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regulation in gilthead
seabream (Sparus aurata)
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Iron is essential for all living things, especially marine organisms, due to its low

availability in the marine environment. Iron regulation is key in all vertebrates

and is controlled by hepcidin–ferroportin. To improve the knowledge of iron

homeostasis in fish, an iron overload was induced in gilthead seabream (Sparus

aurata), which was chosen as a study species because of its high interest in

Mediterranean aquaculture. The amount of iron in different tissues was

measured to determine its biodistribution and/or bioaccumulation. Since the

liver is directly involved in iron metabolism, the morphological changes

induced in this organ as a consequence of the iron increase were studied.

The bactericidal activity of fish skin mucus was also determined, observing that

it decreased in fish with high iron levels compared to control fish. In addition, to

better understand iron regulation, the gene expression of hepcidin, ferroportin,

transferrin, and ferritin was evaluated in the head kidney (the main

hematopoietic organ in this species) and in the liver. Special interest was

taken in the study of the multiple copies of the hamp2 gene present in the

gilthead seabream genome. Bioinformatic analysis of the protein sequences

derived from these hepcidin genes allowed us to determine the presence of

one type I hepcidin and 12 type II hepcidins, all of them with antimicrobial

potential. This number of mature hepcidin sequences found in gilthead

seabream is the highest within Eupercaria described to date. All the results

obtained indicate that the modulation of iron in seabream seems to be much

more complicated than in other vertebrates, probably due to the possible

involvement of the different hepcidins as mediators between iron metabolism

and host immune response.

KEYWORDS

hepcidin, host-defence peptide, iron, immunometabolism, Gilthead seabream
(Sparus aurata L.), evolution, teleosts
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Introduction

The transition metal iron is essential for life because it plays

an important role in the organism, being crucial in vital

processes such as oxygen transport and energy metabolism.

The regulation of iron metabolism is a serious challenge for all

living organisms due to its poor bioavailability. In fact, Fe+3

tends to be insoluble when bound to oxygen, making it

completely necessary for it to be found in protein-binding

complexes (Bury and Grosell, 2003). For this reason, proteins

involved in iron regulation have been narrowly selected for well-

defined functions (Ilbert and Bonnefoy, 2013; Wallace, 2016). In

addition to this, iron uptake mechanisms are critical for

regulating iron balance, as no active iron excretion system has

been determined to control iron overload (Kohgo et al., 2008).

Instead, it is possible to balance iron in the body through the

hepcidin–ferroportin axis (Rodrigues et al., 2006; Neves et al.,

2015; Wallace, 2016). These genes involved in iron homeostasis

are highly expressed in the liver, as a modulatory organ of iron

storage, and in hepatocytes, enterocytes, and macrophages at the

cellular level (Vogt et al., 2021). Moreover, transferrin forms

protein complexes to transport iron into the circulatory system,

whereas the storage function in tissues is performed by ferritin

(Ponka et al., 1998).

Hepcidin–ferroportin modulation is shared between

mammals and teleosts; the mature 25-residue human hepcidin

is a negative modulator of the only iron exporting channel,

ferroportin, which is degraded upon binding to hepcidin

(Rodrigues and Pereira, 2004; Nemeth et al., 2006; Hilton and

Lambert, 2008; Link et al., 2021). In contrast to mammals

(except mice), multiple hepcidin genes have been found in

fish. The single gene hamp1 (human orthologue) is involved in

iron homeostasis, while the duplicate hamp2 gene plays immune

functions as an antimicrobial peptide (Rodrigues et al., 2006;

Neves et al., 2017; Boumaiza and Abidi, 2019). This hepcidin–

ferroportin modulation has been elucidated using a teleost fish

(European sea bass, Dicentrarchus labrax) based on acute iron

overload. These studies indicated that hamp1 performed a

negative control on ferroportin and not hamp2. In addition to

iron overload, the effects of iron on hepatocyte morphology and

massive iron accumulation in the liver were characterised (2017;

Rodrigues and Pereira, 2004; Neves et al., 2015). Moreover,

hepcidin was shown to modulate a coordination between iron

control and innate antimicrobial immunity in zebrafish, as

reduced iron availability limited the proliferation of pathogenic

microorganisms (Lemos and Osorio, 2007; Jiang et al., 2017).

Thus, iron regulation by hepcidin provides a firm bridge

between iron metabolism and the host immune response

(Rodrigues et al., 2006; Michels et al., 2015; Jiang et al., 2017).

The hepcidin family has been investigated by our

research group from an immunological/antimicrobial
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perspective in gilthead seabream (Sparus aurata) (Cuesta

et al., 2008; Serna-Duque et al., 2022). However, no advances

have been reported on the regulatory functions of hepcidins

and iron in this farmed marine fish. Therefore, the aim of the

present work is to gain insight into the involvement of

multiple type I and II hepcidins in the iron metabolism of

gilthead seabream by developing an in vivo iron overload

study. In addition, the effects of iron overload on liver

morphology, iron storage in different organs, and the

antimicrobial activity present in skin mucus was evaluated.

