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A B S T R A C T   

Iron uptake, transport, and storage require the involvement of several proteins, including ferroportin (fpn), the 
sole known iron efflux transporter. Due to its critical function fpn has been studied, particularly in humans. Here, 
we characterized the ferroportin gene in common carp (Cyprinus carpio L.) and performed RNA-seq analysis to 
evaluate its constitutive transcription levels across different tissues. Our results indicate that C. carpio possesses 
two functional fpns with distinct expression patterns, highlighting the potential for functional divergence and 
expression differentiation among fpns in this species.   

1. Introduction 

Iron is a crucial element for all living organisms, serving essential 
roles in biochemical processes such as ribonucleotide reduction, elec
tron transfer, DNA replication, and transcription, as well as being critical 
to the formation of hemoglobin and myoglobin [1]. Iron’s versatility 
results from its ability to form coordination complexes with organic li
gands and its favorable redox potential, allowing interconversion be
tween the ferrous (Fe(II)) and ferric (Fe(III)) states that facilitate 
biochemical reactions [2]. Although animals obtain iron primarily from 
food, they have not developed a pathway for excretion, necessitating a 
feedback mechanism to regulate intestinal iron absorption. 

The balance between iron uptake, transport, and storage is regulated 
by a complex network of interacting proteins. Ferroportin (fpn, also 
known as SLC40A1) plays a crucial role as the sole known iron efflux 
transporter, moving iron from within cells to the bloodstream [3]. The 
amino acid sequence of fpn is highly conserved among vertebrates, and 
orthologs have been identified in worms and plants [4]. 

Ferroportin is a transmembrane protein, composed of two 6-trans
membrane helix bundles (the N-lobe and C-lobe) joined by a long 
cytoplasmic loop, with its N- and C-termini located intracellularly [5,6]. 
Ferroportin expression is the highest in iron-rich tissues such as the liver, 
intestine, placenta, and macrophages, and its expression level is influ
enced by cellular hypoxia, iron concentration, and inflammation [7]. 

Another protein, hepcidin (hep), which is a small peptide produced in 
the liver, is closely linked to ferroportin activity [8]. Hepcidin serves as 
both an iron regulatory hormone and an antimicrobial peptide, regu
lating ferroportin through a negative feedback loop: hepcidin binding to 
fpn causes its ubiquitination, internalization, and degradation in lyso
somes, reducing iron export and leading to a decrease in serum iron 
levels and hepcidin synthesis [9]. 

The majority of studies have focused on the interaction between 
human ferroportin and hepcidin, while little is known about this aspect 
in teleost fish. Given the role hepcidin plays in the immune system, there 
have been some studies conducted on this protein in fish. In fact, hep
cidin has been identified and isolated in over 37 species of teleost [10]. 

Abbreviations: fpn, ferroportin; TM, transmembrane; hep, hepcidin; aa, amino acid; UTR, untranslated regions; IRP, iron regulatory protein; IRE, iron responsive 
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Detailed data on fish ferroportin is lacking, as it has only been charac
terized in a few species such as zebrafish [11], turbot [12], sea bass [13], 
and some others. Common carp hepcidin was identified a decade ago 
[14], but no research has been conducted on ferroportin so far. Common 
carp is an allotetraploid species, which undergone a whole-genome 
duplication event, resulting in the retention of two copies of its 
genome, known as subgenome A and subgenome B. The two sub
genomes are highly similar, with an estimated nucleotide identity of 
95–98% [15], still having some differences in gene content and 
expression patterns [16]. It is one of the earliest diverging teleost species 
and is believed to have diverged from the other teleosts approximately 8 
million years ago [17]. As such, it occupies a key phylogenetic position 
and serves as an important reference point for understanding the evo
lution of other teleost species. These indicate the potential of the com
mon carp genome as a valuable model for studying functional 
divergence and differentiation of expression in vertebrates. 

In the present study, we aim to characterize ferroportin in common 
carp (Cyprinus carpio L.) and assess its constitutive transcription levels in 
various tissues. 

