the storage and detoxification of iron [1,2]. Ferritin is comprised of
s Lab, Department of Marine
University, 66 Jejudaehakno,
24 subunits, which form a hollow shell that can mineralize about
4500 iron atoms in it. In vertebrates, the 24-mer globular protein of
ferritin is made up of heavy (H) and light (L) subunits, which are
encoded by two distinct genes. The H subunit harbors the ferrox-
idase center that converts ferrous ions (Fe2þ) into ferric ions (Fe3þ)
[3], whereas the L subunit contains a site for nucleation with a
mineral core to facilitate iron nucleation [4]. In mammals, the dif-
ferential proportion of H and L subunits in ferritin is clearly tissue-
dependent: heart ferritin is enrichedwith H subunits, whereas liver
ferritin predominantly contains L subunits. Although similar
architectural characteristics are found among ferritins from
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different animal origins, these subunits largely vary at the amino
acid level, which permits them to play different roles in iron ho-
meostasis [1]. Interestingly, a third subunit known as the middle
(M) type subunit has also been identified besides the aforemen-
tioned two subunits, almost exclusively from the lower vertebrates
[5,6]. The M subunit was found to possess both the ferroxidase
center of the H subunit and the iron nucleation site of the L subunit,
and it thus exhibits the functional properties of both H and L sub-
units [7].

The expression of ferritin subunits is a tightly regulated process
that is controlled at transcriptional as well as post-transcriptional
levels [7]. These three ferritin subunits harbor a regulatory
sequence known as the iron responsive element (IRE) in their 50-
untranslated region (UTR), which is important in sensing heavy
iron loads and which in turnmodulates subunit expression [8] with
the aid of iron regulatory proteins (IRPs) [7]. Moreover, a wide array
of factors modulate the basal expression level of ferritin genes. In
addition to iron load [9], ferritin transcription was found to be
modulated by oxidative stress [10], temperature [11], heavy metals
[12], hormones, and cytokines [7]. Moreover, the regulated
expression of ferritin genes upon administering pathogen-
associated molecular patterns (PAMPs) and/or pathogenic in-
fections has also been reported [10,13]. Consequently, ferritin has
been proposed to be an acute phase protein that is involved in
innate immune responses against invading pathogens mainly
through its iron withholding function [14,15].

Ferritin is ubiquitously distributed throughout the biota from
microbes to humans, and ferritin genes encoding distinct subunits
have been identified in a diverse group of invertebrate and verte-
brate species, including fish. For instance, the ferritin H gene has
been reported from Ictalurus punctatus [16], Scophthalmus maximus
[17], Dicentrarchus labrax [13], Salmo salar [5,18], and Oplegnathus
fasciatus [19]. Meanwhile, the ferritin M gene has been character-
ized from several marine teleost species, including Cynoglossus
semilaevis [20], Pseudosciaena crocea [21], Sciaenops ocellatus [22],
S. maximus [10], S. salar [5], and O. fasciatus [6]. However, the ferritin
L gene has not yet been cloned from any fish species. Ferritin has
been studied in terms of its iron chelating activity, DNA protection
effect, bacteriostatic function, and transcriptional regulation abili-
ties under different stress conditions. However, comprehensive and
comparative studies that describe all the ferritin subunits from a
single species are very limited [23].

The big belly seahorse (Hippocampus abdominalis) is an impor-
tant resource in oriental medicine as practiced in China, Korea, and
Japan. However, this species has been listed under the CITES
(Convention on International Trade in Endangered Species of Wild
Fauna and Flora). Moreover, seahorses are vulnerable to pathogenic
attacks leading to fatal diseases [24,25]. Therefore, it is important to
explore the immune mechanisms existing in seahorses to gain an
insight into their immune system at the molecular level.

In this study, we have identified and functionally characterized
homologs of the ferritin H, ferritin M, and ferritin L subunits from
seahorse, designated respectively asHaFerH,HaFerM, andHaFerL. In
addition, the basal as well as the temporally modulated expression
levels of each HaFer gene following PAMP or pathogen treatment
were detected. Finally, the iron depriving activity of these ferritin
subunits was demonstrated using recombinant proteins.

2. Materials and methods

2.1. Construction of seahorse cDNA database

The database of seahorse cDNA sequences was constructed by
the 454 GSFLX™ sequencing technique. Briefly, total RNA was
extracted from blood, liver, kidney, gill, and spleen tissues of 18
seahorses. The extracted RNA was then cleaned with an RNeasy
Mini kit (Qiagen, USA) and assessed for quality and quantified using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Canada), which
detected an RNA integration score (RIN) of 7.1. For GS-FLX 454
shotgun library preparation, the RNA was fragmented into an
average size of 1147 bp using the Titanium system (Roche 454 Life
Science, USA). Sequencing was finally run on half a picotiter plate
on a Roche 454 GS-FLXTM DNA platform at Macrogen, Korea. The
raw 454 reads were trimmed to remove adapter and low-quality
sequences, and de novo assembled into contigs using GS Assem-
bler (Roche 454 Life Science, USA) with the default parameters. The
Nile tilapia genome obtained from NCBI GenBank was used as a
reference genome for mapping analysis.