Finally, a complete bioinformatic study of hepcidin gene-

coded proteins was carried out, observing that gilthead

seabream is the one that has developed the highest number

of antimicrobial hepcidins within Eupercaria.
Methodology

Animals and experimental design

Twelve specimens of the seawater teleost gilthead seabream

(S. aurata, 25 g mean weight) were maintained at the Marine

Fish Facilities of the University of Murcia. The fish were kept in

200-L aquaria of running seawater (28‰ salinity) at 24°C ± 2°C

and an artificial photoperiod of 12 h light:12 h dark. The animals

were fed 1% of their body weight daily with a commercial

pelleted diet (Skretting, Burgos, Spain) and acclimatised for 30

days prior to the experiments. All experimental procedures were

evaluated and approved by the Ethical-Scientific Committee for

Animal Experimentation of the University of Murcia (protocol

CEEA 701/2021) in accordance with the European Directive

2010/63/UE on the protection of animals used for scientific

purposes. The animals were randomly placed into four aquaria

(three animals per aquarium). Six specimens from two aquaria

were then injected intraperitoneally (i.p.) with 50 µl of sterile

phosphate-buffered saline (PBS, Invitrogen) (control group).

The other six fish (in two different aquaria) were injected with

50 µl of 10 mg ml−1 iron dextran (Sigma-Aldrich) diluted in

sterile PBS (iron overload group) (Rodrigues and Pereira, 2004;

Neves et al., 2015). At 72 h post-injection, five fish were

randomly selected from each of the experimental groups and

were anaesthetised and sacrificed by a benzocaine overdose (0.21

mM). Skin mucus samples were collected by gently scraping the

surface of the gilthead seabream specimens with a plastic cell

scraper, avoiding contamination of the samples with blood,

urinogenital, or intestinal excretions (Guardiola et al., 2014).

Blood samples were collected from the caudal vein with heparin-

treated insulin syringes; after dissection, liver, head kidney (HK),

anterior and posterior intestine, gill, eye, skin, spleen, and

muscle samples were collected in ice and stored at −80°C

until used.
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Liver histology

Macroscopic images of the livers were obtained and

immediately, liver samples (from both the control and iron

overload group) were fixed in 10% formalin (Panreac) at room

temperature for 24 h. After serial dehydration steps with ethanol,

the samples were embedded in Paraplast (Thermo Fisher

Scientific). Liver blocks were sectioned at 5 mm (Microm), and

the sections were routinely stained with hematoxylin-eosin (H-E)

and mounted in DPX (Sigma). Images were acquired with a Leica

DFC280 digital camera coupled to a light microscope

(Leica 6000B).
Iron determination

Frozen samples of blood, liver, HK, anterior and posterior

intestine, gill, eye, skin, spleen, and muscle were lyophilised, and

100–200 mg of the resulting powder were placed in Teflon

vessels with 3 ml of water, 2 ml of concentrated H2O2, and 5 ml

of concentrated HNO3 acid solution (Thermo Fisher Scientific).

Sample digestion was performed with a Milestone ETHOS Plus

Microwave system operating on a standard program (85°C, 200°

C, 210°C, and 0°C during 2, 8, 10, and 20 min, respectively).

Finally, the solution was diluted to 50 ml and used to determine

iron concentration by flame atomic absorption spectrometry

(FAAS) (VARIAN, SpectrAA 220Z ZEEMAN). The accuracy of

the present results was evaluated by analysing two reference

materials (DOLT-2 dogfish liver and DORM-2 dogfish muscle).

Data are presented as parts per million (ppm) of Fe

(milligrammes of Fe per kilogramme of dry-weight tissue), and

the proportion (%) of each tissue compared to total iron in the

body was determined.
Bactericidal activity of skin mucus

The marine pathogenic bacterium Vibrio angillarum (strain

R-82) was used to determine the bactericidal activity present in

the skin mucus samples. Bacteria were cultured in liquid tryptic

soy broth (TSB, Sigma) under agitation (24 h, 25°C, 200–250

rpm). Bacteria were adjusted to 108 colony-forming unit (CFU)

ml−1. Bactericidal activity was determined following the method

of Stevens et al. (1991) with some modifications using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

assay (Garcıá Beltrán et al., 2020). Samples of 20 ml of skin
mucus or PBS (positive control) were placed in a 96-well U-

