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Ferritin is involved in several iron homoeostasis processes inmolluscs.We characterized two ferritin homologues
and their expression patterns in association with early development, growth rate and immune response in the
scallop Argopecten purpuratus, a species of economic importance for Chile and Peru. Two ferritin subunits
(Apfer1 and Apfer2) were cloned. Apfer1 cDNA is a 792 bp clone containing a 516 bp open reading frame (ORF)
that corresponds to a novel ferritin subunit in A. purpuratus. Apfer2 cDNA is a 681 bp clone containing a 522 bp
ORF that corresponds to a previously sequenced EST. A putative iron responsive element (IRE) was identified
in the 5′-untranslated region of both genes. The deduced protein sequences of both cDNAs possessed the motifs
and domains characteristic of functional ferritin subunits. Both genes showed differential expression patterns at
tissue-specific and early development stage levels. Apfer1 expression level increased 40-fold along larval devel-
opmental stages, decreasing markedly after larval settlement. Apfer1 expression in mantle tissue was 2.8-fold
higher in fast-growing than in slow-growing scallops. Apfer1 increased 8-fold in haemocytes 24 h post-
challenge with the bacterium Vibrio splendidus. Apfer2 expression did not differ between fast- and slow-
growing scallops or in response to bacterial challenge. These results suggest that Apfer1 and Apfer2 may be
involved in iron storage, larval development and shell formation. Apfer1 expressionmay additionally be involved
in immune response against bacterial infections and also in growth; and thuswould be a potentialmarker for im-
mune capacity and for fast growth in A. purpuratus.

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

Among bivalves, scallops are a valuable resource for fishing and
aquaculture worldwide. The scallop Argopecten purpuratus is a species
of importance for aquaculture in Chile and Peru. In Chile the production
of this scallop species has relay on aquaculture for more than 30 years,
since natural populations were decimated by overfishing (DiSalvo
et al., 1984; Stotz and González, 1997). In recent years, cultured scallops
have decreased their growth rates and experiencedmassivemortalities,
in part due to pathogen infections. Therefore, the characterization of im-
mune and growth proteins to be used as molecular markers of the
health and growth status of A. purpuratus appears as an essential tool
to support its culture. At present, immune-related genes have not
arina, Facultad de Ciencias del
imbo, Chile.
been reported in the literature for A. purpuratus, and in general, despite
its economic importance, little is known about the genetic factors that
regulate its growth and immune capacity.

Ferritins are iron storage proteins that play a pivotal role in iron me-
tabolism and homoeostasis of most organisms. Iron stored in ferritins is
used to synthesize iron co-factors for respiration, photosynthesis, nitro-
genfixation andDNA synthesis. Thus, ferritins have a central role in phys-
iology and they are essentially ubiquitous (Theil, 1987; Harrison and
Arosio, 1996; Arosio and Levi, 2010). In molluscs, ferritins have been
functionally related to dietary iron (Wu et al., 2010), exposure to heavy
metals (Zapata et al., 2009; Zhang et al., 2013b), antioxidation (He
et al., 2011), thermal stress (Salinas-Clarot et al., 2011), development
and shell formation (Wang et al., 2009; Huan et al., 2014), and recently
to immune response to pathogen challenge (He et al., 2011; Kim et al.,
2012; Li et al., 2012; Chávez-Mardones et al., 2013; Zhang et al., 2013a,
2013b).

Ferritins are molecular nanocages composed of 24 subunits (maxi-
ferritins). Each subunit is a protein folded in 4-helical bundles, a fifth
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short helix and a long extended loop (Crichton and Declercq, 2010). The
ferritin shell surrounds a cavity containing an iron mineral core where
thousands of iron atoms are stored (Harrison and Arosio, 1996; Le Brun
et al., 2010). Ferritin subunits present in maxi-ferritin complexes have
iron-binding sites with ferroxidase catalytic activity that bind two fer-
rous ions [Fe(II)] and oxidize them to ferric ions [Fe(III)]; using either
dioxygen (O2) or oxygen peroxide (H2O2) as oxidant co-substrate. The
ferrihydrite nucleation centre, composed of several acidic residues on
the inner cavity surface, facilitates the migration of the diferric oxo com-
plex to the central cavity of the nanocage. In this way, ferric ions and ox-
ygen atoms are stored by mineralization in the iron core (Harrison and
Arosio, 1996; Liu and Theil, 2005; Liu et al., 2006). Thus, ferroxidase ac-
tivity sequesters two Fenton reaction reagents, Fe(II) and H2O2, and the
major cellular oxidant O2, limiting free radical production and iron-
mediated oxidative stress. Because of this, ferritins are considered to
have an important antioxidant activity (Arosio et al., 2009).

In vertebrates, two major cytosolic ferritin subunit types have been
characterized, named heavy (H) and light (L) chains. TheH-ferritin sub-
unit displays ferroxidase catalytic activity. The L-chain lacks a diiron
binding site and ferroxidase activity, but contains the ferrihydrite nucle-
ation centre, which facilitates iron storage (Harrison and Arosio, 1996;
Arosio and Levi, 2010). A third type of cytosolic ferritin subunit, the
M- (middle) type chain, has been identified in lower vertebrates that
possesses both ferroxidase activity and an iron nucleation site (Giorgi
et al., 2008; Arosio et al., 2009).