2.2. Identification of sequences of three different ferritin subunits
from sea horse cDNA database

The cDNA sequences of HaFerH (Accession number: KP780174),
HaFerM (Accession number: KP780175), and HaFerL (Accession
number: KP780176), which showed prominent similarity with the
known ferritin subunits of other vertebrates, were identified from
the above established cDNA database using the Basic Local Align-
ment Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) avail-
able at the National Center for Biotechnology Information (NCBI). In
order to obtain the full sequence of the 50-UTR, 50 rapid amplifi-
cation of cDNA ends (RACE) was performed with a FirstChoice®
RLM-RACE kit using gene-specific oligomers (Table 1).

2.3. Sequence characterization and phylogenetic analysis

Three identified HaFer sequences were characterized using
several in silico tools. The putative complete open reading frames
(ORFs) of HaFer sequences were determined and the corresponding
amino acid sequences were deduced using DNAsist 2.2 software.
The IRE in the 50-UTR was predicted using SIREs Web Server 2.0
(http://ccbg.imppc.org/sires/). The protein domains of derived
amino acid sequences were predicted using the ExPASy Prosite
database (http://prosite.expasy.org). Physicochemical properties of
HaFer sequences were determined using the ProtParam tool
(http://web.expasy.org/protparam). Pairwise and multiple
sequence comparisons of HaFer sequences with their respective
homologs were performed using the EMBOSS needle (http://www.
Ebi.ac.uk/Tools/emboss/align) and ClustalW2 (http://www.Ebi.ac.
uk/Tools/clustalw2) programs, respectively. A phylogenetic recon-
struction of HaFer sequences and their orthologs was generated by
employing the neighbor-joining (NJ) method in Molecular Evolu-
tionary Genetics Analysis version 4.0 (MEGA 4.0) software [26].

2.4. Cloning the ORFs of HaFer genes

The ORFs of HaFerH, HaFerM, and HaFerL were PCR amplified
with corresponding cloning primers appended with EcoRI and
HindIII restriction sites (Table 1) using the seahorse liver cDNA as a
template and cloned into the pMAL-c2X vector. Briefly, PCR was
performed in a 50 mL reaction mixture containing 4 units (U) of Ex
Taq polymerase, 5 mL of 10 � Ex Taq buffer, 4 mL of 2.5 mM dNTPs,
25 pmol of each primer, and 50 ng of liver cDNA. The PCR was
performed as follows: initial denaturation at 94 �C for 3 min, fol-
lowed by 30 cycles of 94 �C for 30 s, 55 �C for 30 s, 72 �C for 40 s, and
a final extension step at 72 �C for 4 min. The PCR product was gel-
purified using an Accuprep™ gel purification kit (Bioneer, Korea).
The PCR product and pMAL-c2X vector were then digested with
restriction enzymes and gel-purified again. Finally, the digested
pMAL-c2X vector and PCR product were ligated using Mighty Mix
(5.0 ml; TaKaRa, Japan) at 4 �C overnight. The ligated pMAL-c2X/
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Table 1
Sequences of the primers used in the study.

Purpose Orientation Primer sequences

40S ribosomal protein S7 qPCR Forward GCGGGAAGCATGTGGTCTTCATT
40S ribosomal protein S7 qPCR Reverse ACTCCTGGGTCGCTTCTGCTTATT
Ferritin H qRT-PCR Forward ACTGCGAGGCTGCAATCAACA
Ferritin H qRT-PCR Reverse CCTGGTCATCCCGGTCAAAGTAGTAA
Ferritin M qRT-PCR Forward CAAGAAACCAGAGCGTGATGAGTGG
Ferritin M qRT-PCR Reverse GTCCACATGCTCAGAGGCCAATTT
Ferritin L qRT-PCR Forward GGACGACGTTGCCCTGAAGAAAT
Ferritin L qRT-PCR Reverse CCCGCGTTGGTTTAGCGATAGT
Ferritin H cloning Forward GAGAGAgaattcATGAGTTCCCAGGTGAGACAAAACTTC
Ferritin H cloning Reverse GAGAGAaagcttTTAACTGCTTTCCTTGCCCAAAGTATGT
Ferritin M cloning Forward GAGAGAgaattcATGGAGTCTCAAGTGCGCCAGA
Ferritin M cloning Reverse GAGAGAaagcttTTAGCTCTTGCCCTCCAGAGAGT
Ferritin L cloning Forward GAGAGAgaattcATGCAGTCGGTGGTCCG
Ferritin L cloning Reverse GAGAGAaagcttTTACAAAGTGTGCTTGTCAAAGAGGTATTC
Ferritin H 50 RACE Outer Reverse GGCTTCCTGACATCTTGAAGGAAGATCCT
Ferritin H 50 RACE Inner Reverse TCTTCGTGAGATTGGTCCCGGAAGAA
Ferritin M 50 RACE Outer Reverse TGTTCCCTTTCCTCCTCGCTGTTCT
Ferritin M 50 RACE Inner Reverse CGGTTAATGGCGGCCTCGCAT
Ferritin L 50 RACE Outer Reverse GTGTTCTTGTTCCTTTTGAGAGAGCGCCA
Ferritin L 50 RACE Middle Reverse ACTGGAAAATTTCTTCAGGGCAACGTCGT
Ferritin L 50 RACE Inner Reverse TCGCCTTCACACTCGGCGT
50 RACE Outer Primer Forward GCTGATGGCGATGAATGAACACTG
50 RACE Inner Primer Forward CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG
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HaFer product was then transformed into Escherichia coli DH5a
cells and sequenced.

