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Abstract

Ferritins are ubiquitous, highly-conserved
proteins that constitute one of the most
important components of the cellular machin-
ery devoted to the management of iron levels.
Various ferritins have been described in ver-
tebrates, though their exact functions and
phylogenetic relationships remain to be
established. Our attempts to properly anno-
tate two ferritin subunits isolated from the
Asian sea bass Lates calcarifer, prompted us
to investigate the evolutionary relationships
among vertebrate ferritins and their relation-
ships with non-vertebrate homologs. We car-
ried out a detailed screening of mined ferritin
sequences by examining the regulatory ele-
ments and gene structures. Subsequently, we
performed comprehensive phylogenetic
analyses involving the various metazoan and
vertebrate ferritin chain types, respectively.
Our analyses suggest that a single ferritin
chain duplicated in the early vertebrates and
that the various ferritin chain types in verte-
brate and non-vertebrate species evolved
independently through lineage-specific dupli-
cations. Notably, this includes the mitochon-
drial ferritin found only in insects and mam-
mals that we show to result from two parallel
lineage-specific duplications followed by con-
vergent events of mitochondrial targeting.
Regarding the various cytosolic ferritin
chains in vertebrates, our results suggest a
scenario of a duplication at the base of verte-
brates followed by more recent duplications in
teleosts and amphibians. This scenario
implies that the light chain in mammals is
orthologous to the middle chain in teleosts, in
contrast to previous claims of a paralogous
relationship coupled with differential gene
loss. We hypothesise that the extensive differ-
ences in sequence and function between
these two orthologous chains may have been
driven by the adaptation of tetrapods to ter-
restrial environments, which involved
changes in the dynamics of iron uptake and
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storage. Altogether, our analyses clarify the
evolutionary relationships among vertebrate
ferritins and pave the way for the interpreta-
tion of functional adaptations within an evo-
lutionary framework.

Introduction

Iron is a vital trace element required by
almost all organisms, in which it conjugates
with various proteins to form metalloproteins,
acting as an electron carrier or biocatalyst.
These proteins, in turn, are involved in major
biological processes such as energy metabo-
lism, cell proliferation, immunity and DNA
repair.1-3 The high redox potential of iron that
facilitates its biological role is also a double-
edged sword, since free iron can trigger the
formation of oxygen radicals that could dam-
age cellular lipids, proteins and nucleic acid.4
Consequently, organisms have developed a
complex and tightly-regulated system to bal-
ance the dynamic needs of cellular iron and to
prevent damage caused by excessive amounts
of unbound iron.5 Central to iron metabolism
is ferritin, an ubiquitous protein that is able
to sequester large amounts of iron and store
it efficiently in a non-toxic and reversible
form.6

The structure of the ferritin protein is high-
ly conserved from bacteria to human, which
underscores its biological importance.” A typi-
cal apoferritin molecule consists of a hollow
globular protein polymer, made of 24 ferritin
chains, with a cavity that can store up to 4000
iron atoms as a mineralised iron core.6 In bac-
teria, three ferritin-like proteins have been
isolated: one composed of 24 identical sub-
units (FTN), another that contains a covalent-
bound haem group (BFR) and finally a smaller
12-mer DNA-binding protein (Dps).39 The
gene organisation of ferritin is highly con-
served within the animal kingdom, displaying
a 4-exon/3-intron structure with nearly-identi-
cal intron positions.!0 In mammals, two ferritin
chains have been identified, which have been
termed as heavy (H) and light (L) chains
respectively.6 While in non-vertebrate meta-
zoans, two ferritin subunits that were claimed
to be homologous to the mammalian H- and L-
chains have been discovered in Drosophila and
Trichoplusia.11.12 Two subunits have also been
identified in Caenorhabditis elegans (FTN-1
and FTN-2), but only one of them (FTN-1) is
critical for iron regulation.!3 In addition, mito-
chondrial ferritin has been discovered in sev-
eral mammalian species, Drosophila and
plants.14,15

The regulation of ferritin in metazoans is
mediated at both the transcriptional and
translational levels.16 However, only the trans-
lational control appears to be iron-dependent
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where it is mediated through a conserved
RNA structure in the 5-untranslated region
(UTR) known as the iron-responsive element
(IRE).17 IREs provide a binding site for the
iron-regulatory proteins (IRPs), which
repress ferritin translation in conditions of
low iron.18 The IRE consists of a stem-loop
structure of 26-30 nucleotides in length, with
an apical loop sequence of CAGUGN, and a
UGC/C-bulge five nucleotides upstream of the
apical loop.1” On the other hand, the tran-
scriptional control of ferritin is linked to
oxidative stress, inflammation and immunity,
which subsequently trigger the increased
synthesis of a group of genes (including fer-
ritin) known as phase II detoxifying
enzymes.1920 The transcription of these
genes are effected through the binding of the
heterodimer nuclear factor E2-related factor 2
(Nrf2)/ small Maf protein to a conserved DNA
sequence known as the antioxidant-respon-
sive element (ARE).20