2. Results 

2.1. Ferroportin gene organization in common carp 

As a result of the cloning approach and comparison of zebrafish 
ferroportin to carp genome, we identified two complete ferroportin 
variants. The syntenic relationship of these genes on chromosomes 42 
and 47 suggests that they are orthologs of Danio’s ferroportin gene 
placed on the 9 chromosome. This also corresponds to current genome 
annotation at A9 (for fpn42) and B9 (for fpn47) chromosomes. The full- 
length carp ferroportin gene assemblage has shown that both are 
composed of 8 exons and 7 introns, with the same size of exons but 
significantly variating in intron sizes and 5′ and 3′ untranslated regions 
(UTR) (Table 1). 

Both coding DNA consists of an open reading frame of 1689 bp and 
translates into a 562 aa protein with predicted molecular weights of 
61,8 kDa and 61,95 kDa for fpn47 and fpn42, respectively. In addition, 
using an Iron Responsive Elements (IRE) database [18], a single IRE was 
predicted in the 5’ UTR in both ferroportin genes (Supplementary 
Fig. 1). 

2.2. Molecular model of carp ferroportin 

Using the known human 3D structure, homology modelling was 

performed for fpn47 and fpn42 with a Phyre2 web server [19]. From a 
total of 562 residues, 429 (76%) were modelled at >90% confidence, 
and the remaining 133 residues were modelled ab initio. The secondary 
structure was predicted as twelve transmembrane helices arranged in 
two domains interconnected by a 78aa (fpn47) and 79aa (fpn42) cyto
plasmic loop with both N- and C- terminal ends being placed intracel
lularly (Fig. 1). 99,8% and 100% of the residues lay in favorable and 
allowed regions of the Ramachandran plot for ferroportin 47 and 42, 
respectively. 

2.3. Phylogenetic analysis and ferroportin comparison 

Sequence comparison with other fish ferroportin proteins showed a 
high degree of conservation (Fig. 2). Functional domains like AP-2 
adapter-binding motif for clathrin-dependent endocytosis and extracel
lular hepcidin-binding loop containing the Cys326 key residue have got 
high consensus with human ferroportin. 

Phylogenetic analysis (Fig. 3) showed that Cypriniformes ferro
portins are conserved and form a separate clade from those originated 
from other fish orders, i.e., Salmoniformes, Perciformes, and Tetrao
dontiformes. Afterward, Cypriniformes ferroportins were recovered as 
two well-separated subclades: Cobitidae and Cyprinidae. The latter was 
recovered as two clusters, albeit with low support (bootstrap support 
values below 75). The first cluster comprises Danioninae, Tincinae, 
Xenocypridinae, and Leuciscinae, while the second one comprises: 
Labeoninae and Cyprininae. Among the analyzed fish, more than two 
ferroportin variants were obtained for Tor tambra and Cyprinus carpio. 
Both species are known tetraploids [15]. While different UTR isoforms 
were found in T. tambra, resulting only in two non-identical proteins, 
four different coding sequence variants were retrieved in C. carpio for 
the analyzed specimen (i.e. double heterozygote in relation to ferro
portin). In the latter species, the ‘fpn47-like’ isoform group was found, 
with high support, to be a sister to the group formed by ‘fpn42-like 
isoforms’ and Carassius spp. ferroportins. Moreover, the ‘fpn47-like’ 
isoform group was found to be a sister to Carassius auratus + Carassius 
gibelio, thus making the whole C. carpio ferroportin clade paraphyletic. 

3. RNA-seq analysis: gene expression quantification 

Heatmaps showing normalized read counts of the ferroportin gene in 
subgenome A and B of common carp for all seven tissues (liver, head 
kidney, intestine, gills, brain, muscle and gonads) separately (Fig. 4). 
The samples show the two different maturity and sex conditions that the 
tissues were sampled in; immature female, immature male, mature fe
male and mature male. For each variant 3 fish was examined. 