2.5. Over-expression and purification of recombinant HaFer fusion
proteins

The sequence confirmed recombinant constructs (pMAL-c2X/
HaFerH, pMAL-c2X/HaFerM, and pMAL-c2X/HaFerL) were trans-
formed into competent E. coli BL21 (DE3) cells. Transformed col-
onies were grown in 500 mL LB broth containing 100 mg/mL
ampicillin and 1% glucose with shaking at 37 �C. After the optical
density at 600 nm reached 0.5, isopropyl-b-thiogalactopyranoside
(IPTG) was added at a final concentration of 1 mM. The bacterial
culture was incubated for 3 h at 37 �C. Subsequently, cells were
harvested by centrifugation (3000 rpm for 30 min at 4 �C). The
pellet was resuspended in column buffer (20 mM TriseHCl pH 7.4
and 200 mM NaCl) and stored at �20 �C overnight. On the
following day, the bacterial suspensionwas lysed by cold sonication
and centrifuged (13,000 rpm for 20 min at 4 �C) to obtain the su-
pernatant (crude extract). Thereafter, this crude extract was sub-
jected to a purification process using the pMAL™ Protein Fusion
and Purification System (New England BioLabs, USA), following the
vendor's protocol. The concentration of the eluted purified re-
combinant proteins was determined by the Bradford method using
bovine serum albumin as the standard [27] and the purity was
evaluated on a 12% SDS-PAGE under reducing conditions.

2.6. Iron (II) chelating activity assay

In order to determine the potential iron chelating activity of the
three HaFer subunits, an iron (II) chelation assay was conducted
using purified recombinant proteins as previously described with
minormodifications [28]. Briefly, 20 mL of 2mM FeSO4was added to
1 mL of recombinant HaFer protein (rHaFer) diluted into different
concentrations in a column buffer. Samples were incubated at room
temperature (25 �C) for 10 min. Subsequently, 20 mL of 5 mM fer-
rozine (Sigma, USA) was added to each sample. The contents were
mixed thoroughly and then incubated again at room temperature
for 15 min. Finally, the optical density (OD) of each sample was
measured at 562 nm using a spectrophotometer (Thermo Scientific,
USA).

2.7. Experimental animals and tissue collection

Seahorses were purchased from the Korea Marine Ornamental
Fish Breeding Center in Jeju Island, Republic of Korea. Fish were
acclimated in laboratory aquarium tanks (300 L) for one week prior
to the experimentation. The sand-filtered seawater was aerated
continuously and a constant temperature (18 ± 2 �C) and salinity
(34 ± 0.6‰) were maintained throughout the experiment. No food
was provided during the challenge experiment. For tissue distri-
bution analysis, six seahorses (3 males and 3 females) with an
average body weight of 8 g were used. Blood was collected by tail
cutting, and the peripheral blood cells (PBCs) were separated by
immediate centrifugation at 3000 g for 10min at 4 �C. Other tissues,
including heart, gill, liver, spleen, kidney, intestine, stomach, skin,
muscle, pouch, and brain were excised and immediately snap-
frozen in liquid nitrogen and stored at �80 �C.

For the immune challenge, seahorses with an average body
weight of 3 g were used. LPS (1.25 mg/mL), poly I:C (1.5 mg/mL),
Edwardsiella tarda (5 � 103 CFU/mL), and Streptococcus iniae
(105 CFU/mL) were preparedwith PBS and injected intraperitoneally
in a total volume of 100 mL. The fish in the control group were
injected with 100 mL PBS. The kidney and liver were sampled from
five individuals at 0, 3, 6, 12, 24, 48, and 72 h post-injection (p.i.) as
described above.