The majority of the studies in eukaryotes
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have been focused so far on the mammalian
H- and L-chains.6 The mammalian H-chain is
a 21 kDa peptide that contains a ferroxidase
center and functions primarily to rapidly oxi-
dise Fe(I).2! On the other hand, the L-chain
is a 19 kDa peptide with a number of carboyxl
ligands along its cavity surface that con-
tribute to its role of iron nucleation to form
ferrihydrite.22 The L-chain also contains a salt
bridge that provides enhanced protein stabili-
ty in varying pH conditions.23 The mechanism
of iron uptake by ferritin can be summarised
into 3 main phases: i) Fe2+ binding, ii) Fe2+
oxidation to Fe+3 by the H-chain, and iii)
nucleation and formation of an iron core by
the L-chain.2425 Additional studies have also
revealed that oxidation of iron by H-chains is
a relatively quick step compared to the miner-
alisation phase carried out by the L-chains.26
The overall iron uptake rate, however, is
dependent on the ratio of H/L chains in a fer-
ritin molecule. These complementary func-
tions of both chains could explain the larger
proportions of L-chains in isoferritins of liver
and spleen tissues that are involved in iron
storage, while H-chains are more predomi-
nant in other tissues such as heart and kid-
ney that are involved in rapid iron
exchange.27

In comparison to their mammalian coun-
terparts, ferritins from other vertebrates have
not been well-studied. A third ferritin sub-
unit, the middle (M)-chain, was first isolated
along with the H- and L-chain from bullfrog
tadpoles.28 Currently, only two studies have
clearly identified M-chain peptide sequences
from two Antarctic teleosts, Trematomus
bernacchii and Trematomus newnesi, while
other predicted M-chain sequences in the
GenBank database are often identified as
additional H- or L-chain isoforms.2930 The M-
chain is a 19.9 kDa peptide capable of carry-
ing out dual tasks in iron storage (i.e. iron
oxidation and core-formation).29 This unique
ability was explained through ligands detect-
ed that are similar to the ferroxidase centres
of the H-chain and carboyxl groups of typical
L-chains. To date, there have been no report-
ed M-chains isolated from any other amphib-
ians or mammals. Additionally, there are no
published studies of L-chains isolated from
fish or other earlier divergent vertebrates.
These findings have prompted speculations
on the possible evolution of the ferritin fami-
ly, in which an ancestral multi-functional M-
chain, conserved in fish and amphibians and
subsequently lost in mammals, was substitut-
ed with a highly-specialised L-chain that orig-
inated in the tetrapod lineage.30 Thus, accord-
ing to this hypothesis, amphibians would rep-
resent an intermediate state of the ferritin
family evolution and the M- and L-chains
would be paralogous proteins with comple-
mentary distributions in fish and mammals,
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respectively. Nevertheless, these speculations
have never been backed by proper phylogenet-
ic analyses and the actual evolutionary rela-
tionships among ferritin chains remains to be
clarified. This situation is in sharp contrast
with that found in plant ferritins, for which
evolutionary relationships have been recently
investigated.3!

Our studies on gene expression of infected
L. calcarifer identified ferritin among the pro-
teins found to be upregulated during the early
stages of infection by Cryptocaryons irritans
(not published). In order to study ferritin in
detail, we generated two putative L. calcarifer
full-length ferritin cDNA sequences. Although
BLAST hits have identified one of the pro-
teins as an M-chain, initial phylogenetic
analyses indicated orthology relationships
with the mammalian H-chain and several dif-
ferent amphibian chains. To further clarify
the evolutionary relationships among fer-
ritins in different vertebrates we conducted
an exhaustive phylogenetic analysis of the
protein sequences, as well as both the tran-
scriptional and translational regulatory ele-
ments of their corresponding genes. Our
results clarify both the orthology and paralogy
relationships among the ferritin subunits and
reveal a complex history of duplications and
functional divergences. Altogether our results
show that evolutionary relationships are best
established through phylogenetical analysis
and that initial annotation of proteins based
on mere BLAST matches can mislead evolu-
tionary interpretations.

Materials and Methods

RNA extraction and cDNA

preparation

Liver tissues were harvested from adult L.
calcarifer obtained from the Marine Fish
Production and Research Centre, Tg. Demong,
Terengganu, Malaysia. Tissue samples were
immediately collected from anaesthetised fish
and stored in liquid nitrogen at -80°C for fur-
ther use. The tissues were then homogenised
using mortar and pestle under liquid nitrogen,
and total RNA was extracted using
TRIReagent™ (Molecular Research Center,
Inc., Cincinatti, OH, USA) according to the
manufacturer’s instructions. Subsequently,
RNA clean-up was carried out using the
Rneasy Minikit (Qiagen, Kuala Lumpur,
Malaysia). Total RNA concentration was meas-
ured by spectrophotometry and its quality was
assessed by agarose gel electrophoresis.
Preparation of 5’ and 3-RACE-ready cDNA
were then carried out with SuperScript III from
the GeneRacerTM Kit (Invitrogen, Inc.,
Carlsbad, CA, USA) with random primers for
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5’-cDNA and GeneRacer oligo-dT primers for
3’-cDNA.

Primer designs and rapid
amplification of cDNA-ends
(RACE)

Two pairs of RACE primers (FerM-F and
FerM-R; FerH-F and FerH-R) were designed
based on incomplete open reading frames
(ORF) of putative ferritin clones assembled
from the Asian seabass EST library (not pub-
lished) (Supplementary Table 1). 5’ and 3™
RACE were carried out using the GeneRacer
5'/3’-primers and touchdown PCR as recom-
mended by the manufacturer’s protocols.32
Touchdown PCR was used as follows: 94°C for
3 min, 5 cycles of 94°C for 30 sec, 72°C for 2
min; 5 cycles of 94°C for 30 sec, 70°C for 2 min;
25 cycles of 94°C for 30 sec, 63.3-67.9°C for 30
sec, 70°C for 2 min and final extension at 70°C
for 3 min.