4. Discussion 

In this study, we report the identification and characterization of 
ferroportin - the only known iron exporter - in common carp for the first 
time. Ferroportin is an ancient protein that exhibits high similarity 
among various vertebrates [6]. The comparison of putative common 
carp fpn genes with those of other fish and vertebrates revealed a high 
degree of conservation in their overall genomic architecture, amino acid 
sequence, and protein conformation. The total length of the coding se
quences for ferroportin in common carp is 1689 bp, which is identical to 
that of Carassius auratus and zebrafish, other members of the Cyprinidae 
family [20] (see also Supplementary data Fig. S2). Both ferroportins in 
carp consist of 7 introns and 8 exons, a pattern also observed in most 
reported ferroportin genes in other fish species, including Ictalurus 
punctatus, Scophthalmus maximus, Gadus morhua, Oryzias latipes, and 
Oncorhynchus mykiss [21–24]. Although there were no differences in 
exon length between the two ferroportin genes in carp, the size of cor
responding introns varied. 

The IRE sequence was identified in the 5’-UTR region of fpn42 and 
fpn47. Both isoforms have a 27-nucleotide sequence with CAGUGA 

Table 1 
Comparison of the size of two putative ferroportin gene copies: Fpn47 and 
Fpn42, located on chromosomes 47 and 42, respectively. The analysis is 
based on the Common carp genome available in GenBank under accession 
number GCA_905221575.1.  

C.carpio Fpn47 Fpn42 

5′UTR 293 297 
Exon 1 34 34 
Intron 1 107 93 
Exon 2 68 68 
Intron 2 776 760 
Exon 3 160 160 
Intron 3 145 163 
Exon 4 116 116 
Intron 4 698 695 
Exon 5 127 127 
Intron 5 1180 1035 
Exon 6 249 249 
Intron 6 590 825 
Exon 7 621 621 
Intron 7 219 201 
Exon 8 314 315 
3′UTR 1780 1832  
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apical loop sequence for fpn42 and CAGUGC for fpn47, indicating that 
they can bind to the iron regulatory protein (IRP) and are regulated by a 
translational control mechanism through the IRE-IRP system [6,25]. We 
compared the amino acid sequences of the common carp fpns with those 
of other fish and human ferroportins. Both carp ferroportin genes 
contain all important functional domains, including the AP-2 

adapter-binding motif for clathrin-dependent endocytosis, cytoplasmic 
loop responsible for hepcidin-dependent ubiquitination, and extracel
lular hepcidin-binding loop with a strictly conserved residue - Cys326. 
Interestingly, in some species (cartilaginous fish) where two ferroportin 
genes have been found, only one of them has the conserved Cys326 
residue [6]. Therefore, the presence of Cys326 in both carp ferroportin 

Fig. 1. Three-dimensional structure of common carp ferroportin 47 (A) and 42 (B) protein. Structure comprising 12 transmembrane helices with N-lobe (blue) and C- 
lobe (red) being placed intracellularly. 

Fig. 2. Alignment of ferroportin sequences. The human (Homo sapiens), Japanese pufferfish (Takifugu rubripers), Atlantic salmon (Salmo salar), rohu (Labeo rohita) 
and zebrafish (Danio rerio) sequences were aligned with both carp ferroportin sequences to demonstrate the conserved features and domains. Red frame – AP-2 
adapter-binding motif for clathrin-dependent endocytosis, green frame – extracellular hepcidin-binding loop, blue arrow – key residue Cys326. 
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isoforms may indicate the functional activity of each isoform. 
We used three-dimensional molecular modelling based on human 

ortholog model to study the common carp ferroportin. Our results 
revealed that it has 12 transmembrane domains (TM) with both N- and 
C-termini on the cytosolic side. Like humans, carp ferroportin also has a 
long cytoplasmic loop between TM6 and TM7, which divides it into two 
halves. The high similarity in amino acid sequence (76%) and protein 
conformation indicates that the mechanism of action of ferroportin in 
carp should be similar to that described for humans [26]. 