In animals, non-cytosolic ferritins have also been found in mammal
and insect (Drosophila melanogaster) mitochondria (Galatro and
Puntarulo, 2007; Arosio and Levi, 2010), and some secretory ferritins
were found in certain invertebrates (Pham and Winzerling, 2010).
Ferritin genes and functions have been poorly studied in marine inver-
tebrates compared to vertebrates. However, cytosolic and secretory fer-
ritins have already been identified in invertebrates, with differences in
the number of homologous genes identified. Two H-type ferritins
were identified in Caenorhabditis elegans (Dunkov and Georgieva,
2004). Also, an H-type ferritin was identified in the echinoderm Asterias
forbesi (Beck et al., 2002). In molluscs, cytosolic and secretory H-type
ferritins have been identified (He et al., 2011; Wang et al., 2009;
Zhang et al., 2013a). For instance, two cytosolic and two secreted homo-
logues were identified in Crassostrea gigas (Huan et al., 2014), and four
cytosolic and two secretory ferritin homologues were identified in the
scallop Mizuhopecten yessoensis (Zhang et al., 2013a; Sun et al., 2014).

Most known animal cytosolic ferritin mRNAs carry a cis non-coding
regulatory element, the iron regulatory (or responsive) element (IRE),
in the 5′ untranslated region (5′-UTR). IREs have a pivotal role in iron
metabolism in animal cells. When intracellular iron concentration is
low, a cytosolic repressor, the iron responsive protein (IRP), binds to
the IRE hairpin structure at the 5′-UTR of ferritinmRNA and blocks ribo-
some binding and translation. When iron levels are high, IRPs are de-
graded or bind to other factors, and ferritin mRNA is efficiently
translated (Theil, 1994; Finazzi and Arosio, 2014).

Different ferritin transcriptional regulators discovered in mammals
included hormones, growth factors, inflammatory cytokines and second
messengers, relating ferritin expression to stress, cell injury, altered cell
regulation, and inflammation (Torti and Torti, 2002). Inmammals, ferri-
tins have been suggested also to be involved in apoptosis and
immunomodulation (Recalcati et al., 2008). Vertebrate and invertebrate
ferritins are also involved in innate immunity because of their iron-
withholding ability (Ong et al., 2006). In the echinoderm A. forbesi, stim-
ulated coelomocytes released iron into culture supernatants; upon
stimulation by LPS, coelomocytes increased ferritin expression and the
amount of iron in supernatants decreased over time, suggesting that fer-
ritin could be an acute phase protein and is involved in iron sequestra-
tion (Beck et al., 2002). Simonsen et al. (2011) showed that a ferritin
homologue was necessary for the full protective response of C. elegans
against pathogenic bacteria by phenotypic characterization after RNAi
knockdown of a ferritin gene.
The aim of the present study was to characterize A. purpuratus ferri-
tin genes and their expression patterns in association with early devel-
opment, immune response and growth rate; in order to assess their
potential use as molecular marker for assisted A. purpuratus breeding
programmes.

For this purpose, two ferritin subunit homologues were identified
and characterized in A. purpuratus. Their cDNA sequences were studied
and a phylogenetic analysis was carried out. Moreover, gene expression
patterns were studied in different tissues, along larval development, in
scallops challengedwith pathogen bacteria, and in individualswith con-
trasting growth rates. Results suggest that one of these ferritin homo-
logues, Apfer1, is a potential candidate gene to be used as a molecular
marker for growth and immune response for assisted selection in
breeding programmes for A. purpuratus.

2. Materials and methods

2.1. Ethical procedures

Animal maintenance and handling were carried out in strict accor-
dance with the recommendations in the CCAC guidelines (http://
www.ccac.ca/Documents/Standards/Guidelines). The protocol for sam-
pling procedures and experimental manipulations was reviewed and
approved by the Bioethics Committee of the Centro de Estudios
Avanzados en Zonas Aridas (Permit Number: 005-13) and the National
Council of Science and Technology of Chile.

2.2. Animals, challenge experiment and sample collection

A. purpuratus individuals were obtained from the farming centre
of the Universidad Católica del Norte (Tongoy, Coquimbo, Chile, 30°
14′ S, 4004-M15 SERNAPESCA). Holding conditions are described in
Pérez et al. (2009). A total of 15 adult individuals (14 months of age,
7–8 cm shell length) were collected and samples of several tissues
(mantle, adductor muscle, gonads, gills and digestive gland) were ex-
tracted andfixed in RNAlater Stabilization Reagent (Ambion Inc., Austin,
Texas, USA) and stored at−80 °C for subsequent RNA purification.

Individuals at different stages of development were also collected.
Adult scallops were induced to spawn (Pérez et al., 2009) and gametes
were mixed together at concentrations sufficient to allow for fertiliza-
tion. Three samples (i.e., biological replicates) of embryos (gastrulae;
n = 1000 approx.), trochophores (n = 88 approx.), straight-hinged
(veligers, n = 640 approx.), umbonal veligers (n = 500 approx.),
pediveligers (n= 400 approx.) and juveniles (n= 300) were collected
at 6 h, 24 h, 68 h, 8 d, 19 d and 23 d after fertilization, respectively. Each
sample was centrifuged and immediately resuspended in RNAlater and
stored at−80 °C for subsequent RNA purification.

In order to compare gene expression in individuals in terms of con-
trasting growth rate, shell lengths and bodyweights of 350 four-month-
old A. purpuratus individuals from a single reproduction batch were
measured. From this batch, the 20 largest (25.25 ± 1.71 mm in shell
length) and the 20 smallest (10.88 ± 0.65 mm in shell length) individ-
uals were selected, and samples of mantle were individually obtained
and preserved in RNAlater. We chose the mantle tissue because it is in-
volved in the shell formation process (Marin et al., 2008).