Sequence analysis and data mining

DNA sequence data obtained were quality-
clipped based on a Phred-value threshold of
30 and vector sequences were trimmed with
CROSS_MATCH.33 Sequences from 5’ and 3’-
RACE-PCRs were combined using the Cap3
contig assembly tool in BioEdit (version
7.0.5.3).3¢ Complete cDNA sequences were
then screened for the presence of IREs using
SIREs  (http://ccbg.imppc.org/sires/index.
html).35 ORF Finder was then used to predict
the open reading frames (ORFs) in the
sequence data (http://www.ncbi.nlm.nih.
gov/gorf/gorf.html).

An initial protein BLAST (BLASTP 2.2.26+)
search was carried out against the NCBI
GenBank. Subsequently, the amino acid and
mRNA sequences from both PCR products
respectively were used as seed to retrieve
similar protein sequences from the Ensembl
database of selected vertebrate genomes
(release 60) (http:/www.ensembl.org/index.
html).36 The cDNA sequence database was
mined using the tBLASTN search algorithm
with an E-value cutoff of <0.0001.37 An addi-
tional similarity search was performed using
the GenBank EST database to retrieve
sequences from Xenopus laevis and other
chordates (Ciona intestinalis, Ciona savignyi,
Branchiostoma floridae, Petromyzon marinus
and Eptatretus burgeri) (http:/blast.nchi.nlm.
nih.gov/Blast.cgi?). Finally, the annotated fer-
ritin sequences of Rana catesbiana,
Drosophila melanogaster, Haliotis discus,
Crassostrea gigas and Eriocheir sinensis were
manually retrieved from GenBank and added
into the dataset (httpz/www.ncbi.nlm.nih.gov/
genbank/). The ORFs for all retrieved
sequences from Ensembl and GenBank were
predicted using ORF Finder.
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Analysis of gene regulatory
elements

To check for the possibility of pseudogenes,
sequences were screened for the presence of
IREs in the 5-UTR’ using SIREs.35 Sequences
were also scanned for the presence of signal
peptides using the SignalP 3.0 web server
(http//www.cbs.dtu.dk/services/SignalP/).38 The
RNA secondary structures predictions were car-
ried out using the Mfold web server
(http/mfold.rna.albany.edu/?q=mfold]),39 with
the arrangement of the apical loop nucleotides
modified based on previous structural stud-
ies.4041 Subsequently, the exon/intron structure
of retrieved sequences were examined based on
gene information from Ensembl.36

The presence of AREs was predicted by
screening the region of 7 kb upstream of the
using the MEME Suite web server (version
4.6.1) (httpz/meme.nbcr.net/).42 Putative DNA
motifs were predicted using the MEME algo-
rithm and compared with known motifs in the
Jaspar, Transfac and Uniprobe databases using
the TOMTOM scanning algorithm.42

Multiple sequence alignment and
codon substitution analysis

Multiple sequence alignments were carried
out using a similar strategy as implemented in
the PhylomeDB  (http:/phylomedb.org/)
pipeline, which combines several aligners and
the Head or Tails approach.43:44 Briefly, align-
ments were performed in both forward and
reverse directions using Muscle (version
3.7, MAFFT (version 6.717b),4 and
DIALIGN-TX (version 1.0.2).47 A consensus
output based on the 6 previous alignments was
generated using M-Coffee.#8 trimAL was then
used to remove large gap regions (with the
default gappyout option) and to generate a
codon alignment using the reverse-translate
feature.49

Codon alignment was then analysed using
the yn00 utility in PAML to assess its reliabili-
ty for subsequent phylogeny reconstruction.0
The synonymous and non-synonymous substi-
tution rates between each sequence pair were
estimated using the Yang and Nielsen method
as implemented in PAML.5!

Phylogenetic analysis of vertebrate
ferritin

Phylogenetic analyses were carried out using
the Maximum Likelihood (ML) and Bayesian
algorithms as implemented by PHYML (version
3.0)52 and MrBayes (version 3.1.2),53 respec-
tively. To examine the broad evolutionary histo-
ry of ferritin across metazoans, an unrooted
phylogenetic reconstruction was performed
using selected vertebrate and non-vertebrate
amino acid sequences. This was followed by a
second phylogenetic analysis to specifically
investigate the phylogeny of vertebrate ferritin
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genes. For the ML analyses, the LG model were
used for the amino acid sequences with opti-
mised gamma distributions and proportion of
invariant sites.’4 Non-parametric bootstrap
tests of 1000 replications were also performed.
As for the Bayesian analysis, mixed models
approach were applied for the amino acid
sequences.’3 Four independent chains were
started respectively from two runs simultane-
ously and the period of sufficient convergence
was assessed using AWTY (http/king2.scs.fsu.
edu/CEBProjects/awty/awty.php).55 For both
analyses on metazoan and vertebrate
sequences respectively, 5 million generations
were ran (sampling every 100th tree) and the
first 12,500 trees were discarded.