2.8. Total RNA extraction and cDNA synthesis

Total RNA was extracted from a pool of tissue samples collected
from six healthy fish and five immune-challenged fish corre-
sponding to each time point by RNAiso plus (TaKaRa, Japan), fol-
lowed by clean-up with an RNeasy spin column (Qiagen, USA). RNA
quality was examined using 1.5% agarose gel electrophoresis and
the concentration was determined at 260 nm in a mDrop Plate
(Thermo Scientific, USA). First-strand cDNA was synthesized in a
20 mL reaction mixture containing 2.5 mg of RNA by using the Pri-
meScript™ II 1st strand cDNA Synthesis Kit (TaKaRa, Japan). The
synthesized cDNA was diluted 40-fold in nuclease-free water and
stored in a freezer at �80 �C until further use.
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2.9. Analysis of mRNA by quantitative real time PCR (qPCR)

To quantify the mRNA expression in different tissues of healthy
and immune-challenged animals, qPCR was carried out using a
Thermal Cycler Dice™ TP800 (TaKaRa, Japan) in a 10 mL reaction
volume containing 3 mL of diluted cDNA template, 5 mL of
2� TaKaRa Ex Taq™ SYBR premix, 0.5 mL of each of the forward and
reverse primers (10 pmol/mL; Table 1), and 1 mL of nuclease free
ddH2O. The qPCR cycle profile included one cycle of 95 �C for 10 s,
followed by 35 cycles of 95 �C for 5 s, 58 �C for 10 s, and 72 �C for
20 s, and a final single cycle of 95 �C for 15 s, 60 �C for 30 s, and 95 �C
for 15 s. Each assay was conducted in triplicate to increase its
credibility. The 2�DDCt method was used to calculate relative
expression [29]. Seahorse 40S ribosomal protein S7 (Accession
number: KP780177) was used as the internal control gene. Relative
mRNA expression in tissues of immune-challenged animals was
further normalized to the expression levels of corresponding PBS-
injected controls at each time point.

3. Results and discussion

3.1. Molecular characterization of ferritin subunits from H.
abdominalis

Significant research has recently been published on teleost fer-
ritins describing the homologs of the H and M subunits [21,30,31].
The existence of multiple isoforms of these subunits has also been
demonstrated in fish: (1) three isoforms of FerH were identified in
rainbow trout [32], and (2) five ferritin isoforms including two FerH
and three FerMwere recently cloned from Atlantic salmon [18]. The
occurrence of three distinct ferritin subunits in amphibians
(tadpole) was evidenced from their differential mRNA expression
and electrophoretic features [23]. However, to our best of knowl-
edge, no study has reported all three ferritin subunits from a teleost
species. In our study, we isolated the three ferritin subunits H, M,
and L from big belly seahorse, H. abdominalis, examined their
expressional profiles, and assayed their ferroxidase activity.

A search of the H. abdominalis cDNA library yielded three partial
sequences of ferritin subunits H, M, and L, which we termed
HaFerH, HaFerM, and HaFerL, respectively. Molecular profiles of
these HaFers are summarized in Table 2. The 50 RACE was per-
formed to derive the corresponding complete UTRs of HaFer cDNAs,
and HaFerH and HaFerM were found to possess the IRE sequences
TTACCTGCTTCAACAGTGCTTGAACGGCAAC and GTTCTTGCTTCAA-
CAGTGATTGAACGGAACT, respectively. Alignment of IREs from
different vertebrate ferritin subunits revealed considerable con-
servation, with the FerH homologs in zebrafish and seahorse
sharing 100% identity (Fig. 1A). These IREs contained a typical 50-
CAGUGN-30 loop and a bulged Cys (C8) positioned 6 bp upstream of
the loop showing the potential to form a stem-loop structure
(Fig. 1B). The IRE in the 50-UTR is an important element and an
acknowledged characteristic of Fer genes that modulates their
translational regulation [33]. These features suggest that HaFerH
and HaFerM expression may also be regulated by iron at the
translation level, aided by IRPs.

HaFerH cDNA possessed an ORF of 534 bp coding for 177 amino
acids (aa) with a deduced molecular mass of 21 kDa. It contained a
50-UTR of 607 bp and a 30-UTR of 479 bp. HaFerM cDNA contained a
50-UTR of 92 bp, an ORF of 531 bp encoding a protein of 176 aa with
a predicted molecular mass of 21 kDa, and a 30-UTR of 35 bp. HaFerL
transcript contained 50- and 30-UTRs of 91 bp and 223 bp, respec-
tively, with a 525 bp ORF translating to a protein of 174 aa (20 kDa).
HaFerH and HaFerM cDNAs also contained a polyadenylation signal
(AATAAA) followed by a poly A tail (Table 2).

Analyses of translated amino acid sequences revealed the
presence of a ferritin-like diiron domain profile in all three HaFers
(residues 7e156). As predicted by the PROSITE tool, HaFerH had
two iron-binding region signatures (IBRS1, residues 58e76; IBRS2,
residues 123e143), whereas both HaFerM and HaFerL possessed
only IBRS2 (residues 123e143) (Fig. 1C). Using the NCBI CDD server,
the iron binding sites in the ferroxidase diiron center of HaFerH and
HaFerMwere found to harbor identical residues (E24, Y31, E58, E59,
H62, E104, Q138), but HaFerL exhibited substitutions in a few po-
sitions (K24, S31, K58, E59, H62, Q104, S138). Meanwhile, the fer-
rihydrite nucleation center of HaFerH (D54, H57, E61), HaFerM
(E54, E57, E61), and HaFerL (A54, Q57, E61) occupied different
residues (Table 2). Unlike some arthropod and mollusk ferritins,
vertebrate ferritins typically contain no signal peptides [28,34].
Accordingly, HaFer subunits possessed no signal peptides, sug-
gesting that they all are cytosolic proteins.