bottom plate. Aliquots of 100 ml of the previously adjusted

bacteria were added per well, and the samples were incubated

(5 h, 25°C). Next, 25 ml of MTT (1 mg ml−1; Sigma) was added to

each well and incubated for another 10 min. The plates were

centrifuged (10,000 rpm, 10 min), and the supernatant was
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dimethyl sulfoxide (DMSO; Sigma), which was added to each

well. Finally, 100 ml of the DMSO was transferred to a 96-well

flat-bottom plate, and the absorbance of dissolved formazan was

measured at 570 nm. Bactericidal activity was expressed as

percentage of nonviable bacteria, calculated as the difference

between absorbance of bacteria surviving in test samples

compared to the absorbance of bacteria from positive controls

(100% growth or 0% bactericidal activity). Samples without

bacteria were used as blanks (negative control). Samples

without skin mucus were used as positive controls (100%

growth or 0% bactericidal activity). All samples were assayed

in triplicate.
Gene expression in the liver and
head kidney

Total RNA was isolated from frozen liver and HK samples

with TRIzol reagent following the manufacturer’s instructions.

One microgram of total RNA was treated with DNAse I

(Invitrogen) to remove genomic DNA, and first-strand cDNA

was synthesised by reverse transcription using ThermoScriptTM

RNAse H− Reverse Transcriptase (Invitrogen) with an oligo-

dT12–18 primer (Invitrogen), followed by treatment with

RNAse H (Invitrogen). Fast qPCR was performed with a

QuantStudio™ 5 Real-Time PCR System (Applied Biosystems)

using SYBR Green PCR Core Reagents (Applied Biosystems),

cDNA samples, and designed primers (Tables 1, 2) (Cordero

et al., 2016a). The reaction mixtures were incubated for 10 min

at 95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and

finally, 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. The PCR
TABLE 1 Accession numbers of hamp genes in gilthead seabream (NCBI).

Hepcidin name Gene

hamp1 115566792

hamp2.1 115567002

hamp2.2 115567007

hamp2.3 BK059173

hamp2.4 BK059174

hamp2.5 115567006

hamp2.6 115567004

hamp2.7 BK059175

hamp2.8 115566998

hamp2.9 BK059176

hamp2.10 115567005

hamp2.11 115567000

hamp2.12 115567003

hamp2.13 115566999

hamp2.14 115567001
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products were subjected to melting curve analysis. Ct values of

hepcidin mRNAs were normalised to the 18S housekeeping

gene, and iron overload samples were compared to control

cDNA for expression ratio (Livak and Schmittgen, 2001).
Bioinformatic analysis of hepcidin
mature peptides

Protein sequences were obtained from the UniProtKB

database (https://www.uniprot.org/), using the entry Pfam

PF06446 (hepcidin) as a query. Of the 811 obtained

(September 2022), we focused on the 196 Eupercaria

sequences. From these, incomplete sequences and duplicates

were removed, resulting in the sequences used in the study

(Supplementary Table S1). Mature hepcidin sequences were

obtained after analysis of the signal peptide cleavage sites with

SignalP 6.0 and mature peptides after furin action with ProP 1.0

(https://services.healthtech.dtu.dk/). Calculations and

estimations on the physicochemical properties of the peptides

were performed with PepCalc (https://pepcalc.com/), taking into

account the formation of disulfide bonds between the cysteines

present in the mature hepcidins. Sequences were aligned to

default parameters using the MAFFT server (https://mafft.cbrc.

jp/alignment/server/) and visualised with ESPript 4.0.10 (https://

espript.ibcp.fr/ESPript) and Weblogo (https://weblogo.berkeley.
Frontiers in Marine Science 04
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using Mega 11 (https://www.megasoftware.net/) with the

Neighbour-Joining (NJ) method, the JTT substitution model,

heterogeneity between ignored sites (a = ∞) and a bootstrap of

1,000 replicates to increase the reliability of the obtained tree.

The tree was visualised with iTOL (https://itol.embl.de/).
Statistical analysis

Results are presented in the figures as means ± standard

error of the mean (SEM) or colour intensity in the heat maps.

Statistical differences between control and iron overload groups

were evaluated by a Student’s t-test in SPSS for Windows

(version 15.0, SPSS Inc.). The significance level was 95% in all

cases (p < 0.05).
Results

Effects of iron dextran injection in the
liver of gilthead seabream

Since the liver is a critical organ in the regulation of iron

metabolism in vertebrates, not only the iron concentration in

this organ was determined but also its possible alterations at
TABLE 2 Primers designed for gene expression analysis.