Results

Identification of putative M-chain
and H-chain ferritin in Asian

seabass

The complete sequences for putative M-
and H-chain ferrritin transcripts were
obtained through 5’ and 3’-RACE. Final
assembled transcript sequences for putative
M-chain (Latca_1) and H-chain (Latca_2) of
L. calcarifer are 1130 and 1148 nucleotides in
length with predicted ORFs of 531 and 534
nucleotides, respectively. We detected IRE
sequences 173 and 253 nucleotides upstream
of the start codon in Latca_l
(TTGCTTCAACAGTGCTTGAACGG) and
Latca_2 (CTGCTTCAACAGTGCTTG-AACGG),
respectively, which supports their identity as
iron-regulated ferritin-coding genes (Figure
1). Sequences have been deposited in
GenBank with accession numbers HQ424195
and HQ424196, respectively.

Data mining

The initial BLAST search against the NCBI
GenBank protein database returned sequences
that were annotated with various or unspeci-
fied subunit names (Supplementary Figure 1).
Additionally, we found that the sequence infor-
mation of all functional ferritin subunits were
not available for several species. Therefore we
chose to proceed with an assumption-free
BLAST search against the Ensembl database.

Using BLAST searches against the Ensembl
database (release 60), we retrieved 87 similar
sequences from 14 species (Supplementary
Table 2). The retrieval of additional sequences
from GenBank was necessary due to the pres-
ence of only a single amphibian species
(Xenopus tropicalis) in the Ensembl database
while the chordate sequences were to be used
as an outgroup. Similarity searches against
the Xenopus laevis EST database identified 5
individually-distinct ferritin sequences with
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IREs. As for the chordates, similarity searches
retrieved a unique IRE-bearing sequence in
Branchiostoma floridae, Petromyzon marinus
and Eptatretus burgeri. Additionally, sequences
from the urochordates (Ciona intestinalis and
Ciona savignyi) were retrieved from GenBank
as the initial sequences retrieved from
Ensembl show a high degree of divergence, but
lacked information on the 5-UTR and
appeared truncated.

A major difficulty in carrying out a detailed
analysis on ferritin is the presence of numer-
ous pseudogenes and various proteins that
share sequence similarity with the conserved
ferritin domains yet likely do not play a signif-
icant role in iron regulation. Several of these
ferritin-like sequences (that lack the IRE and
resemble processed pseudogenes) have been
shown to be expressed in Rana catesbiana,?8
while in human and mouse these genes are
associated with the coding of tumour-specific
antigens.56,57 Therefore, we undertook many
stringent measures to identify and exclude
these spurious sequences from our analysis.
The first consisted of checking for the pres-
ence of IREs, which were found in 52 Ensembl
sequences and in all the additional sequences
retrieved from GenBank. Subsequently, we
examined the exon/intron structures and 22
sequences were found to be intronless or pos-
sessed structures that differed from the 4-
exon/3-intron arrangement. Among the intron-
less sequences, the presence of a signal pep-
tide was predicted in four sequences: Homo
sapiens Mtf, Mus musculus Mtf, Rattus norvegi-
cus Mtf and Bos taurus Mtf. Additionally, the
selection of the representative species of a
taxon, particularly for sequences mined from
the GenBank EST database, was constrained
by those that possessed all the relevant sub-
units to prevent any subsequent misleading
inferences on gene duplications or losses. In
total, 30 sequences retrieved from Ensembl
passed all filters and were used for phylogenet-
ic analysis.

Comparative analysis of the
regulatory elements

The IRE sequences of the various ferritin
subunits show that the apical loop sequence of
CAGUGC was conserved in all vertebrates H-
chains, except for Anolis carolinensis (Anole
lizard) and the amphibian sequences (Figure
1). For the M/L-chains, variation in the sixth
residue of the apical loop sequences was
observed across the vertebrates. The presence
of a UGC bulge was predicted in B. floridae as
well as most vertebrate sequences except for
the agnathans (P marinus and E. burgeri) and
sauropsids (A. carolinensis 2 and Taeniopygia
guttata 2) that possessed a C-bulge.

Initially, no IRE was detected in the Ciona
sequences by the SIREs web server. However, a
closer analysis of the sequences show the
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presence of a putative IRE in the 5’-UTR of C.
intestinalis and C. savignyi. Both putative IREs
fulfil all of the features of canonical IREs with
the exception of a guanine residue in place of
a cytosine residue to form an unpaired bulge at
the eighth nucleotide position. However, IRE
sequences that have a guanine bulge at the
eighth residue position and an apical loop of
CAGUGU have been reported in several species
from the Crustacea subphylum, which support
the identity of the Ciona sequences as iron-
regulated ferritins.58

The presence of AREs were predicted
approximately 4.5 kb upstream of the coding
regions of the mammalian H-chain sequences,
and 1.5 kb upstream of the mammalian L-chain
sequences (Figure 2). No ARE-similar motifs
were predicted in the non-mammalian and
mitochondrial sequences. The consensus
motif predicted by MEME for the mammalian
H- and L-chains was found to be a significant
match to the core ARE sequence (P value:
3.96e-09). While the MEME motif does not
include any additional nucleotides down-
stream of the core ARE sequence, the
nucleotides upstream of the core ARE show
similarities with the extended ARE.