The separation of Cypriniformes ferroportins from those of other 
fish, as revealed by our phylogenetic analysis, is consistent with the 
results of a previous study by Neves et al. [13], in which the ferroportin 
sequence of Danio rerio, a member of the Cypriniformes order, was found 
to be distinct from homologous sequences in non-Cypriniformes fish. 
Furthermore, our ferroportin tree topology strongly supports the exist
ing phylogenetic hypotheses related to Cypriniformes [27,28]. 

However, we did observe a high-support clade containing ferro
portins from Cyprinus carpio and Carassius spp. (including C. auratus) 
that was found to be paraphyletic. This result can be attributed to the 
close relationship between the common carp and Carassius spp. [29], 
likely due to their shared ancestry within the Barbinae linage [15]. 

Although we identified a double heterozygous specimen with four 
slightly different isoforms of ferroportin, genomic data only allowed us 
to predict two variants, one for each locus at chromosome A9 and B9 
[30]. This may be due to the reference genome being generated from a 

homozygous double-haploid clonal line [17], which could explain the 
“missing” isoforms observed in our RNA-seq results. Nevertheless, the 
common carp genome is an excellent model for studying functional 
divergence and expression differentiation in vertebrates, as the most 
recent whole genome duplication event occurred only 12 million years 
ago. Unlike other vertebrates, carp diploidization process was not that 
rapid and most ancestral genes remain duplicated, resulting in a high 
degree of gene retention and slow gene loss. However, expression 
divergence and functional differentiation were observed, as approxi
mately half of duplicated gene pairs showed no strong correlation in 
expression [31]. 

Our RNA-seq analysis of seven different tissues from adult and ju
venile fish, both male and female, revealed expression divergence be
tween duplicated ferroportin genes. The count read charts showed three 
general groups: 1) high read counts with minor differences in expression 
between subgenomes in the liver and intestine, 2) higher expression of 
subgenome B ferroportin in the head kidney, brain, gills, and muscles, 
and 3) modest count reads for both subgenomes gonads. Tissue-specific 
expression of fpn47 matched that of single fpn in other fish, with high 
expression levels in the liver, head kidney, intestine, gill, and brain, 
similar to that observed in sea bass [13]. Our findings suggests that both 
fpns are actively expressing, but depending on the tissue they may differ 
in the degree of basal expression, showing a pattern that suggests 
possible divergence. 

Similar observations were made by Braasch and colleagues [32] in 

Fig. 3. Maximum likelihood tree resulting from the analysis of the putative ferroportin proteins in fish. Green squares denote branches with both SH-aLRT and 
UFBoot values of 75 or greater at the respective nodes. Sequences used in analysis were retrieved and generated mostly from transcriptomic data. A particular 
emphasis was given to Cypriniformes ferroportins. The tree was rooted at Brienomyrus brachyistius (XP_048834342). The amino acid sequence alignment used to 
construct the presented tree and the sequence sources are included in Supplementary data (Fig. S2 and Table S1). 
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zebrafish and eel, where each co-ortholog of the prrx gene exists in two 
forms (prrx1a and prrx1b), but with a clear predominance of prrx1a in 
expression. It is believed that the divergence of primary genomic 
sequence through base substitution, gain/loss of conserved noncoding 
elements (i.e., potential enhancers/promoters), and gain/loss of exons 
are key factors affecting the evolution of different expression of gene 
pairs [33]. In the case of fpn in common carp, we did not observe any 
changes in the number of exons between fpn copies, but we did observe 
differences in the genomic sequence. These differences may be due to 
the allotetraploid origin of common carp, or together with the diver
gence of the evolutionary branch in phylogenetic analysis, may indicate 
that fpn42 is on different evolutionary path and may diverge into a gene 
with a new function. 

