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Abstract 23 

Ferritins are ubiquitous proteins with a pivotal role in iron storage and homeostasis, and 24 

in host defense responses during infection by pathogens in several organisms, including 25 

mollusks. In this study, we characterized two ferritin homologues in the red abalone 26 

Haliotis rufescens, a species of economic importance for Chile, USA and Mexico. Two 27 

ferritin subunits (Hrfer1 and Hrfer2) were cloned. Hrfer1 cDNA is an 807 bp clone 28 

containing a 516 bp open reading frame (ORF) that corresponds to a novel ferritin 29 

subunit in H. rufescens. Hrfer2 cDNA is an 868 bp clone containing a 516 bp ORF that 30 

corresponds to a previous reported ferritin subunit, but in this study 5’- and 3’-UTR 31 

sequences were additionally found. We detected a putative Iron Responsive Element 32 

(IRE) in the 5’-UTR sequence, suggesting a posttranscriptional regulation of Hrfer2 33 

translation by iron. The deduced protein sequences of both cDNAs possessed the motifs 34 

and domains required in functional ferritin subunits. Expression patterns of both 35 

ferritins in different tissues, during different developmental stages, and in response to 36 

bacterial (Vibrio splendidus) exposure were examined. Both Hrfer1 and Hrfer2 are most 37 

expressed in digestive gland and gonad. Hrfer1 mRNA levels increased about 34-fold 38 

along with larval developmental process, attaining the highest level in the creeping post-39 

larvae. Exogenous feeding is initiated at the creeping larva stage; thus, the increase of 40 

Hrfer1 may suggest and immunity-related role upon exposure to bacteria. Highest 41 

Hrfer2 expression levels were detected at trochophore stage; which may be related with 42 

early shell formation. Upon challenge with, the bacteria an early mild induction of 43 

Hrfer2 (2 h post-challenge), followed by a stronger induction of Hrfer1 at 15 h post-44 

challenge, was observed in haemocytes from adult abalones. While maximal 45 

upregulation of both genes in the whole individual occurred at 24 h post-challenge, in 46 

juveniles. A significant increase in ferritin protein levels from 6 h to 24 h post-challenge 47 

was also detected. Our results suggest an involvement of Hrfer1 and Hrfer2, and of 48 

ferritin proteins in the immune response of H. rufescens to bacterial infection.  49 

 50 

Key words: Ferritin; Haliotis rufescens; abalone immunity; Hrfer1; Hrfer2  51 

 52 
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1. Introduction 54 

Ferritins are ubiquitous proteins that play a crucial role in iron storage and homeostasis, 55 

regulating intracellular iron concentration and avoiding iron-induced oxidative damage 56 

[1,2]. Typical vertebrate ferritins are multimeric proteins composed of 24 subunits 57 

forming a nanocage structure with a capacity for storing up to 4500 atoms of iron in its 58 

central cavity [2]. Each subunit is a protein chain folded in 4-helical bundles, a fifth 59 

short helix and a long-extended loop [3]. In mammals, there are primarily two cytosolic 60 

ferritin subtypes, the heavy (H) and light (L) chain types. H- and L-subunits can 61 

assemble in different ratios to form the nanocage. The H chain has iron binding sites 62 

with ferroxidase activity, oxidizing and actively sequestering iron. The L chain lacks 63 

ferroxidase activity, but contains the ferrihydrite nucleation center, that is, several 64 

negative charged residues in the inner surface that facilitate the transfer of oxidized iron 65 

from the ferroxidase center to the iron core of the nanocage, iron hydrolysis, 66 

mineralization and storage [4]. An additional ferritin middle (M) chain was 67 

characterized in amphibians and bony fishes; M chain exhibits both, ferroxidase activity 68 

and the ferrihydrite nucleation site [5,6]. Regarding their subcellular location in animals, 69 

ferritins can be cytosolic, mitochondrial or secreted [2]. A post-transcriptional 70 

regulation mechanism of ferritin expression in animals is mediated by the Iron 71 