Multiple sequence alignment and
codon substitution analysis
Comparison of the amino acid sequence
alignment show that Latca_2 possesses all the
residues of the ferroxidase centres (Glu24,
Glu58, Glub9, His62, Glu104, GIn138) conserved
in mammalian H-chains (Supplementary
Figure 2). On the other hand, Latca_1 shares
all the conserved ferroxidase center residues
and contains two conserved residues found in
the mammalian L-chain that are involved in
nucleation (Glub4, Glu61). However, a third
nucleation residue (Glu57) was found to be
less conserved within the putative teleost M-
chains. Only Danio rerio appear to share that
residue whereas it has been substituted with
Asp in Latca_l, Gasterosteus aculeatus, and
Takifugu rubripes, and His in Oryzias latipes.
Analysis of the codon substitution rates by
PAML shows that approximately 85% of the
sequence pairs has a dS (number of synony-
mous substitutions per synonymous sites)
value >2.00 (data not shown), which suggest
codon saturation at the nucleotide level and
consequently, loss of reliable phylogenetic
information.5 Therefore, we did not proceed
with the codon-based phylogenetic analysis.

Phylogeny of vertebrate ferritin

An initial phylogenetic analysis of all
sequences retrieved from Ensembl using
Maximum Likelihood show a topology that
lacks support in many branches and several
long-branch attraction groups, such as the
clustering of R. catesibiana and C intesti-
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nalis_03967 (Supplementary Figure 3). Other
than the clustering of the mammalian mito-
chondrial ferritin (Mtf), the grouping of the
sequences do not appear to follow any clear
patterns.

For the phylogenetic analysis on metazoan
ferritins, 14 vertebrate (7 species, including L.
calcarifer) and 10 non-vertebrate sequences (4
species) were used. The choice of such a set of
vertebrate and non-vertebrate sequences was
made to minimise the effect of long-branch
attraction artefacts, as several sequences (e.g.
amphibians, Ciona) were found to be highly-
divergent (discussed below).

The phylogenetic trees constructed from the
metazoan amino acid sequences using

Maximum Likelihood (Figure 3) and Bayesian
analyses (Supplementary Figure 4) show a
clear separation between the vertebrate and
non-vertebrate sequences, indicating inde-
pendent diversification of the various taxa
chains in each lineage. Within the vertebrate
taxa, the sequences appear to be grouped
according to their chain types. However, the
non-vertebrate ferritin sequences appeared to
group with a less discernible pattern.
Subsequent phylogenetic analysis of the ver-
tebrate ferritin subunits was based on
sequences from 20 species (2 urochordates, 1
cephalochordate, 2 agnathans, 6 teleosts, 3
amphibians, 2 sauropsids and 4 mammals),
including L. calcarifer. Although a broader tax-
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Figure 1. Secondary structure of ferritin iron-responsive elements (IREs) of selected
metazoans. The IREs of teleost, mammalian, cephalochordate, ferritins as well as several
mollusc species (C. gigas) possess a U-G-C bulge structure (indicated by blue arrows).
However, variations in the bulge structures were predicted for the agnathans, urochor-
dates and one of the ferritin subunits from the sauropsids.
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onomic sampling, especially around the basal
lineages, would have been desirable, we are
currently limited by the relatively scarce
genomic sampling of vertebrates. The use of
sequences from incomplete genomes was limit-
ed to those showing the IRE regulatory region
and a minimum 90% coverage of the coding
sequences. Attempts to increase the taxonomic
coverage by relaxing the thresholds and includ-
ing partial sequences resulted in clearly arte-
factual topologies (Supplementary Figure 3).

The resulting phylogenetic reconstructions
using ML (Figure 4) and Bayesian
(Supplementary Figure 5) analyses display
generally consistent topologies in terms of the
clustering of sequences according to chain
types. In general, all trees show a similar pat-
tern that suggest accelerated rates of evolution
in L/M-chain sequences resulting in the pres-
ence of some inconsistencies with the known
phylogeny of vertebrates.

affinities and regulatory requirements.63,64
The predicted presence of AREs in both
mammalian H- and L-chain sequences confirm
and extend previous studies on mouse6566 and
human ferritins.67.68 The predicted absence of
AREs in non-mammalian ferritin sequences
may result from variations in the DNA-binding
sequence from the core ARE sequence, compli-
cating its detection.69 Further investigations

Mammalian H-chains

Mammalian L-chains

consensus motif by MEME

core ARE

extended ARE
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into non-mammalian ARE (or the possibility of
its absence) would be highly useful as
homologs of Nrf-2 and small Maf proteins have
been reported in chicken?0.71 and zebrafish.7

A parallel duplication followed by
mitochondrial targeting of ferritin

“TrsreabAcC: TOACTCACCA

YKRKYYCASCRTGACTCAGCA

RGTGACnnnGC

TMARnRTGAY nnnGCRwwww

Discussion

While there have been extensive studies on
ferritin of mammals, there remains many gaps
in our current knowledge about ferritin in
other groups of vertebrates and the evolution-
ary history of this gene family. Our characteri-
sation of two ferritin subunits in L. calcarifer,
which consist of the M- and H-chain supports
previous studies on the existence of two dis-
tinct, iron-regulated ferritin subunits in
teleosts.