Target Forward primer Reverse primer

hamp1 AAGCGTCAGAGCCACATCTC AGTCAATGCGTCGGAGAAGG

hamp2.1 ATGTGGTGTCTGCTGCACATT GCAGCATGACCAAATCCAGAGAT

hamp2.2 CCTGACACGACTGGATGTAATGT GCATGACCAAATCCAGGAACATCC

hamp2.3 AGCAGCTTTCCAAATTTCCTTAGT TTAGGATGATACATCAGTTAGCACA

hamp2.4 CAGCCTGGGGTTCACACAAC ACTGATCACACATGAAGGAGGATG

hamp2.5 AGATGGGGTATGGCAACAGG AATGCAATTTGGAGAACTGTTTATG

hamp2.6 TGCTGTCCCATTCACTAAGGT CAAAACTTACACCTCCTGCG

hamp2.7 GGGATTCACACAACAACCACTG GAAGATTCTTGAGGATGATACAGTCAC

hamp2.8 AGCCTGGGATTCACACAAC GATTTGACACTTTCAGTTAAAAAGGTT

hamp2.9 CGGTTGCTGTCCTAACATGA GACCAAATCCAGATATTACATCCTC

hamp2.10 CCGCTGGCTGTAAGTTTTGC TTGTGTGAATCCCAGGCTGC

hamp2.11 CTGGGATTCACACAACAACCA TGCGACTGTATCACCTACAC

hamp2.12 CCGCTGGCTGTAAGTTTTGT TTGTGTGAATTCCAGACTGC

hamp2.13 TGGGATTCACACAACAACAACTT GTAGCGTGTGTTGGTGATACAGTC

hamp2.14 AGCCCTGCTGACTGTGAGTT ACAGCCACAAAAGGAGTGCAA

slc40a1 TAAAGTGGCCCAGACCTCGC GGATGTAGCAGGTCGTCAGAAT

tf CAGGACCAGCAGACCAAGTT TGGTGGAGTCCTTGAAGAGG

fth1a CCTCAGAATGGCATGGCAGA AGCCGGTATCATGCAGATGG

fth1b CAAACACACCATGGCCGAAG TGCAGTACATGATGGGGAGC

rps18 CGCTCAACCTCCTCATCAGT AGGGTGTTGGCAGACGTTAC

ef1a CTTCAACGCTCAGGTCATCAT GCACAGCGAAACGACCAAGGGGA
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the macroscopic and histological levels. At the macroscopic

level, the liver of gilthead seabream appeared as a reddish

organ (control group), but in fish injected with iron dextran,

the livers were always darker brown, with respect to the

colour observed in the liver of fish in the control group

(Figures 1A, B). Microscopically, the hepatocyte cords in

the control livers showed the typical morphology of large,

rounded polygonal cells. Also, the hepatocyte cords appeared

interspersed with sinusoids filled with erythrocytes in their

lumen. In addition, hepatocytes showed a central, clear,

spherical nucleus (with a patent nucleolus) and eosinophilic

cytoplasm (Figure 1C).

On the other hand, the liver of iron dextran-injected gilthead

seabreams showed remarkable morphological alterations, with

the appearance of the organ parenchyma being totally changed

only 72 h postinjection. More specifically, the organisation of the

liver parenchyma was lost, including the previously described

corded distribution of hepatocytes (Figure 1D). These cells

showed their nuclei displaced towards the cell periphery and a

large vacuolation was evident in the cytoplasm of the cells. As for

hepatic sinusoids, the presence of blood vessel congestion and

the large vacuolation of the hepatocytes made it difficult to locate

sinusoid-like structures in the liver of the iron dextran-injected

specimens. However, the most notable difference between the

cytoplasm of hepatocytes from the control and the iron overload

group was the large amount of refractile brown spherical

deposits formed by hemosiderin in the cytoplasm of
Frontiers in Marine Science 05
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homochromatic livers (Figure 1D).
Loss of bactericidal activity in the
skin mucus of iron overload
gilthead seabream

Overall bactericidal activity was measured in the skin mucus

of iron-overloaded fish because this constitutes the physical and

chemical barrier against invading pathogens. A clear decrease in

mucus protection against pathogenic Vibrio was observed with

respect to the control, resulting in a 35% overgrowth of the

pathogen, although a remarkable variability between samples

was observed (Figure 2).
Distribution and accumulation of iron in
gilthead seabream

The quantification of iron in several tissues and organs was

performed by atomic absorption spectroscopy. The iron

concentration of control fish was high in the anterior intestine

(1,363.9 ppm, 54%), medium in the blood (571 ppm, 22.6%) and

gills, an oxygen-retaining organ (445.1 ppm, 17.6%), low in the

posterior intestine (3.6%), and very low in the liver and spleen

(0.02%) (Figures 3A, B). In contrast, iron accumulated in the liver
A B

DC

FIGURE 1

Representative macroscopic photographs of the liver of (A) control and (B) iron overload seabreams sampled 72 h postinjection. Bar = 2.5 cm.
Representative histological sections of the liver of (C) control and (D) iron dextran-injected gilthead seabream sampled 72 h postinjection and
stained with haematoxylin-eosin. Hemosiderin and iron-storage complex are indicated by arrows. Bar = 50 mm.
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(20,481.5 ppm, 61%) and spleen (12,119 ppm, 36%), of the iron

dextran-injected gilthead seabreams (Figure 3). Furthermore, it is

noteworthy that the predominant iron storage organs in the

control fish were completely relegated to the liver and spleen in

the iron dextran-injected fish (Figure 3). In fact, no statistically

significant changes in iron levels were found in either the skin or

HK of control or iron dextran-injected fish.
Expression of genes involved in
iron metabolism