Challenge experiments were performed with the marine
V. splendidus bacterium strain, reported as pathogenic for A. purpuratus
larvae (Rojas et al., 2015). Bacteria were grown in trypticase soy broth
(TSB) supplementedwith 2% NaCl at 20 °C for 24 h. Subsequently, bacte-
ria were inactivated by heating at 90 °C for 2 h and centrifuged at
14,500 g for 10 min. Supernatant was removed and the pellet was
washed three times with sterile seawater. The pellet was then resus-
pended in sterile seawater at a final concentration of 107 cells/mL.
Forty A. purpuratus adult individuals were randomly divided into two
groups. One group consisted of 20 individuals that were challenged by
injection of 100 μL of the V. splendidus suspension (107 cells/mL) in the
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adductor muscle with a 25 G syringe. The second group consisted of 20
individuals that were injected with 100 μL of sterile seawater and were
used as controls. 1 mL of haemolymph from four individuals in each
groupwas collected 2, 6, 12, 24 and 48 h after injection. Therewas an ad-
ditional control group of four individuals that were not subjected to in-
jection and from which haemolymph was collected at the time of
injection of the individuals of the other groups, that is, at time 0 h. In
order to avoid tank effects, control and treated individuals were placed
at random into different pearl-nets in one 2000 L tank. Collected
haemolymph samples were immediately centrifuged at 600 g at 4 °C
for 10 min to harvest the haemocytes. Haemocytes were then immedi-
ately fixed in RNAlater and stored at −80 °C.

All procedures with live scallops followed the recommendations of
the EU Directive 2010/63/EU for animal experiments.

2.3. RNA extraction and first strand cDNA synthesis

Total RNA from each tissue and fromwhole larvaewas extracted and
treated with RNase-free DNase with an AxyPrep Multisource Total RNA
Miniprep Kit (Axygen Biosciences, Union City, CA, USA). RNA from
haemocyte pellets was extracted and treated with RNase-free DNase
with the SV Total RNA Isolation System (Promega, Madison, WI, USA)
according to the manufacturer's protocol. The RNA obtained was quan-
tified with an Epoch spectrophotometer (BioTek, Winooski, VT, USA).
RNA intactness was verified by visual inspection of integrity of 28S
and 18S rRNA bands in denaturing formaldehyde/agarose gel electro-
phoresis stained with SYBR® Safe (Thermo Fisher Scientific). Each
RNA sample was considered intact if 28S and 18S rRNA bands were
sharp and discrete with an absence of smearing under either, and fluo-
rescence intensity of 28S rRNA band appeared to be about twice as in-
tense as the 18S rRNA band The RNA was stored at −80 °C for further
use.

Reverse transcription (RT) of RNAs from tissues and larvae was car-
ried outwith a PrimeScript™ RT Reagent Kit with gDNAEraser (TaKaRa,
Japan) and oligo-p(dT)15 primer. RT of RNA from haemocytes was car-
ried out with an AffinityScript QPCR cDNA Synthesis Kit (Stratagene,
Santa Clara, CA, USA) according to the manufacturer's protocol. RT of
RNAs was done in equiproportions (i.e., from equal quantity of RNA)
within all compared samples from each experiment.

2.4. Isolation of Apfer1 and Apfer2 full-length cDNAs

In order to isolate at less two different A. purpuratus ferritin homo-
logues, two different pairs of oligonucleotideswere used. The first prim-
er pair, 5′-TCGTGAAACGCTACCACCTA-3′ (forward) and 5′-CTTCACATTT
TATTTCCCTGTCA-3′ (reverse), was designed from the sequence of
Argopecten irradians ferritin 1 (Aifer1, GenBank Acc. No. HQ225739).

cDNA from mantle tissue of A. purpuratus adult individuals
(14 months of age) was used for PCR. PCR reaction contained 5 μL of
cDNA and 0.2 μM (final concentration) of each primer, in a final volume
of 20 μL. The initial denaturing time was 3 min, followed by 30 PCR cy-
cles of 94 °C, 40 s; 60 °C, 40 s; and 72 °C, 40 s. A 624-bp PCR productwas
obtained, purified and sequenced by the Sequencing Service of the
Pontificia Universidad Católica de Chile. In order to obtain the 5′ un-
translated region (5′-UTR), 5′-RACE (rapid amplification of cDNA
ends)-Ready cDNAwas obtained with a SMARTer™ RACE cDNA Ampli-
fication Kit (Clontech, Palo Alto, CA, USA) and primer 5′-CTGACGGCCA
TTTTGACGTTTTAGGTGG-3′. Thermal cycling parameters were set in ac-
cordance with the manufacturer's instructions. The amplification prod-
uct was visualized on agarose gels, purified, and ligated into pGEM-T
Easy vector (Promega, Madison, WI, USA). Subsequently, competent
cells of Escherichia coli JM-109 (Promega) were transformed with the
plasmid by heat shock and then cultured in agar plates LB/Amp/IPTG/
X-gal overnight at 37 °C. Plasmids containing the insert were purified
with an E.Z.N.A. Plasmid DNA Mini kit (OMEGA Biotek, Norcross, GA,
USA). The resulting cDNA was sequenced, and the sequences of the
624-bp PCR and 5′-RACE products were aligned at the overlapping re-
gions to produce a full-length cDNA sequence.

In order to obtain a second A. purpuratus ferritin homologue, a sec-
ond primer pair was designed from the published sequence of a ferritin
EST form A. purpuratus (GenBank ES469340; Boutet et al., 2008) that is
homologous to Aifer2 of A. irradians (GenBank HQ225741). Primers
were: 5′-GTGAACGTACGGGCAAAGTT-3′ (forward) and 5′-TTCTGGGC
TAAATGTATCAACA-3′ (reverse), PCR was performed with these
primers under the same conditions described above, and generated a
681-bp PCR product that was cloned and sequenced as described above.