Variations in the regulatory
mechanisms of ferritin

Our analysis of the secondary structure of
IREs indicate that the cephalochordate B. flori-
dae share the UGC-bulge structure found in
most vertebrate ferritins, yet this was missing
in the agnathans (E. burgeri and P marizon),
the predicted anole lizard H-chain (A. caroli-
nensis 2) and zebra finch L-chain (T guttata 2)
(Figure 1). However, UGC-bulges have been
reported in various non-vertebrates such as
the echinoderm Asterias forbesi60 and several
mollusc species (H. discus, C. gigas).61,62
Additionally, variations of CGC and CGG-bulges
had been predicted in the echinoderm
Apostichopus japonicus as well as the crus-
taceans Pacifastus vannamei and Litopenaeus
vannamei 58 A previous study on the evolution
of IREs showed that variations in the bulge and
apical loop are common for related species.?8
These observations, along with our analysis,
suggest that the bulge structure, as well as
other factors such as the apical loop, might
have evolved independently several times, and
converged on similar bulge/apical loop
sequence structures accommodating specific
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Figure 2. The motifs predicted in mammalian ferritin sequences show high similarity to
the antioxidant-responsive element (ARE) sequence. The consensus motif predicted by
MEME Suite web server (version 4.6.1) shows high similarity to the core ARE sequence
and the upstream nucleotides in the extended ARE. No ARE-matching motifs were pre-

dicted in non-mammalian ferritins.
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Figure 3. Maximum likelihood tree generated from amino acid sequences of vertebrates
and non-vertebrates. A clear distinction is observed for the clustering of the various fer-
ritin chain types within the vertebrate and non-vertebrate taxa. The mammalian (H. sapi-

ens, M. musculus) and non-vertebrate (D.

melanogaster) mitochondria sequences are

highlighted in brown and clustered separately. Values at nodes indicate Maximum
Likelihood percentages (1000 replications)/Bayesian posterior probabilities. The scale bar
represents the estimated number of substitutions per site.
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in insects and mammals

Our phylogenetic analysis of the vertebrate
and non-vertebrate ferritin subunits show a
clear distinction between these two groups of
lineages (Figure 3, Supplementary Figure 4).
This suggest that the different subunits in ver-
tebrate and non-vertebrate lineages evolved
independently through lineage-specific dupli-
cations. An open question is whether the vari-
ous chains converged on a similar function in
the different lineages. Remarkably, we identify
one case of apparent convergent evolution in
the case of mammalian and insect mitochondr-
ial ferritin (Mtf).

Mtf has been described in some mammals
and in Drosophila, where it has been shown to
localise to the mitochondria.615 Mammalian
Mtf gene is intronless, located on an autosome
and is synthesised as a precursor with an N-
terminal signal peptide that guides the protein
towards the mitochondria.6 In contrast, the
Drosophila Mtf is located on the X-chromo-
some, consists of 2 exons and possesses a
truncated signal peptide.l> Interestingly, many
ferritin pseudogenes have been found on the
human and rat X-chromosome and are
believed to have undergone gene conversion
events.”

Both Drosophila and mammalian Mtfs are
primarily expressed in the testis, though mam-
malian Mtf is also expressed in several other
high-metabolic cell types.6 While the complete

lowed by neo-functionalisation (re-targeting to
the mitochondria) occurred independently in
two separate lineages.

Mitochondria are major producers of reac-
tive oxygen species due to their roles in cellu-
lar iron utilisation and conversion of iron into
bioactive forms through the haem and iron-
sulphur pathways.”6 Within the mitochondria,
the frataxin protein has been suggested to
function as an iron chaperone and storage pro-
tein, as well as to have roles in the synthesis of
iron-sulphur clusters and haem.”-7 Frataxin
is found in the mithochondria of all eukaryotes
(including yeast) and has been shown to bind
more than 2000 iron atoms into a ferrihydrite
structure, similar to ferritin.80 In contrast, the
extremely limited expression of Mtf in
Drosophila and mammals within high-meta-
bolic cell types suggests that the presence of
Mtf is not critical for mitochondrial function in
all cell types.6:15 Expression studies of Mtf in
frataxin-deleted yeast cells also showed that it

is able to restore most of the functions of
frataxin and prevented iron overload and mito-
chondrial DNA damage.8! A suggested hypoth-
esis therefore, would be that the relocation of
a ferritin copy to the mitochondrion may have
been advantageous in two distant lineages
under a similar pressure to complement
frataxin function in certain periods or cell

types.