The effect of iron overload on the expression of genes

involved in iron metabolism, including the 15 hepcidin genes,

was studied in both the liver (organ involved in iron

accumulation and metabolism) and head kidney (the main

haemopoietic organ in this fish species) of fish. While the

expression of some hepcidin genes was significantly altered

(p < 0.05) in the liver of fish injected i.p. with iron dextran

with respect to the values recorded in control fish (Figure 4), no

significant change in those genes could be detected in the HK

(Figure 5). Thus, in the liver of iron dextran-injected fish, the

expression of type I hepcidin (hamp1) was strongly upregulated

(14-fold, Figure 4B), whereas type II hepcidins maintained their

mRNA levels unchanged or were even downregulated (four-

fold) as in the case of hamp2.4 and hamp2.5 (Figures 4C, D). In

contrast, the expression of some genes related to iron storage did

show remarkable changes in HK (Figure 5A), significantly

decreasing the expression of ferroportin (slc40a1) (4-fold or

four-fold., p < 0.05) (Figure 5B), transferrin (tf) (fivefold, p <

0.05) (Figure 5C), and the ferritin gene fth1b (more than sixfold,

p < 0.05) (Figure 5D). These results show that the liver and HK

exhibit differential expression patterns in hepcidin and iron

storage modulator genes following iron overload.
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Sparus aurata produces the largest
variety of mature type II hepcidins
within Eupercaria

Due to the large number of Sparus aurata hepcidin

sequences found in UniProt (24) with respect to the previously

described genes (Serna-Duque et al., 2022), we performed a

detailed bioinformatics analysis not only of these sequences but

also of the hepcidin sequences deposited in that database. The

result showed the existence of 806 sequences in Gnathostomata

(jawed vertebrates), of which more than half (468) are found in

percomorph fishes (subdivision Percomorphaceae). Within the

nine well-supported series (supraordinate groups) that group the

diversity of percomorphs (Sanciangco et al., 2016), Ovalentaria

(191) and Eupercaria (196) have the most sequences. By

manually curating the sequences of the latter supraordinal

group and removing duplicate or incomplete sequences, a total

of 188 sequences were obtained (Supplementary Table S1). In

these, the most representative orders were Perciformes (52.7%),

Spariformes (21.3%), Tetraodontiformes (14.4%), and

Centrarchiformes (5.9%) (Supplementary Figure S1). The

Sparidae (21.3%), Tetraodontidae (12.8%), Sciaenidae (9.0%),

and Nototheniidae (8.5%) were the most representative among

the 29 families found in this study (Figure 6).

Given that hepcidins are expressed as a precursor

(preprohepcidin) (Barton and Acton, 2019), which must first be

processed by removing its endoplasmic signal peptide from the N-

ter (prohepcidin) and subsequently converted into the mature

peptide by the action of furin (a subtilisin-like endopeptidase), it

was necessary to determine bioinformatically which peptide is the

mature peptide for each of the sequences (Supplementary Figure

S2A). This allowed us to determine for the first time which were

the consensus sequences for both signal peptide cleavage

(SSA↓xP/S; Supplementary Figure S2B) and furin cleavage
FIGURE 2

Bactericidal activity against pathogenic bacteria Vibrio anguillarum (strain R-82) of skin mucus of control and iron dextran-injected gilthead
seabream. The bars represent the mean ± SEM. Different letters denote significant differences (Student’s t-test; p < 0.05) with control samples.
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(RxKR↓xx; Supplementary Figure S2B). However, in the case of

this protease, not only the basic amino acids of its cleavage site

must be taken into account but also its clear preference for certain

amino acids at positions −7 (Y), −6 (N), and −5 (N) with respect

to the cleavage site (Supplementary Figure S2B).