2.5. Sequence analyses

Sequences were analysed by BLAST (http://blast.ncbi.nlm.nih.gov/)
and the Expert Protein Analysis System (http://web.expasy.org/). Se-
quences were translated into predicted amino acid sequences, and
both nucleotide and predicted protein sequences were aligned with
various known ferritin sequences with the ClustalWMultiple Sequence
Alignment programme (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
The iron responsive elements (IREs) and stem-loop structures of the
two ferritin gene homologues were predicted by the SIREs Web Server
v2.0 (http://ccbg.imppc.org/sires/) (Campillos et al., 2010). The tertiary
structures of deduced proteins codified by Apfer1 and Apfer2 were
predicted through the I-TASSER (Iterative Threading ASSEmbly
Refinement) server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/)
(Zhang, 2008). The resultant theoretical model proteins were displayed
and analysed with PyMOL software (Schrödinger, 2010).

A phylogenetic analysis was performed with MEGA software v6.06
(Tamura et al., 2013) using the neighbour-joining method (Saitou and
Nei, 1987). The evolutionary distances were computed with the maxi-
mum composite likelihood method (Tamura et al., 2004). Node robust-
ness was assessed by the bootstrap method (N = 2000 pseudo-
replicates).

2.6. Quantitative real-time PCR

Primers for real-time PCR reaction were designed with Primer Ex-
press v3.0 software (Applied Biosystems, Foster City, CA, USA) to have
melting temperatures of 58 to 60 °C and generate PCR products of 50
to 150 bp.β-actinwas used as endogenous control in order to normalize
experimental results (Zapata et al., 2009). In order to validate β-actin as
a housekeeping gene for our samples, statistical tests on β-actin expres-
sion values among different tissues, developmental stages or challenged
animals were performed, and non-significant differences were found
among them (P N 0.05). Primer sequences were as follows: Apfer1
(forward, 5′-CATCACCAACCTGAAACGTGTT-3′; reverse, 5′-TACTCCAG
GGATTCTTTGTCGTACA-3′); Apfer2 (forward, 5′-CGACAAGGAGTCCATC
AATGG-3′; reverse, 5′-AATGTATCAACACTGCCAGAAGCT-3′); β-actin
(forward, 5′-GAATCTGGCCCATCCATTGT-3′; reverse, 5′- CGTTCTCGTG
GATTTTTTTCAAGT-3′).

Each PCR reaction contained 10 μL 2× Maxima® SYBR Green/ROX
qPCR Master Mix (Thermo Scientific, Rockford, IL, USA), 2 μL cDNA
and 0.3 μM (final concentration) of each primer, in a final volume of
20 μL. Minus-reverse transcriptase (−RT) controls of the RNA samples
were included in real-time RT-PCR experiments, in order to detect and
estimate genomic DNA contamination. Genomic DNA contamination
was considered negligible whether ΔCT between –RT and+RT samples
was ≥10 (Laurell et al., 2012). Real-time PCR reactions were run in an
Eco Real-Time PCR System (Illumina, San Diego, CA, USA). Initial dena-
turation time was 10 min at 95 °C, followed by 40 PCR cycles of 95 °C,
15 s and 60 °C, 1 min. After the PCR cycles, the purity of the PCR product
was checked by the analysis of its melting curve; the thermal profile for
melting curve analysis consisted of denaturation for 15 s at 95 °C,
lowered to 55 °C for 15 s and then increased to 95 °C for 15 s with con-
tinuous fluorescence readings. By serial dilution of cDNA, RT-qPCR effi-
ciency was set to be between 95 and 110%. Efficiency of Apfer1 gene
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amplificationwasnot similar to that of thehousekeeping gene (as itwas
determined by slope calculation), so the standard curvemethodwas ap-
plied for relative quantification of Apfer1. Efficiency of Apfer2 amplifica-
tionwas similar to that of the housekeeping gene, so the comparative CT
method (also called theΔΔCT method; Pfaffl, 2001) was applied for rel-
ative quantification of Apfer2. Experiments included five biological rep-
licates except in larvae expression (three biological replicates), and
three technical replicates were performed. Mean values ± SE were
presented.

2.7. Statistical analyses

Data were analysed with the STATISTICA v7.0 software package
(StatSoft Inc., Tulsa, OK, USA). The following statistical tests were per-
formed: one-way analysis of variance (one-way ANOVA) and Tukey
post-hoc test for data of gene expression in tissues and larvae; t-test of
the differences between two means for data of gene expression in
small and large individuals; data of gene expression upon bacterial chal-
lenge were analysed by factorial ANOVA (in order to assess the effect of
two factors: presence or absence of bacteria and time post-challenge)
and Tukey post-hoc test. We applied a sequential Bonferroni procedure
to correct for type I error in multiple simultaneous tests. Differences
were considered significant at P b 0.05. For ANOVAs, normality of the
dependent variable was tested with the Shapiro–Wilks test (SAS
Institute, 1999) and homogeneity of variances with the Levene test
Fig. 1. Nucleotide and deduced amino acid sequences of Apfer1 (A) and Apfer2 (B) from Argope
(ATG); asterisk denotes the stop codon (TAA). IRE sequences are single underlined. Conserved
nucleation centre are contained in square boxes. Conserved ion channel amino acids are contain
circles. Putative N-glycosilation site (NQSL) is shaded in dark grey.
(Snedecor and Cochran, 1989) to verify that the data met model
assumptions.