Phylogeny of vertebrate ferritin

Our initial attempt to clarify the evolutionary
relationships of the L. calcarifer putative M- and
H-chains in relation to other vertebrate H- and
L-chains were complicated by the presence of
pseudogenes, incomplete sequence information
(particularly the 5-UTR) and incorrect
sequence annotations (Supplementary Figure
3). To minimise the effect of long-branch attrac-
tion we used several representative sequences
from various taxa as outgroup.82 Overall, all the
phylogenetic reconstructions from both ML and
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Nonetheless, despite notable similarities in
function and sites of expression, it is believed -
that both ferritins evolved separately due to dif-
ferences in the gene organisation and protein
structure.6.15 Our analysis of the vertebrate/non-
vertebrate ferritin phylogeny supports this view.
In addition, the Mtf sequences are not clustered
according to their chain types, but rather clear-
ly distinguished between the vertebrate and
non-vertebrate taxa. The mammalian Mtf are
positioned closely to other mammalian H-
chains and our data mining analysis did not
uncover any Mtf in other vertebrate groups. o
This suggests that the vertebrate Mtf evolved ]
specifically in mammals, likely from a retro-
transposition event where a spliced H-chain
mRNA was reinserted into the genome (as sug-
gested by the lack of introns). While the origin s
of insect Mtf remains unknown, our analysis
strongly support the poliphyli of insect and
mammalian mitochondrial ferritins. Therefore,
this could represent an example of convergent
evolution in which two events of duplication fol-
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Figure 4. Maximum Likelihood tree generated from amino acid sequences of vertebrate
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the Maximum Likelihood bootstrap percentages (1000 replications)/Bayesian posterior
probabilities. The scale bar represents the estimated number of substitutions per site.
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Bayesian approaches show a very similar topol-
ogy. While a few branches display relatively
large discrepancies between the bootstrap val-
ues (BP) and Bayesian posterior probabilities
(PP), this could be due to the inherent differ-
ences on how these two values are calculated.33
Some studies have claimed that BP values are
too conservative,3 where 70% BP corresponds
to a 95% confidence value and that PP values
are excessively high.8586 However, there are
also studies that indicated PP values are still
conservative estimates of phylogenetic accura-
cy.87.88 Additionally, several studies have sug-
gested that certain Bayesian approaches are
able to provide models that fit the data better
compared to Maximum Likelihood.8990 We next
discuss the most likely scenario according to
these topologies, considering the existing con-
gruence between two independent methodolo-
gies, as well as parsimony criteria in terms of
inferred duplications and losses as additional
lines of evidence. Undoubtedly, a larger taxo-
nomic sampling, especially around the less sup-
ported nodes, will likely help in future studies to
completely resolve the phylogeny.

Monophily of H-chains is clearly recovered
by all approaches within an internal topology
that largely reflects the accepted vertebrate
phylogeny.9! The partition of the tree contain-
ing L- and M-chains displays most of the vari-
ability across the different approaches and
contains some inconsistencies within the
expected species phylogeny; most remarkably
the relative positions of a subset of amphibian
sequences (X. tropicalis 3,X. laevis 5) and rep-
tile/bird sequences. Together with the fact that
branches in this part of the tree are signifi-
cantly long, this suggests the presence of phy-
logenetic noise. Despite these difficulties,
some important conclusions can be drawn
from this topology.

First, based on the clustering at the base of
the phylogenetic tree, we hypothesise that the
ancestral vertebrate ferritin originated from a
single chain type (Figure 4). Similar to fer-
ritins in extant basal chordates (tunicates,
hagfish, lancelet), such ancestral vertebrate
ferritin would possess an IRE in the 5’-UTR.
Note that this hypothesis is compatible with
the presence of basal chordates with addition-
al ferritin chains resulting from lineage-spe-
cific duplications. Thus, earlier interpretations
that the secondary Drosophila ferritin
(Fer2LCH) are more closely related to verte-
brate L-chains than to H-chains are unsustain-
able, since both L- and H-chains shared a com-
mon ancestor at the base of the vertebrate phy-
logeny, thus being co-orthologous to the fer-
ritins in Drosophila.%2 Our phylogenetic analy-
sis also supports a duplication in the early ver-
tebrates preceding the teleost-tetrapod diver-
gence, which resulted in a paralogous copy
that maintained the exon structure and IRE
regions. This gene duplication could have been
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part of a whole duplication event thought to
have occurred after the lamprey-gnathostomes
split.9 Although such event is believed to have
involved two rounds of whole genome duplica-
tions (2R hypothesis), which would result in at
least four paralogous copies in all vertebrates,
it has been shown that a majority of gene fam-
ilies do not exactly follow this pattern due to
rampant gene loss immediately following the
duplication events.%4-% The phylogeny of the
ferritin family is thus consistent with a rapid
loss of two of the four 2R paralogs. Similarly,
the proposed whole genome duplications that
occurred in teleost (3R hypothesis) is not
apparent in our trees, which is again in con-
cordance with the observed rampant gene loss
following the whole genome duplications in
this lineage.9

Secondly, regarding the relationship of L-
and M-ferritins, all reconstructed phylogenies
support an orthologous relationship between
the fish M-chains and mammalian L-chains.
This is, moreover, the more plausible scenario
in terms of inferred duplications and losses.
Indeed, the alternative phylogeny supporting a
paralogy between L- and M-chains will require
two complementary losses in the fish and
amniota lineages, respectively.30

Considering these results, we disagree with
the hypothesis put forth previously that an
ancestral H-chain type protein evolved into an
M-chain type with enhanced capability to store
iron efficiently, and subsequently, mammals
concomitantly lost the M-chain while develop-
ing the L-chain that is specialised for iron
accumulation.30 In contrast, we propose that
two types of ferritin protein existed concur-
rently in the ancestral vertebrates (i.e. teleosts
and tetrapods); one of them being an H-chain
type with ferroxidase activity and the other, a
paralogous copy that had accumulated addi-
tional capabilities. In teleosts, the latter is
termed M-chain and has been found to possess
both ferroxidase and iron nucleation capabili-
ties. On the other hand, in tetrapods this sec-
ond copy is termed L-chain and has evolved to
almost exclusively mineralise iron into a com-
pact iron core.