The phylogenetic tree obtained from the mature hepcidin

sequences clearly shows two main clades, one corresponding to

type I hepcidins (29) (Figure 6, red branch) and the other

corresponding to type II hepcidins (Figure 6). Clade 1 consists

of hepcidins that bind to the ferroportin receptor, triggering

its internalisation and degradation of the receptor–ligand

complex, and whose consensus sequence is clearly conserved

(Q-S-x-[IL]-S-[FLM]-C-x(2)-C-x(0,2)-C-x(0,1)-C-x(4)-G-x-G-

x-C-C-C-C-[KR]-F) (Supplementary Figure S3), unlike the

nine subclades (2.1–2.9) into which type II hepcidins are

divided. Thus, subclade 2.1 has only the eight highly

conserved cysteine characteristics of the hepcidin motif (C-x

(2)-C-C-C-C-x-C-C-C-x(3,6)-C-x(2)-C-C) (Supplementary

Figure S4), which stabilise the hairpin motif formed by the two

antiparallel b-strands (Supplementary Figure S2). This minimal

motif is reinforced in subclade 2.2 with another conserved area

(GVCG) in the loop upstream of the second b-strand (C-x(2)-C-
C-C-C-C-x-C-C-C-x(2)-G-V-C-G-x-C-C-C) (Supplementary

Figure S5), which in turn is extended in clade 2.3 by the

appearance of basic amino acids distributed throughout the

mature peptide (G-[IFV]-K-C-C-[RK]-[FV]-C-C-x-C-C-C-x

(2 ) -G-V-C-G-G-x-C-C-C-C- [RK] - [FK] -R- [RF] -G)

(Supplementary Figure S6). Subclade 2.4 has a characteristic

signature in its N-ter represented by SPAD (S-P-[AK]-[DK]-C-

[EQR]-F-C-x-C-C-C-[PT]-[DEN]-x(2)-G-C-[GN]-x-C-x-x-

[FHY]) (Supplementary Figure S7), whereas in subclade 2.5 this

signature is in the C-ter with the sequence GCGTCCKF (C-R-F-
Frontiers in Marine Science 07
C-C-C-C-x-C-C-C-x(0,1)-P-x-M-x-G-C-G-G-T-C-K-F)

(Supplementary Figure S8). Subclade 2.6 is arginine-rich, with a

highly conserved central core that includes both the b-strands
and the loop connecting them (C-[HKR]-[FL]-C-C-R-C-C-C-x

(1,2)-M-x-G-G-G-C-G-[ILV]-C-C), although, within this

subclade, the QGSPAR sequence in the N-ter of members of

the family Sciaenidae and Tetraodontidae particularly stands out

(Supplementary Figure S9).

Finally, the next three subclades (2.7–2.9) are quite similar to

each other (C-[KR]-F-C-C-C-x-C-C-C-P-[GDN]-M-x-G-C-G-

G-G-[LV]-C-C-R-F), except for the N-ter, which ranges from

the S-P-x-x of subclade 2.7 (Supplementary Figure S10) to the S-

P-A-G of subclade 2.9 (Supplementary Figure S11), whereas

subclade 2.8 (Supplementary Figure S12) is highly conserved

with only three positions with small mutations, belonging

basically to the nine type II hepcidins of the European sea bass

Dicentrarchus labrax and the single one of the hybrid striped

bass Morone chrysops x Morone saxatilis.

In general, the tree shows, with some exceptions as in the

case of European sea bass, that there is no family pattern within

the type II hepcidins, but rather, depending on the number of

mature sequences that each fish has, there is a dispersion of

sequences in several subclades, implying a great variability of

sequences that use as a base the same tertiary structure (two-

strand antiparallel b-sheet stabilised by disulfide bridges) that

gives rise to peptides with a great diversity of properties. This is

clearly seen in the diversity of the 12 mature S. aurata type II

hepcidin peptides (Supplementary Table S2), ranging from poor

to good water solubility and from a negative (−2 in

A0A671WFX4) to a positive charge (+6 in B2X7F7), through

the neutrality shown by A0A671WIJ8 (Supplementary

Table S2).
A B

FIGURE 3

(A) The distribution of iron in 10 gilthead seabream tissues, both in control and iron-overloaded fish (n = 3), was determined by atomic absorption
spectroscopy and expressed in parts per million. (B) Iron distribution is shown as proportional concentration data (%) in the table. % Data from iron-
storing tissues were highlighted in the control and treated samples.
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Discussion

Iron overload in gilthead seabream (Sparus aurata) has been

studied using multiple approaches to learn about the regulation

and storage of iron because, despite the interest in iron

metabolism and how it is regulated, it has yet to be studied in

this farmed fish species. In this work, we have not only verified

some observations found in other fish, but we have also provided

new advances in the knowledge of iron metabolism and its

relationship with the immune system in teleosts. Iron dextran

was injected into the fish because it keeps iron solubilised and

prevents its precipitation. In addition, it is rapidly absorbed after

injection into the peritoneal cavity (Rodrigues and Pereira,

2004). The liver has a predominant role in iron metabolism,

and this was the reason for studying the microscopic appearance

of hepatocytes and the iron accumulation in this organ. In fact,

our data agree with other studies on gilthead seabream, sea bass,

and trout that reported iron deposits in the cytoplasm of

hepatocytes after iron overload (Carriquiriborde et al., 2004;