3. Results and discussion

3.1. cDNA cloning, sequence characterization of Apfer1 and Apfer2

Two full-length clones were isolated from mantle of A. purpuratus.
The full-length cDNA clones were designated as Apfer1 (for
A. purpuratus ferritin 1) and Apfer2, and they were 792 and 681 bp
length, respectively. The open reading frames (ORFs) of both genes
were 516 and 522 bp length, encoding 171 and 173 amino acids,
respectively. The predicted molecular weights of the deduced proteins
coded by Apfer1 and Apfer2 were 19.68 and 19.87 kDa and the
theoretical isoelectric points (pI) were 4.97 and 4.96, respectively.
Both predicted proteins contained an iron binding region signature
(IBRS, 59EEREHAEKFMKYQNKRGGR77) and seven conserved residues
(E25, Y32, E59, E60, H63, E105, Q139) of the ferroxidase diiron centre,
which catalyses Fe(II) oxidation in mammalian H ferritins (Fig. 1A
and B). Four conserved negatively charged amino acids (K55, D58,
E59, E62) are known to promote ferrihydrite nucleation in mammalian
L-type subunits. A potential bio-mineralization residue (Y27) and three
conserved ion channel amino acids (H116, D129, E132) that facilitate
access of iron ions to the ferritin protein were also identified. Proteins
coded by Apfer1 and Apfer2 have seven (Y38, S57, T93, S111, S125,
cten purpuratus. Methionine (M) at position 1 of the protein is codified by the start codon
residues for the ferroxidase site are shaded in black. Conserved residues of the ferrihydrite
ed in triangles. Conserved amino acidswith putative phosphorylation sites are contained in
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Y135, S169) and six (Y27, Y38, S57, S111, S125, Y135) amino acids with
putative phosphorylation sites, respectively. In addition, a putative N-
glycosylation site (109NQSL112), which is present in many ferritins,
was found in both amino acid sequences (Fig. 1A and B). Thus, Apfer1
and Apfer2 presented all sequence motifs determining ferritin function
(Theil, 1987; Harrison and Arosio, 1996). As M-type ferritins, they
have both the ferroxidase activity characteristic of H-type ferritins and
the iron nucleation site observed in L-type ferritins (Arosio et al.,
2009). No putative signal peptide was detected, which suggested that
both predicted ferritins are cytosolic proteins.

Pairwise and multiple alignment of nucleotide and protein se-
quences showed that Apfer1 and Apfer2 displayed high nucleotide
and amino acid identities with other mollusc and invertebrate ferritin
homologues. Apfer1 corresponded to a new ferritin homologous se-
quence (GenBank accession no. KT895278) and showed 97% nucleotide
Fig. 2.Multiple sequence alignment of vertebrate and invertebrate ferritin subunits. Conserved
Y residue involved in biomineralization of iron is shaded in dark grey. Ferritin sequences shown
2 (GenBank: ADR71732); Haliotis diversicolor (GenBank: ABY87353); Crassostrea gigas (soma
Danio rerio heavy (H; GenBank: NP_001002378) and middle (M; GenBank: XP_687175)
mitochondrial subunits (GenBank: AFM87250); Homo sapiens heavy (H; GenBank: NP_002023
identity (99% amino acid identity) with A. irradians ferritin 1 (GenBank
accession no. HQ225739). Apfer2 (GenBank accession no. KT895279)
corresponded to a partial sequence of an EST (GenBank accession no.
ES469340) obtained from a cDNA library from gonad tissue of
A. purpuratus (Boutet et al., 2008). Apfer2 showed 87% nucleotide iden-
tity (99% amino acid identity) with A. irradians ferritin 2 (GenBank:
GU263464). Apfer1 showed 88% nucleotide identity (89% amino acid
identity) with Apfer2. Apfer1 and Apfer2 showed high amino acidic
identities with other mollusc sequences (Fig. 2). A. purpuratus ferritins
1 and 2 display considerable homologies with H andM ferritin subunits
of vertebrates, and to a lesser extent with ferritin L subunits.

The potential 3D models of the tertiary structures of Apfer1 and
Apfer2were generated by the I-TASSER server, usingmultiple threading
approaches and iterative template fragment assembly simulations
(Fig. 3A and B). The proteins from the protein data bank (PDB) that
residues, important in iron binding and ferroxidation, are shaded in light grey. A conserved
are from: Argopecten purpuratus (Apfer1; Apfer2);A. irradians1 (GenBank: AEN71558) and
ferritin-like; GenBank: XP_011432947); Rhipicephalus microplus (GenBank: AAQ54710);
chain; Xenopus laevis heavy chain 1 (GenBank: NP_001090207); Callorhinchus milii
) and light (L; GenBank: AAA35831) subunits.



Fig. 3. Predicted 3D structuralmodels of Apfer1 (A) andApfer2 (B) subunits from Argopecten purpuratus. The fourα helixes are coloured in red, blue, yellow andmagenta. Afifth short helix
is coloured in cyan. Random coils and turns are coloured in green. N, N-terminal; C, C-terminal. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4.Phylogenetic optimal tree ofmost knownnucleotide coding sequences ofmollusc ferritin. Subunits Apfer1 andApfer2 references are contained in boxes. The evolutionaryhistorywas
inferred from theneighbour-joiningmethod. Bootstrap values are shownnext to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. (B), Class Bivalvia; (C), Class Cephalopoda; (G), Class Gastropoda. GeneBank accession numbers are indicated.
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have the closest structural similarity to the predicted I-TASSER models
for Apfer1 and Apfer2 were the human heavy chain ferritin (PDB:
2CN7) and a frog M ferritin (PDB: 3KA3), respectively. Apfer1 and
Apfer2 3D models consisted of four α helixes from the N-terminal that
Fig. 5. Iron responsive element (IRE) sequences and stem-loop structures of the two ferritin ge
elements (IREs) from mollusc ferritin subunits (and of the non-molluscan ferritin of Xenopus l
sequence: GenBank: ES469340) of Argopecten purpuratus and respective identical IRE sequenc
indicated. Conserved 5′-CAGTGN-3′ loop structure residues and bulged cysteines located fiv
dark grey. Sequence of IRE of Apfer1 was used as reference. (B) Predicted IRE stem-loop stru
IREs of A. irradians 2 (GenBank: HQ225741), L. stagnalis (GenBank: X56778) and H. cumingii
conserved bulged C are shaded in grey.
were parallel with each other, binding together through random coils
and turns (Fig. 3A and B). A fifth short C-terminalα helix was also pres-
ent in both Apfer1 and Apfer2. Thus, predicted 3Dmodels of Apfer1 and
Apfer2 resembled the typical spatial features of known H- and M-type
ne homologues. (A) Alignment and sequence comparison of most known iron responsive
aevis). Sequence of IRE of Apfer1, complete IRE sequence corresponding to Apfer2 (full IRE
es of other mollusc species are contained in boxes. Acc. No of each ferritin homologue is
e bases upstream are shaded in light grey. The other homologous regions are shaded in
ctures of Apfer1 and IRE corresponding to Apfer2 (GenBank: ES469340) compared with
1 (GenBank: HQ896721). The conserved 5′-CAGTGN-3′ loop structure residues and the