In mammals, the FerH subunit is equipped with a conserved
ferroxidase diiron center and converts iron (II) to iron (III) in the
presence of molecular oxygen [35]. The FerL subunit of mammals
lacks such a center; however, it possesses a nucleation center fur-
nished with three glutamic acids facing toward the center of the
apoferritin shell, which nucleate and facilitate iron accumulation
[36]. Consequently, the FerH and FerL subunits have distinct and
complementary functions.

To examine the conservation of HaFer in the context of its
mammalian and fish homologs, multiple sequence alignments
were generated using sequences of three ferritin subunit types. The
results illustrated a higher degree of conservation in iron binding
region signatures and iron binding sites (Fig. 2). The residues in the
ferroxidase diiron center of HaFerH were completely conserved
with respect to other FerH homologs [21], suggesting its potential
capacity to oxidize iron (II) [35]. Of the three conserved glutamic
acids in the ferrihydrite nucleation center, the second residue varies
in fish FerLs [18]. Unlike other homologs, the first glutamic acid was
also replaced by A54 in HaFerL, which might possibly influence its
role in nucleation. It was interesting to note that HaFerM exhibited
ideal conservation with respect to both the ferroxidase diiron
center of mammalian FerH, and the ferrihydrite micelle nucleation
center of mammalian FerL, evidencing its dual capacity to perform
the iron oxidation and iron mineralization functions efficiently.

While the tight conservation of ferritins was evidenced from the
multiple alignments, the pairwise homology between HaFers and
their corresponding teleost homologs was high. Comparatively,
FerH and FerMmembers share a strong identity (75e97%), whereas
FerL members shared a quite low identity (45e78%). Taken
together, these in silico data support the conclusion that the three
sequences isolated in this study are true orthologs of the FerH,
FerM, and FerL subunits. Unlike mammals, which possess only FerH
and FerL, teleosts can be added to the lower order vertebrate
category that expresses all three ferritin subunits as shown in
bullfrogs [23]. It appears therefore that fish ferritins could be
assembled either as heteropolymers consisting of FerH and FerL
subunits, or as homopolymers composed of FerM subunits.

3.2. Phylogenetic analysis of vertebrate ferritin subunits

A phylogenetic tree was constructed by the NJ method using
amino acid sequences of three ferritin subunits from different an-
imal origins. As illustrated in Fig. 3, the resultant tree revealed a
clear clustering of sequences based on subunit types including
ferritin H, M, and L. The respective fish and mammalian ferritin
subunits clustered closely and independently in each main branch,
where HaFerH, HaFerM, and HaFerL are associated with fish ferri-
tins with significant bootstrap support substantiating their ho-
mology with their respective teleost counterparts. FerM subunit
members exhibited exclusively a piscine origin, clearly showing



Table 2
Comparison of molecular profiles of H. abdominalis ferritin subunits.

Characteristics HaFerH HaFerM HaFerL

Nucleotide
(cDNA)

GenBank accession No KP780174 KP780175 KP780176

ORF (bp) 534 531 525
50-UTR 607 180 91
30-UTR 479 36 223
IRE in 50-UTR TTACCTGCTTCAACAGTGCTTGAACGGCAAC GTTCTTGCTTCAACAGTGATTGAACGGAACT Not present
Polyadenylation signal/poly A tail AATAAA; present Not determined AATAAA; present

Protein Peptide (aa) 177 176 174
Molecular mass (Da) 21 21 20
Theoretical pI 5.44 5.36 5.77
Ferritin-like diiron domain
profile

7e156 7e156 7e156

IBRS 2 (58e76 and 123e143) 1 (123e143) 1 (123e143)
Residues at ferroxidase center E24, Y31, E58, E59, H62, E104, Q138 E24, Y31, E58, E59, H62, E104, Q138 Not fully conserved
Residues at nucleation center Not fully conserved E54, E57, E61 A54, Q57, E61
Highest homology O. fasciatus FerH S. ocellatus FerM A. fimbria FerL
Signal peptide/location No; cytoplasm No; cytoplasm No; cytoplasm

Transcripts Highest mRNA level (qPCR) PBCs Liver PBCs
Protein activity Ferroxidase activity Present; strong even at lower dose Present; strong even at lower dose Present; only at higher dose