The constitutive levels of ferroportin transcription can vary among 
different tissues in animals due to differences in iron storage and utili
zation [34]. Ferroportin plays a crucial role in iron homeostasis by 
exporting iron from cells. Tissues with high iron demand, such as the 
liver and bone marrow, have higher levels of ferroportin expression to 
support their iron needs, while tissues with lower iron requirements, 
such as skin and cartilage, have lower levels of ferroportin expression. 
Additionally, the levels of ferroportin expression can be regulated by 
various signaling pathways and transcription factors, which can vary 
among different tissues. 

Based on our analysis of ferroportin expression and genetic variation 
in common carp, we have identified differences between duplicated 
ferroportin genes in terms of tissue-specific expression patterns and 
genomic sequence. Our findings supports thesis that the process of 
diploidization in the common carp genome has been relatively slow 

[31], resulting in the retention of both genes copies and the develop
ment of functional differentiation and expression divergence. These 
results highlight the potential of the common carp genome as a valuable 
model for studying functional divergence and differentiation of 
expression in vertebrates. 

Furthermore, our study underscores the importance of considering 
genetic variation and expression divergence when investigating the 
function and regulation of proteins which are crucial for homeostasis in 
animals. 

Overall, our study contributes to a better understanding of the mo
lecular mechanisms underlying iron homeostasis and gene expression 
regulation in vertebrates, with potential implications for the develop
ment of therapies targeting iron-related disorders. 

5. Materials and methods 

5.1. Fish sampling for tissue obtain 

European common carp (Cyprinus carpio L.) strain R3xR8 which are 
the offspring of a cross between fish of Hungarian origin (R8 strain) and 
of Polish origin (R3 strain), with an average weight of 300 g was pro
vided from the own resources of the Department of Ichthyobiology and 
Aquaculture, Polish Academy of Science, Golysz, Poland. Fish were 
reared at 20 ◦C in recirculating tank system and were fed dry food (Aller 
Aqua Polska Sp. z o. o., Poland) daily ad libitum. Before handling, fish 
were sedated using a MS-222 (Tricaine methanesulfonate, SigmaAl
drich, Poland) solution of 150 mg/l in water or anesthetized with a dose 
of 500 mg/l. Animals were handled in accordance with good animal 

Fig. 4. RNA-seq normalized log2 read counts for the two ferroportin genes of common carp in 7 tissues. FPN1_CcB indicates Ferroportin copy on chromosome 47. 
FPN1_CcA indicates Ferroportin copy on chromosome 42. Columns of the 7 heatmaps show 4 tissue sample conditions: IF (immature female), IM (immature male), 
MF (mature female), MM (mature male). Color scale shows the log2 normalized counts. 
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practice by trained persons. All procedures were approved by the Local 
Ethics Committee and internal animal welfare authorities supervised the 
experiment. 

5.2. Fish sampling for RNA-seq 

European common carp (Cyrpinus carpio) R3xR8 strain were used for 
RNA analysis. Eight-month and 2.5-year old fish were obtained from the 
Aquatic Research Facility of Carus (ARC), a part of Wageningen Uni
versity & Research, The Netherlands. Fish were kept in a recirculatory 
closed water system at 24 ◦C with 12D:12L photoperiod and fed with 
pressed pellets for common carp (Skretting, Nutreco). Samples from 7 
tissues were extracted and stored in RNA Later at − 20 ◦C for further 
investigation. 

5.3. Coding sequences identification and genomic organization of 
ferroportin genes 

Coding sequences for ferroportin originating from Danio rerio and 
Cyprinus carpio genomes, available in the National Center for Biotech
nology Information (http://www.ncbi.nlm.nih.gov) were used to 
perform Basic Local Alignment Searching (BLAST, CLC Main Workbench 
7.0, Qiagen). Based on the alignment of identified putative coding se
quences for ferroportin, the PCR primers were designed for further 
studies (Table 2). 