Fig. 6. Relative levels of Apfer1 (A) and Apfer2 (B) mRNA transcripts in different tissues of
adult of Argopecten purpuratus. Transcript levels of Apfer1 and Apfer2 in mantle (Mn),
adductor muscle (Mu), gill (Gi), gonad (Go) and digestive gland (Dg) were detected by
real-time PCR. Relative expression in mantle was used as reference. β-actin was used as
housekeeping gene. In figure A, gene expression level in digestive gland (dark grey bar)
corresponds to the vertical scale on the right. All values represent the means ± S.E.
(n = 5 biological replicates). Different letters denote P b 0.05.
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ferritin structures (Harrison and Arosio, 1996; Crichton and Declercq,
2010).

Phylogenetic analysis of Apfer1 and Apfer2 revealed two clades, one
including the non-secretory (40 nucleotide coding sequences) and the
other the secretory (five nucleotide coding sequences) subunits
(Fig. 4). The non-secretory clade included Apfer1, Apfer2 and most
other known molluscan ferritin subunits. Clades including Apfer1 and
Apfer2 further clustered together, and formed a clade with ferritin sub-
units of several Haliotis species (bootstrap values N70; Fig. 4).

Analysis of the 5′-UTR demonstrated the presence of a putative iron
responsive element (IRE) in the Apfer1 cDNA clone. A partial IRE se-
quencewas found in the 5′-UTR of Apfer2; a BLAST search allowed iden-
tification of the corresponding complete IRE sequence for the Apfer2
gene in an A. purpuratus gonad library (EST66, GenBank: ES469340;
Boutet et al., 2008) (Fig. 5A). IRE of Apfer1 and IRE corresponding to
Apfer2 are predicted to be folded into a typical stem-loop secondary
structure, which perfectly matches all IRE characteristics, including a
conserved six nucleotide loop 5′-CAGUGN-3′ and a bulged C located
five bases upstream of this loop (Fig. 5B). IREs are important regulatory
elements as binding sites for IBPs and Fe(II) (Theil, 2015), suggesting
that Apfer1 and Apfer2 syntheses are probably postranscriptionally reg-
ulated by iron.

The comparison of the ferritin coding sequences of the phylogenetic
tree with their corresponding IRE sequences show that Apfer1 and the
other three ferritin homologues of its clade displayed the same IRE se-
quence (Figs. 4 and 5A), suggesting that these coding sequences
and their IREs had experienced similar molecular evolution events.
However, the Apfer2 shared its IRE sequence with less-related clades
(Figs. 4 and 5A). It has been reported that IRE sequences are highly con-
served within taxonomic groups, and evolve through stepwise changes
in sequence, rather than by recombination events (Piccninelli and
Samuelsson, 2007). Our results suggest that the evolutionary history
of some ferritin IRE sequences can differ from that of their correspond-
ing coding sequences. Further characterization and phylogenetic analy-
sis of new homologues and more detailed studies on function and
regulation mechanisms between ferritin homologues will shed light
on the molecular evolution of ferritins in molluscs.
3.2. Tissue-specific mRNA levels of Apfer1 and Apfer2

Tissue-specific expression patterns of Apfer1 and Apfer2 were
analysed in different organs of adult individuals, including gill, adductor
muscle,mantle, gonad and digestive gland.Apfer1 andApfer2 transcripts
were detectable in all the examined tissues (Fig. 6). Apfer1 was most
strongly expressed in the digestive gland (mean expression ± SE:
1,493±595) (Fig. 6A), and the lowest expressionwas observed inman-
tle and gills (1.0 ± 0.3 and 0.9 ± 0.23, respectively). A high ferritin ex-
pression in the digestive glandwas also observed in othermolluscs such
as Pinctada fucata (Zhang et al., 2003), C. gigas (Durand et al., 2004),
Haliotis discus discus (De Zoysa and Lee, 2007), Haliotis rufescens
(Salinas-Clarot et al., 2011) and Haliotis diversicolor supertexta
(Xie et al., 2012). The digestive gland in molluscs is the main centre
for metabolic regulation, participating in the mechanisms of immune
defence and homoeostatic regulation of the internal medium, and is a
major site for metal accumulation and iron storage (Marigómez et al.,
2002). Thus, Apfer1 may be highly specific for iron storage in digestive
glands.