Fig. 1. Characteristics of iron responsive elements (IREs) in the 50-UTR of H. abdominalis ferritin subunit mRNAs, and the domain organization of translated products. (A) Sequence
alignment of IREs from selected vertebrate ferritins. The distance of the IREs from the start codons is given in bp. (B) Predicted stem-loop structures of IREs from selected fish
species. Apical loop and bulging Cys (C8) are shown in colors. (C) Domain composition of seahorse ferritins. Locations of iron-binding region signatures (IBRSs) are shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Multiple sequence alignment of different vertebrate ferritin subunits and homology scores of H. abdominalis ferritin subunits with their corresponding counterparts.
Sequence alignments were performed using the ClustalW method. The amino acids are numbered along the right margin. Identical residues in all sequences are indicated by
asterisks (*) under the columns. Residues strongly and weakly conserved are indicated by colons (:) and dots (.), respectively. Seven conserved amino acids composing the fer-
roxidase center (of H and M subunits) are indicated with red arrows. Residues involved in iron nucleation (in L and M subunits) are indicated by purple dots. Identity and similarity
scores of each HaFer sequence with its respective homolog are indicated at the end of the sequence.



Fig. 3. Phylogenetic relationships of H. abdominalis ferritin subunits and their known orthologs. Evolutionary proximity of different seahorse ferritin subunits and their vertebrate
counterparts was analyzed on the basis of ClustalW alignments of the respective protein sequences by using the NJ method in MEGA 5.0 software. Corresponding bootstrap values
are indicated on the branches.
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their limited distribution among lower order vertebrates in the
animal kingdom [23], and they formed the basal branch fromwhich
the other two branches evolved (Fig. 3).

There are controversial views about the evolution of ferritin
subunits. One hypothesis suggested that FerH is the common
ancestor, from which FerM evolved initially, followed by FerL [16].
Scudiero et al. (2013) proposed an alternative view, that a FerM-like
form was the ancestral form of other ferritin subunits [37]. Unlike
those studies, our analysis included the FerL sequence(s) of fish
origin, and the topology of our phylogenetic dendrogram implies
that FerM could be the potential ancestor of FerH and FerL. Based on
our results, we believe that FerH and FerL, which have distinct and
complementary roles (oxidation and mineralization of iron), could
have evolved from a FerM ancestor possessing those dual functions.
Subsequently, FerM could have disappeared during the evolution of
higher order vertebrates. However, detailed evolutionary analyses
are required to validate this opinion regarding ferritin evolution.

Although the transcriptome data mining in this study has
identified a single isoform of each ferritin subunit, we cannot
exclude the possibility of the existence of multiple ferritin isoforms
in seahorses. Evidence suggests that whole genome duplication
events in teleosts have led to the existence of multiple ferritin
isoforms as reported in salmonids [18,32].

3.3. Purification of recombinant HaFers and assessment of their
purity

In order to investigate the biological function of the three
H. abdominalis ferritin subunits, we cloned them into a pMAL-c2X
vector and overexpressed them in an E. coli system. Recombinant
HaFer (rHaFer) proteins were then purified by an affinity chroma-
tography approach. The eluted rHaFerH, rHaFerM, and rHaFerL
fusion proteins were analyzed on a 12% SDS-PAGE and the results
indicated that all three rHaFer fusion proteins were resolved to
single bands (lane 5 in each gel; Fig. 4). Moreover, all the protein
products appeared to harbor corresponding rHaFer subunits along
with an MBP-tag complying with their predicted molecular masses
(rHaFer: ~20e21 kDa; MBP: 42.5 kDa), resulting in fusion proteins
with molecular masses around 62e63 kDa (Fig. 4).

3.4. Iron (II) depriving activity

In order to analyze the iron (II) depriving activity of rHaFer
fusion proteins, a chromogenic assay was employed. This assay
quantifies the iron (II) binding proteins based on the reduction in
absorbance of the Fe2þ-ferrozine complex at OD 562 nm. As illus-
trated in Fig. 5, all three rHaFer fusion proteins demonstrated
detectable iron (II) withholding activity. Absorbance values of the
final reaction mixtures at 562 nm decreased with the increasing
dose (0e80 mg) of each rHaFer subunit, and the control experiment
with rMBP did not show any significant iron chelation at any con-
centration. In general, FerH and FerM demonstrate ferroxidase ac-
tivity by converting iron (II) ions to iron (III) ions [6]. Both rHaFerH
and rHaFerM significantly chelated iron (II) at a 20 mg dose level, as
reflected by the plot in Fig. 5. The presence of essential residues at
the ferroxidase center of HaFerH and HaFerM, as per our in silico
prediction, supports the above observed biological activity.
Intriguingly, we were able to detect significant iron (II) depriving
activity for rHaFerL at higher doses (>40 mg). It has been clearly
shown that residues at the ferroxidase center are the determinants
of ferroxidase activity, and using site-directed mutagenesis such a
center was constructed in a human FerL chain with a different
combination of residues, and it displayed ferroxidase activity [38].
The observed ferroxidase activity of rHaFerL might be at least in
part because of the presence of partially conserved residues typical
of ferroxidase centers, including E59 and H62 in the HaFerL protein
(Fig. 2). Formation of reactive oxygen species (ROS) could be facil-
itated by excess iron that has detrimental effects on protein, lipid,



Fig. 4. SDS-PAGE analysis of inductively overexpressed and purified recombinant ferritin subunits of H. abdominalis; (A) rHaFerH, (B) rHaFerM, (C) rHaFerL fusion proteins. Lane 1,
protein marker (Enzynomics, Korea); 2, total cellular extract from E. coli BL21 (DE3) prior to IPTG-induction; 3, whole cell lysate after IPTG-induction (1 mM) at 37 �C for 3 h; 4,
crude extract of rHaFer proteins from lysate (#3); 5, purified rHaFer fusion proteins from lane 4 by affinity chromatography.