Although scarce, functional analyses on
teleost M-chains have revealed many paral-
lelisms with mammalian L-chains. The iron
nucleation ability of the M-chain enables it to
store up to 3500 iron atoms, which is lower
than the L-chain (~4000) but significantly
higher than the H-chain.630 In terms of bio-
chemical properties, the M-chain is highly sta-
ble and is able to maintain its quaternary
structure at pH 2.5 similar to mammalian L-
chains, which is an intrinsic feature to incor-
porate higher amounts of iron.23.29 This is in
contrast to mammalian H-chains, which disso-
ciate at pH 3.0. Finally, the M-chain is found to
be the only subunit expressed in the spleens of
Antarctic codfish T bernacchii and T. newne-
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51.2930 This suggests that the M-chain is the
dominant subunit in spleen, and this pattern
of expression is similar to mammalian L-
chains, which is in line with the role of the
organ as the major site of iron storage.b In
terms of functional, biophysicochemical and
localisational properties, the M-chains clearly
shares more similarities with the mammalian
L-chains than with the H-chains. Therefore,
coupled with our phylogenetic analysis, we
believe that the current naming of the M-
chains in teleosts and L-chains in mammals do
not accurately reflect their molecular phyloge-
ny and can be misleading.

The origin of this naming confusion becomes
apparent when the position of the first identi-
fied M-chain from the bullfrog, R. catesbeiana is
scrutinised. The H-, M- and L-chains in R. cates-
biana were named after their electrophoretic
mobility.28 However, our phylogeny clearly
shows that the M- and H-chains in R. catesbiana
are closely related paralogs, likely resulting
from a recent lineage-specific duplication.
While the R. catesbiana H-chain (R. catesbiana
FerH), being the dominant subunit in red blood
cells, might appear to be compatible with the
canonical role of mammalian H-chains, it is
clearly not orthologous to the mammalian and
teleost H-chains.28 In addition, the amphibian
H-chain is represented in our phylogeny by the
X tropicalis 2 and X. laevis 3 proteins while the
corresponding ortholog in Rana remains to be
identified in the context of the absence of a
complete genomic sequence. Our analysis also
show that the annotated Rana L-chain (R. cates-
biana Ferl) is highly divergent from rest of the
vertebrate ferritin sequences and resulted in
long branch attractions and unresolved topology
and was, therefore, subsequently removed
(Supplementary Figures 6, 7). Our analysis on
the 5’-UTR of R. catesbiana FerL using similar
sequences from the GenBank EST database
uncovered an IRE-like region, but it did not ful-
fil the stability criteria of canonical and experi-
mental IREs. We believe that further character-
isation of the various amphibian ferritin chains
will be necessary to clarify their functions in
iron metabolism.

Finally, we hypothesise that the differences
in biochemical properties of the teleost M-
chains and tetrapod L-chains could be attrib-
uted to the adaptations of both taxa to their
environments during their evolutionary histo-
ry; in particular, the transition of tetrapods into
a terrestrial environment.% Small concentra-
tions of aquatic iron are present in varying
amounts depending on several environmental
factors such as salinity, pH and the presence of
inorganic sulphides.% Several studies have
shown that there is a significant intake of
aquatic iron across the gills of freshwater fish,
and to a lesser degree, through intestinal
absorption in marine fish that imbibe large
quantities of seawater to offset integumental
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water loss.9 This is in contrast to most
tetrapods that dwell primarily on land and
whose only means of acquiring iron is through
dietary intake.> Therefore, it would appear log-
ical to assume that the tetrapod L-chains have
evolved to mineralise iron more efficiently
compared to its orthological counterpart (M-
chains) in teleosts. Consistent with the idea
that ferritin iron-content would be modulated
to compensate for the lack of access to biologi-
cally-available iron, ferritins of marine and
brackish fish have been shown to have higher
iron contents compared to freshwater fish.100
Interestingly, the presence of various highly-
divergent types of L/M-type ferritins in
amphibians may reflect the need to adapt to
different aquatic and terrestrial environments
during their life cycles.

Conclusions

Various ferritin subunits have been charac-
terised in vertebrates, but there is a lack of
proper annotation based on homology and pro-
tein function, especially from the non-mam-
malian vertebrates. In this study, we cloned
and characterised two ferritin sequences from
L. calcarifer as the H- and M-chains, respec-
tively. Based on our extensive phylogenetic
analysis, we show that the various ferritin
chains evolved independently in the vertebrate
lineage and all of them are equally related to
the non-vertebrate ferritins. Subsequently, our
favoured scenario supports a duplication event
at the chordate/vertebrate split that resulted in
a paralogous copy. Although caution must be
taken due to the existence of some unresolved
cases, the most plausible and supported sce-
nario is that the fish M-chains and tetrapod L-
chains are orthologous to each other, with the
presence of various M/L-chains in amphibians
coupled with large functional and sequential
divergence causing previously erroneous
interpretations. Our study highlights the
importance of applying a detailed and exten-
sive approach (such as detecting pseudogenes
and the use of several outgroup sequences) in
phylogenetic studies to clarify homology rela-
tionships within a gene family. Clearly, the
sequencing of additional vertebrate genomes,
in particular non-teleost fishes, will help to
finally clarify these issues.
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