Rodrigues and Pereira, 2004; Rodrigues et al., 2006). However,

we have described important microscopic changes in the
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hepatocytes of fish injected with iron dextran, such as

displacement of the nucleus to the periphery of the

hepatocytes and the widespread vacuolisation of their

cytoplasm, together with congestion of the sinusoids. All these

changes are consistent with those described in the liver histology

of fish reared in water contaminated with heavy metals (Savassi

et al., 2020). Likewise, the increase in the proportion of iron

present in the liver and spleen of fish injected with iron dextran

supports the fact that iron accumulates in these organs and that

the spleen is an organ involved in the recycling of this

micronutrient (Carpenè et al., 1999; Bury and Grosell, 2003;

Rodrigues and Pereira, 2004). As for the results of iron in the

intestine and gills of the fish in the control group, they coincided

with previous findings in the literature. In other words, it is

known that the gut and gills play an important role in iron

uptake and that the blood contains different heme groups in red

blood cells and transferrin (Carpenè et al., 1999; Bury and

Grosell, 2003). However, in this study, it was clear that tissue

iron ratios shifted from the gut, gills, and blood of control fish to

the liver and spleen of iron dextran-injected fish. In addition, the

skin and head kidney were ruled out as iron stores, in contrast to
A B

DC

FIGURE 4

Heatmap of the expression of hepcidin and modulators of iron metabolism in (A) the liver of gilthead seabream stimulated with iron overload at
72 h by real-time PCR. Data are shown as mean target gene expression relative to endogenous control 18s expression (n = 5). The color key
indicates the intensity associated with the expression values. Significant differences (Student’s t-test; *p ≤ 0.05;) with the control are denoted.
Significant results were expressed as the mean ± SEM (n = 5) of the relative mRNA expression of (B) hamp1, (C) hamp2.4 and (D) hamp2.5 in bar
graphs. Significant differences (Student's t-test; *p≤0.05) with control are denoted.
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other classical works that described the role of the kidney in iron

storage (Carpenè et al., 1999; Carriquiriborde et al., 2004).

However, further studies are needed to know whether iron

could accumulate in the central part of the kidney or the

caudal zone (excretory part) (Leknes, 2001). Since excess iron

is toxic, despite being a vital micronutrient for teleost fish, both

its metabolism and possible storage should be very finely

regulated by the liver and spleen to avoid this possible toxicity.

In addition to a different accumulation of iron in some

organs after iron overload in gilthead seabream, the bactericidal

activity of the skin mucus, which is the first line of host defence,

was also altered; more concretely, it was considerably reduced

against the pathogen V. anguillarum R-82. In fact, the bacteria

grew better in this mucus than in that of the control group. This

bacterial overgrowth might be associated with a higher release of

secreted iron in the mucus, as this does not accumulate in the

skin according to our FAAS results (Jiang et al., 2017; Martıńez

et al., 2017; Dıáz et al., 2021). Thus, in the mucosa of iron-

overloaded fish, competition for iron occurs between bacterial

siderophores and transferrin (Raeder et al., 2007; Arezes et al.,
Frontiers in Marine Science 09
2015; Cordero et al., 2016b), with iron remaining available

despite overexpression of hamp1, downregulation of iron

storage genes in HK, and accumulation in hepatocytes.

As previously described, hepcidin–ferroportin modulation is

key to the control of iron metabolism. For this reason, we have

studied the expression of hepcidin, ferroportin, transferrin, and

ferritin genes in iron-overloaded gilthead seabream. While the

hamp1 gene was found to be strongly upregulated in the liver,

consistent with other studies, however, the lack of changes in the

ferroportin gene was unexpected (2017; Neves et al., 2015).

Nevertheless, the downregulation of ferroportin could be

induced earlier in gilthead seabream liver compared to sea

bass, and for that reason, we decide to use a common primer

for two copies of slc40a1 gene (Chen et al., 2021). Likewise, this

observation is in agreement with previous results obtained in

turbot injected with synthetic hepcidin. All these results seem to

suggest that ferroportin regulation may vary among fish species

(Yang et al., 2013). In contrast to the studies performed in sea

bass, in this work, we encountered a major challenge in the study

of hepcidin regulation due to the massive duplications of
A B

DC

FIGURE 5

Heatmap of hepcidin and iron metabolism modulators expression (A) in the head-kidney of gilthead seabream stimulated with iron overload at
72 h by real-time PCR. Data are shown as mean target gene expression relative to the expression of control 18s expression (n = 5). The color
key indicates the intensity associated with the expression values. Significant differences (Student's t-test; *p ≤ 0.05;) with the control were
denoted. Significant results were expressed as the mean ± SEM (n = 5) of the relative mRNA expression of (B) slc40a1, (C) tf and (D) fthb in bar
graphs. Significant differences (Student's t-test; *p≤0.05) with control are denoted.
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hepcidin II in gilthead seabream. Although most hamp2 genes