The highest level of Apfer2mRNA was observed in adductor muscle
(7.3 ± 2.5), being lower in other tissues, as digestive gland and gills
(4.2 ± 0.61 and 1.05 ± 0.14, respectively) (Fig. 6B). Adductor muscle
is themost important locomotion organ inmolluscs, especially scallops;
therefore, ferritins expressed in this tissuemay beputatively involved in
iron storage and energymetabolism (Heet al., 2011). Functional charac-
terization of both genes will shed light on their physiological roles in
organs.
3.3. Apfer1 and Apfer2 expression in different developmental stages

It has been suggested that ferritin is involved inmollusc shell forma-
tion by controlling the distribution of iron,which induces calcification in
the mantle tissue, a critical event for shell development (Zhang et al.,
2003; Wang et al., 2009; Zhang et al., 2013a; Huan et al., 2014). Shell
formation begins during larval development, and in bivalves the first
shell is secreted during the trochophore stage (Marin et al., 2008). Our
results showed marked changes in expression patterns of Apfer1 and
Apfer2 during larval development of A. purpuratus (Fig. 7). It was ob-
served that Apfer1 expression level increased along the different devel-
opmental stages (about 40-fold), from embryos (mean expression ±
SE: 1.0 ± 0.3) to the premetamorphic stage (i.e., pediveliger, 39.7 ±
17). Significant highest expression levels were observed in veligers
(29.8± 3.3) and pediveligers. However, a significant drop in expression
was observed in the subsequent juvenile stage (8.2 ± 0.98) (Fig. 7A),
suggesting that this ferritin homologue may be involved in
prodissoconch I and prodissoconch II shell formation during thefirst lar-
val stages up to the metamorphosis of the veliger larva.

In contrast, the highest Apfer2 expression levels were observed in
the gastrula stage (mean expression ± SE: 1.21 ± 0.05) (Fig. 7B) and
this may be related to the formation of the shell field. A significant
drop in expression was observed in the subsequent stages. After
trocophore and straight veliger development, a significant increase in
gene expressionwas observed at veliger and pediveliger stage, followed
by a significant decrease in Apfer2 expression in juveniles (0.47 ± 0.08
and 0.49 ± 0.02, respectively) (Fig. 7B). Apfer2 expression pattern
from trocophore to juvenile stage is similar to that observed in Apfer1.
Thus, both genes could be involved in larval development and shell
formation.



Fig. 7. Relative levels of Apfer1 (A) and Apfer2 (B) mRNA transcripts in different larval
stages of Argopecten purpuratus. S1, embryos (gastrulae); S2, trochophores; S3, straight-
hinged (veligers); S4, umbonal veligers; S5, pediveligers; S6, juveniles. Metamorphosis
stage is indicated by an arrow. All values represent the means ± S.E. (n = 3 biological
replicates of larvae/juvenile pools). Different letters denote P b 0.05.

Fig. 8. Relative levels of Apfer1 (A) and Apfer2 (B) mRNA transcripts in mantle of slow-
growing and fast-growing scallops. Slow-growing and fast-growing 4-month-old
individuals (10.88 ± 0.65 and 25.25 ± 1.71 mm in shell height, respectively) belong to
a single reproduction batch. All values represent the means ± S.E. (n = 5 biological
replicates of 4 pooled individuals each). Asterisk denotes P b 0.01.
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Other functional roles for ferritins during larval development cannot
be excluded. Given that scallop larvae begin to feed at the D-veliger
stage, then they could be more exposed to pathogens than during the
trochophore stage. Therefore, the observed significant increase of
Apfer1 and Apfer2 expressions in veligers and pediveligers may suggest
an immunity-related role in these larval stages, as suggested for some
ferritins of C. gigas (Huan et al., 2014).

3.4. Apfer1 and Apfer2 expression and growth rate

Iron is a regulator of cell growth and proliferation. In mammals, fer-
ritins are regulated by hormones and growth factors, and they have
been associated with the regulation of cellular proliferation and onco-
genesis (Harrison and Arosio, 1996; Torti and Torti, 2002). In insects, a
ferritin subunit has been suggested to be a mitogen promoting cell pro-
liferation and growth of imaginal disc cells of Drosophila bymaintaining
iron homoeostasis and antagonizing starvation response (Li, 2010).
Lucas (2007) observed a differential expression of ferritin and other
genes in experiments of microarrays when comparing slow- and fast-
growing individuals of Haliotis asinina abalone. It was also observed
that higher ferritin copy number is associated with faster growth in
the freshwater pearl mussel Hyriopsis cumingii (Bai et al., 2011).

Relative expression levels of Apfer1 and Apfer2 were determined in
mantle samples of 4-month-old A. purpuratus scallops with contrasting
growth rate. Apfer1 expression was significantly higher (2.8-fold) in the
mantle of large individuals than in the small ones (3.4 ± 0.93 and 1.2±
0.45, respectively) (Fig. 8A). Conversely, no significant differences in
Apfer2 expressionwere observed between fast- and slow-growing indi-
viduals (Fig. 8B).
Differences in amounts of Apfer1 mRNA between fast- and slow-
growing scallops could be associated to differences in the transcription-
al rate or Apfer1 mRNA turnover, but also to the existence of different
copy number of the gene, and the presence of single nucleotide poly-
morphisms (SNPs). In fact, the presence of larger copy number of ferri-
tin genes has been associated with fast growth in H. cumingii (Bai et al.,
2011). SNPs have also been associated with differential ferritin expres-
sion in the snail Concholepas concholepas (Chávez-Mardones et al.,
2013) and a similar association could occur in this case. Studies related
to these aspects will be necessary to clarify the causes of Apfer1 expres-
sion in fast- and slow-growing scallops, and to validate Apfer1 as a can-
didate gene for fast growth in A. purpuratus.