Fig. 5. In vitro iron withholding assay for recombinant ferritin subunits of
H. abdominalis. FeSO4 was incubated with increasing amounts of rHaFer subunit pro-
teins (0e80 mg). Following the addition of ferrozine, OD562 was measured. Error bars
represent the SD (n ¼ 3).

Fig. 6. The transcriptional distribution of H. abdominalis ferritin subunits as deter-
mined by qPCR. Relative expression was calculated by the 2�DDCt method using the
seahorse 40S ribosomal protein S7 as the internal reference gene. Fold changes in
expression are shown relative to the mRNA expression level in the skin for three
replicate realetime reactions from pooled tissue of six individual seahorses.
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and DNA. Their ability to sequester iron (II), as evidenced from our
study, makes HaFers vital elements in systemic iron homeostasis.
3.5. Expression of ferritin subunits in tissues of healthy
H. abdominalis

HaFer expression profiles (Fig. 6) revealed that mRNAs of all
three HaFer subunits were widely distributed in the tissues exam-
ined. The relative mRNA expression fold of each HaFer subunit was
calculated using the H. abdominalis 40S ribosomal protein S7 as the
internal reference gene, further normalizing the expression of each
tissue to that of the skin. The HaFerH and HaFerL mRNA expression
levels were highest in PBCs. As reported previously, FerH subunits
of two Antarctic notothenioids, catfish, rock bream, red drum, and
sea bass were predominantly expressed in the liver and/or blood
[16,19,22,39,40]. Meanwhile, two isoforms of FerH in S. salar (H1
and H2) were detected at high levels in the muscle [18], agreeing
with our observations. On the other hand, the expression level of
HaFerM was highest in the liver followed by PBCs when compared
to other tissues. The FerM mRNA of C. semilaevis and large yellow
croaker was abundantly found in the liver, and its O. fasciatus
counterpart was highly expressed in PBCs [6,20,21]. While HaFerM
expression was in accordance with these profiles, the expression
pattern of three FerM isoforms (M1eM3) in S. salar variedmarkedly
in a tissue specific manner [18], and another variant had distinctive
transcription levels in gonad [5]. Ferritin mRNA distribution in
mammals is markedly different from that in fish. Mammalian FerH
subunits are abundant in the heart and brain, where they poten-
tially, through their rapid iron (II) depriving activity, are involved in
iron detoxification. On the other hand, mammalian FerL subunits
are abundantly found in the liver, where they act as iron reservoirs
[41]. Our data clearly revealed that HaFerL might be a PBC-specific
ferritin based on its relative fold in tissues. The pronounced
expression of HaFer subunits in blood is very likely to be observed
since some blood cells, including macrophages, store iron after
erythrophagocytosis and then generally release it under the regu-
lation of iron regulatory proteins such as ferritins [42,43]. On the
other hand, it can also be attributed to the iron-withholding
properties of ferritins, which impart to hosts an anti-microbial
defense in blood enriched with immune cells [14]. The liver is a
well-known center of iron storage and metabolism in animals



Fig. 7. Immune responsive expression profiles of H. abdominalis ferritin subunits in the kidney (A, C, E) and liver (B, D, F) upon different immune challenges as determined by qPCR.
Relative expression was calculated by the 2�DDCt method using the seahorse 40S ribosomal protein S7 as the reference gene with respect to the corresponding PBS-injected controls
at each time point. The relative fold change in expression at 0 h post-injection was used as the basal line for three replicate realetime reactions from pooled tissue of five individual
seahorses.
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[44,45]. Moreover, it harbors significant numbers of immune cells
and acts as an immune organ to combat pathogenic infections [46],
probably mediated by iron deprivation in cells as one of the defense
strategies. Thus, we would expect a higher level of basal ferritin
expression in the liver tissue. Basal expression of HaFers in naïve
seahorse suggests that they may play important tissue-specific
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roles.

3.6. Modulation of mRNA expression under pathogen-stress

In order to investigate the host immune response in terms of
ferritin subunit expression, subunit mRNA levels were determined
in kidney and liver tissues by qPCR, after stimulating healthy sea-
horses with different pathogens and associated molecular patterns.
Based on our qPCR data, three HaFer subunits were found to
modulate their basal expression in a tissue-specific manner. Herein,
we have used LPS (an endotoxin in the cell walls of Gram-negative
bacteria), and poly I:C (a viral double stranded RNA mimic) as
pathogen-derived mitogens, along with common aquatic microbes
including E. tarda and S. iniae as live bacterial pathogens (Fig. 7).
The dose and volume of LPS used in this study appeared to be
higher, when compared with previous studies [47,48]. However,
there were no acutely toxic effects observed during the whole
challenge experiment. Further, no behavioral changes or mortality
were observed during this period. Nevertheless, additional studies
are required to conduct in order to examine the toxic effect LPS on
seahorse.