maintained their mRNA levels after iron injection, surprisingly,

hamp2.4 and 2.5 genes were downregulated, and, contrary to

expectations, hamp2 expression was not altered by iron overload

(Shi and Camus, 2006; Neves et al., 2015; Neves et al., 2017). As

suggested, hepcidin II expression could be decreased for

“resource-sparing” reasons or might be involved in modulating

iron metabolism (Hirono et al., 2005; Mu et al., 2018). However,

these questions should be investigated in future studies. In

contrast, hepcidin expression was not induced by iron

overload in the HK, which reinforced the role of the liver as a

major contributor to hepcidin synthesis (Neves et al., 2015).

In contrast, ferroportin, transferrin, and ferritin-1b genes

appeared downregulated in the primary immune organ, such as

the HK, but not in the iron-regulating organ, the liver, in fish

studied 72 h after iron injection. These results are consistent with
Frontiers in Marine Science 10
those obtained after in vivo synthetic hepcidin injection in

turbot, which indicated the same downregulation of

ferroportin and transferrin genes in the HK but not in the

liver (Yang et al., 2013). Indeed, this decreased expression of

genes involved in iron storage is likely related to the

immunometabolic response to limit iron for pathogens (Vibrio

and Photobacterium) (Lemos and Balado, 2020), which is

consistent with FAAS findings in this organ. Thus, the HK not

only shows local regulation of iron metabolism but may also be

priming its leucocytes for potential microbial attack (Nairz et al.,

2009; Grayfer et al., 2014; Neves et al., 2015; Dıáz et al., 2021).

From the above discussion, there remains an intriguing and

novel detail in this work, and that is the downregulation of the

hamp2.4 and hamp2.5 genes. From the bioinformatic analysis

carried out with all the hepcidin sequences in Eupercaria, it is clear

that the type I ones related to the interaction with ferroportin have
FIGURE 6

Phylogenetic analysis of mature hepcidins from different Eupercaria families. The neighbour-Joining (NJ) tree was obtained from 1,000
replicates as described in Materials and methods. The codes of the hepcidins are summarised in Supplementary Table S1.
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a great similarity, but not so for the type II ones, which are

distributed in multiple clades as a specific response of each one to

the possible pathogens faced by each fish. Gilthead seabream is the

most promiscuous example with up to 12 different mature

peptides to better adapt against different pathogens. These type

II hepcidins of this fish species range from anionic and neutral

peptides to highly cationic peptides, such as those corresponding

to the hamp2.4 (+5, A0A671WMH5) and hamp2.5 (+6, B2X7F7)

genes. At least in the case of the unique hamp2.5 sequence, its

downregulation could be explained by the high Boman index

(2.48 kcal/mol), which estimates the potential of a protein to bind

other proteins (Boman, 2003). In other words, a high value of the

Boman index indicates that an antimicrobial peptide will be

multifunctional or play a variety of different roles within the cell

due to its ability to interact with a wide range of proteins (Azad

et al., 2011), and in this case, its downregulation would allow

dysregulation of other mechanisms to counteract the iron

overload to which the gilthead seabream is being subjected

(Valenzuela-Muñoz et al., 2020). Iron overdose is known to

alter the immune response of fish (Valenzuela-Muñoz et al.,

2020). However, it should be noted that the present results may

not reflect the usual metabolic and immune responses to Fe, since

these responses were obtained under the experimental conditions

already mentioned (very high iron concentration and iron

exposure was by i.p. injection, which delivers a high

concentration of Fe directly to the fish organs).

In conclusion, induced iron overload in gilthead seabream has

been used to investigate the role of iron frommultiple approaches.

In particular, the molecular regulation of genes involved in iron

control, especially multiple hepcidins, has been integrated with the

effects of iron overload in fish, such as iron storage in hepatocytes,

changes in tissue distribution of iron, and loss of skin mucosal

bactericidal activity. This multipolar integration has supported the

involvement of type I and II hepcidins in iron metabolism and

suggests an immunometabolic role for iron control. Furthermore,

extensive bioinformatic analysis shows that, within Eupercaria,

gilthead seabream has a plethora of hepcidins, whose

antimicrobial capacity should be studied not only for their

implications in aquaculture but also for their possible

interaction with other proteins involved in iron metabolism.
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Martıńez, D., Oyarzún, R., Pontigo, J. P., Romero, A., Yáñez, A. J., and Vargas-
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