3.5. Expression of Apfer1 and Apfer2 in response to bacterial challenge

V. splendidus and other bacteria have been associated with massive
mortality in cultures of A. purpuratus in commercial hatcheries located
in northern Chile (Riquelme et al., 1995; Rojas et al., 2015). Thus, it is
of great interest to characterize the infection process and the immune
response of this mollusc. Several studies suggest an equal involvement
of ferritins in innate immune defence in invertebrates as in vertebrates
as part of the iron-withholding strategy (Ong et al., 2006). To determine
whether Apfer1 and Apfer2 expressions were induced by bacterial chal-
lenge, haemocytes from individuals challenged with a suspension of at-
tenuated V. splendidus were collected over a period of 48 h of bacterial
challenge, and relative expressions of both genes were evaluated. Ex-
pression level of non-injected individuals at 0 h time point was taken
as the basal level (relative gene expression level = 1). No significant
changes in Apfer1 expression were observed in haemocytes from
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scallops injected with sterile seawater during the course of the experi-
ment (Fig. 9A). However, after the challenge with V. splendidus, Apfer1
was found to be slightly but significantly up-regulated after 6 h, and
strongly up-regulated after 24 h (17.2 ± 0.34); that was about eight-
fold compared with that in the corresponding control group (2.17 ±
0.15), and declined afterwards (Fig. 9A). In the case of Apfer2, no signif-
icant changes in gene expression were observed in either individuals
injected with sterile seawater or individuals challenged with
V. splendidus during the course of the experiment (Fig. 9B).

Our results in A. purpuratus were similar to those observed in the
closest ferritin homologues from A. irradians, Aifer1 and Aifer2, respec-
tively, upon challenge with Vibrio alginoliticus, except that Aifer1 induc-
tion was faster, occurring 3 to 12 h after challenge (He et al., 2011). A
possible explanation of the different responses of Apfer1 and Apfer2 to
bacterial challenge is that theymay be controlled by different transcrip-
tion factors, as suggested for differential induction of ferritins from
A. irradians (Li et al., 2012). Both ferritin homologues also displayed dif-
ferent IREs, which could involve different regulations at post-
transcriptional level (Torti and Torti, 2002).

Although ferritin induction by bacterial challenge has also been ob-
served in other bivalve molluscs such as M. yessoensis (Zhang et al.,
2013a; Sun et al., 2014), Ruditapes phillipinarum (Kim et al., 2012),
Venerupis phillipinarum (Zhang et al., 2013b) andMesodesma donacium
(Maldonado-Aguayo et al., 2015), the function of this protein in im-
mune defence against infection remains little investigated in this
Fig. 9.mRNA transcript levels in haemocytes ofArgopecten purpuratus after challengewith
Vibrio splendidus. Time-course expression analyses of Apfer1 (A) and Apfer2 (B) transcript
levels measured by quantitative RT-qPCR. Values corresponding to non-injected scallops
(white bars), individuals injected with sterile saline water (SSW, grey bars) and
individuals injected with bacterial suspension (dark grey bars) are displayed. Values are
means ± SE (n = 5 biological replicates). Different letters denote P b 0.05.
group. For other marine invertebrates, it has been suggested that bacte-
rial infection stimulates production of ferritins, which store host iron,
preventing iron acquisition by bacteria and thereby inhibiting bacterial
growth and proliferation (Ong et al., 2006). Iron catalyses the genera-
tion of free radicals formed from hydrogen peroxide via the Fenton re-
action. Mammalian ferritins display a strong response to oxidant
agents at transcriptional level owing to the presence of the antioxidant
responsive element (ARE) in their promoter region (Recalcati et al.,
2008; Arosio and Levi, 2010). It has also been suggested that mammali-
an ferritins protect against cell injury from ROS generated by neutro-
phils and macrophages during infection and inflammation (Koorts and
Viljoen, 2011). This anti-inflammatory action of ferritin involves the in-
hibition of ROS production through iron sequestration, that is, an anti-
oxidant activity of ferritin during LPS-induced ROS up-regulation (Fan
et al., 2014). It is interesting to note that E. coli bacteria expressing the
recombinant ferritin proteins Aifer1 and Aifer2 from A. irradians
displayed higher tolerance to H2O2, an inducer of ROS formation, sug-
gesting that Aifer1 and Aifer2 are involved in ROS scavenging (He
et al., 2011). These results suggest that the induction of our Apfer1 and
other ferritins upon bacterial challenge could also be related to a puta-
tive antioxidant activity.
4. Conclusions

In summary, two ferritin subunits (Apfer1 and Apfer2) were isolated
from A. purpuratus. They contained the typical elements of cytosolic
ferritins and displayed high homology with two ferritins of A. irradians.
Results suggested that both ferritins could be involved in larval develop-
ment and shell formation. Apfer1 expression level can be associated with
growth rate and participate in the immune response against bacterial
challenges. In turn, Apfer2 did not showdifferences in expression rate be-
tween fast- and slow-growing scallops or in response to a bacterial chal-
lenge. These findings support ferritinApfer1 as a potential candidate gene
to be used as a molecular marker for A. purpuratus growth and immune
capacity enhancement through genetic programmes. Next step for this
purpose will be to evaluate ferritin copy number in fast- and slow-
growing individuals or individuals with contrasting performances at im-
mune level, and to look for single nucleotide polymorphisms (SNPs) that
could be involved in the differences of transcription rate. This informa-
tion can be included in the estimation breeding values of potential
brooders in a selective breeding programme. However, functional char-
acterization experiments are required to verify the involvement of
Apfer1 in different physiological processes. One type of functional studies
would be the characterization of this ferritin recombinant protein
expressed in E. coli and the phenotype of transformed bacteria. Also, inhi-
bition of Apfer1 expressions by RNA interference would also allow the
study of phenotypes of knock-down individuals.
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