Total RNA was isolated from the liver with the SV Total RNA Isola
tion System (Promega) and converted to cDNA with RevertAid RT 
Reverse Transcription Kit (Thermo Fisher Scientific). After PCR ampli
fication (GenoPlast Biochemicals), obtained products were checked on 
1,2% agarose gel and purified using a GenElute PCR Clean-up Kit 
(Sigma-Aldrich). Subsequently, the PCR products were cloned into p- 
GEM T-Easy Vector and then propagated in JM109 High-Efficiency 
Competent Cells (Promega) according to the manufacturer’s in
structions. Positive colonies were multiplied at 37 ◦C overnight in 5 ml 
of an LB medium containing 2.5 μl of ampicillin. Plasmid DNAs from at 
least 10 colonies were purified with GenoPlast Plasmid DNA extraction 
Kit (GenoPlast Biochemicals) and sent for sequencing (Nexbio, Lublin, 
Poland). Chromatograms were quality-analyzed, and then sequences 
were assembled. Coding DNA and genomic DNA were compared to 
identify intron/exon boundaries and flanking 5′ and 3′ regions. All an
alyses were performed using CLC Main Workbench 7.0 software 
(Qiagen). 

5.4. Amino acid alignment and phylogenetic analysis 

DNA sequences were translated to the corresponding peptide using 
VirtualRibosome 2.0 (https://services.healthtech.dtu.dk/service.php? 
VirtualRibosome-2.0). Amino acid sequences were aligned using 
MAFFT 7 [35] with automatic assignment of alignment strategy. A web 
server version of IQTREE [36] was used to find the best-fitting model of 
amino acid evolution and, subsequently, to construct a maximum like
lihood tree. The tree was constructed using the JTT + G4 model as 
suggested by IQTREE, with 10,000 replications. Ultrafast bootstrap 

(UFBoots) support values were calculated using 1000 replicates with 
default settings. Subsequently, the SH-aLRT branch tests were used to 
evaluate tree branch supports. The tree was rooted to Brienomyrus bra
chyistius (XP_048834342) following the previous phylogenetic hypoth
eses [37]. 

5.5. Molecular 3D modelling of carp ferroportin 

To generate the three-dimensional structure of carp ferroportin, the 
Phyre2 web server was exploited using an intensive analysis model. 
Twenty comparative models were generated with various confidence 
levels and % of identity. For further analysis, only the template with the 
highest degree of identity was selected to model the 3D structure 
c6wbvA – a human ferroportin with the confidence of 100% and 83% 
identity. The membrane topology of ferroportin was predicted with 
DeepTMHMM v1.0.12 (https://dtu.biolib.com/DeepTMHMM). 

5.6. RNAseq –RNA isolation, gene expression quantification and 
structure analysis of common carp ferroportin 

Total RNA was isolated from the head kidney using Quick-RNA 
Miniprep Kit (ZYMO Research). For all other tissue: liver, intestine, 
brain, muscle, gills and gonads, the miRNeasy Mini Kit (Qiagen) was 
used. The quantity of total RNA was assessed using Qubit 4 (Thermo 
Fisher Scientific). The Novogene UK Company LTD performed common 
carp transcriptome analysis using polyA RNA. Sequencing was carried 
out on an Illumina Novaseq 6000. Library preparation and cDNA syn
thesis was performed using NEBNext Ultra Directional RNA Library Prep 
Kit for Illumina. RNA reads were filtered and trimmed to remove 
adapters and low quality reads. Reads were aligned to the genome as
sembly of common carp Cypcar_WagV4.0 available on ensembl (http 
s://www.ensembl.org) with hisat2 v.4.8.2 [38]. Next RNA-seq reads 
were quantified with StringTie (v.2.1.5) [39]. Differential gene expres
sion was analyzed using the bioinformatics package DESeq 2.0 (v1.26.0) 
by use of R (v.3.6.3) and Bioconductior (v.3.10.1) [40]. Additional 
analysis was performed based on the normalized counts obtained by the 
variance stabilizing transformation (VST) method of DESeq 2.0. The 
normalized counts were averaged into one condition based on the three 
replicates available. All heatmaps were created using the Complex
Heatmap [41] (v 2.2.0) package. 
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