Transcriptional expression of HaFerH was induced by all the
devised challenges in both kidney and liver, where at least a ~2-fold
increase was noticed at the time point of highest induction against
each injection (Fig. 7A, B). Notably, the fold increase in HaFerH
mRNAs caused by experimental infection with live bacteria (>7-
fold in the liver and >2.5-fold in the kidney) was higher than in
those with PAMPs in both tissues. Fig. 7C and D illustrate the post-
injection time course modulation of HaFerM expression. E. tarda
infection had no effect on its mRNA expression in the kidney, and a
moderate impact in liver (1.35-fold). However, S. iniae infection
evoked an inductive transcriptional response in the kidney and
liver with 3.2- and 3.8-fold increases, respectively. Both PAMPs
elicited significantly elevated mRNA levels in the kidney and liver,
where poly I:C-induced HaFerM expression was marginally higher
than that of LPS. Deviating from the expression patterns of HaFerH
and HaFerM against pathogen-induced stress, HaFerL transcription
differed over time in response to immune challenges (Fig. 7E, F).
The mRNA level of HaFerL fluctuated considerably throughout the
period of injection trials with significant up- and down-regulation.
E. tarda (2.7-fold) and poly I:C (2.4-fold), respectively, led to a
strong response in the kidney and liver.

In mammals, evidence exist for modulation of ferritin synthesis
mediated by inflammatory conditions such as microbial infections
[2,49]. Similarly, several research groups have reported upregulated
expression of FerH and FerM subunits in fish species under patho-
logical conditions. Isoforms of Atlantic salmon ferritin H and M
differentially responded against attenuated Aeromonas salmonicida
infection [18]. Likewise, ferritin H [19] and M [6] subunits in rock
bream and large yellow croaker [21] were shown to be induced by
bacteria (and virus). Red drum and turbot responded to bacterial
infection(s) by increasing the basal expression of FerM subunits
[10,22]. The overall transcriptional modulation of the three ferritin
subunits observed in the current study, together with previous
findings, suggests that sensing the molecular patterns of pathogens
led the signaling mechanisms to trigger ferritin synthesis. Based on
fold changes in HaFer transcripts, we suggest that HaFerH and
HaFerM may potentially form ferritin complexes rich in H- and M-
chains, which are prominently involved in iron (II) withholding
functions [14]. The H and M subunits of these ferritin complexes
suppress pathogen growth in cells more effectively than L subunits,
which are mainly responsible for the nucleation process [4]. On the
other hand, these positive transcriptional responses might repre-
sent a temporal elevation of ROS in response to pathogen invasion,
which could be possibly counterbalanced by ferritins through their
iron (II) depriving activity [9]. The inductive transcriptional re-
sponses in the kidney were continuous throughout the experiment,
particularly for HaFerH and HaFerM, when compared to those in the
liver. This might be at least in part because of different mechanisms
engaged by the liver and kidney tissues to combat invading or-
ganisms. On the other hand, as a potent immune organ [50] that is
metabolically highly active, the liver may act against pathogen in-
fections by maintaining a high level of ROS in hepatic cells while
dynamically regulating local ferritin expression, which can in turn
inhibit the Fenton type reactions by depriving free iron (II) ions
[51]. Infection-mediated transcriptional upregulation of HaFers in
the liver further suggest that they are potent molecules that take
part in acute phase responses [52].

Unlike mammals, which have ferritins made up of H and L
chains with distinct functional specificity, the lower order verte-
brates possess three types of ferritin chains (H, L, and M). It is
therefore likely that teleosts are capable of having dynamic control
over iron homeostasis, due to the existence of three types of ferritin
chains.

4. Conclusion

Our evidence provides an overall insight into the three seahorse
ferritins (HaFers: H, M, and L) that structurally resemble the known
ferritins and that demonstrate detectable iron (II) chelation activity
together with distinct expression profiles. Predictably, these pro-
teins possess conserved structural elements, which are necessary
for their biological properties. Evolutionarily, the ferritin M chain
seems to precede the other two chains (H and L). The iron depriving
activity of the three recombinantly expressed subunits suggests a
possible role of HaFers in iron homeostasis. In addition, the three
HaFers appeared to be transcriptionally up-regulated from their
basal levels under the stress triggered by pathogen-derived mito-
gens or live pathogens, suggesting that they play a role in host
immune defense. Collectively, these findings indicate that the
ferritin subunits identified from seahorse are potential role players
in iron homeostasis and putatively in host antimicrobial defense,
probably by inhibiting pathogen growth through iron (II)
deprivation.
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