Regulatory Element (IRE), a regulatory sequence located at the 5´ untranslated region 72 

(5´-UTR) of ferritin mRNA. IRE forms a hairpin structure for binding to regulatory 73 

proteins, which regulate translation of ferritin mRNAs depending on intracellular iron 74 

concentrations [7,8]. 75 

Up to date, ferritin genes and functions were poorly studied in marine invertebrates 76 

compared to vertebrates. In mollusks, H-type cytosolic and secretory ferritins have been 77 

identified [9-14]. It was postulated that mollusk ferritins were involved in different 78 

functional roles besides iron storage and release, as growth [15,16], shell development 79 

[9,13,17], heavy metal detoxification [11], tolerance to thermal stress [18] and innate 80 

immunity [10-12,14,16].  81 

Abalone species of the genus Haliotis have a wide geographical distribution, and 82 

several species are very important in fisheries and aquaculture industries because of 83 

their high commercial value as food and jewelry, being cultured worldwide [19,20]. 84 

Global abalone production from legal fisheries has decreased over the last decades, due 85 
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to over-exploitation, disease and habitat degradation, promoting an important increase 86 

in farm production in several countries [21]. The culture of red abalone (Haliotis 87 

rufescens) was introduced in Chile in 1977, being currently this Country one of the 88 

greatest producers of cultured abalone in the world [22,23]. However, natural and 89 

cultured Haliotis spp. and other mollusks can suffer massive mortalities at larval, post-90 

larval and juvenile stages due to vibriosis, a deadly hemorrhagic septicemic disease 91 

caused by pathogenic bacteria Vibrio spp. [24-27]. Thus, a better characterization of the 92 

mechanisms of defense of red abalone to Vibrio spp. infections is necessary for the 93 

development of strategies to control diseases and the development of its sustainable 94 

farming.  95 

The aim of the present study was to characterize H. rufescens ferritin genes and their 96 

expression patterns related with early development and immune response. Here we 97 

report the identification and characterization of two ferritin homologues cloned from H. 98 

rufescens, designated as Hrfer1 and Hrfer2. Ferritin cDNA sequences were analyzed 99 

and gene transcriptional patterns were studied in different tissues, along larval 100 

development and in juvenile and adult abalones challenged with Vibrio splendidus. In 101 

order to analyze ferritin expression patterns during the bacterial challenge we further 102 

produced and validated an anti-ferritin polyclonal antibody for H. rufescens.  103 

 104 

2. Materials and methods 105 

2.1. Animals, bacterial challenge and sample collection 106 

Red abalone (Haliotis rufescens) individuals were grown at the abalone production 107 

center (AWABI), Universidad Católica del Norte (Coquimbo, Chile). They were 108 

maintained in a 1000 L raceway with flow-through seawater (mean temperature of 109 

16ºC) and fed ad libitum with Macrocystis pyrifera twice a week. Healthy adult 110 

individuals (2 years old, shell length-ranged between 5 and 6 cm) were collected and 111 

samples of several tissues (mantle, adductor muscle, gonads, gills and digestive tract) 112 

were extracted and fixed in RNAlater Stabilization Reagent (Ambion Inc., Austin, 113 

Texas, USA) and stored at -80ºC. 114 

Larvae at different stages of development were also collected. Adult red abalone 115 

individuals were induced to spawn [28] and gametes were mixed together at 116 
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concentrations sufficient to allow for fertilization. Samples of gastrulae, trochophores, 117 

veligers and creeping larvae were respectively collected at 6 h, 24 h, 3 days and 6 days 118 

after fertilization; fixed in RNAlater and stored at -80ºC for subsequent RNA 119 

purification. 120 

Challenge experiments were performed with the marine bacterial strain Vibrio 121 

splendidus. V. splendidus was heat-attenuated in order to expose the abalones to a 122 

pathogen associated molecular pattern (PAMP) immune stimulus and eliminate the 123 

virulent component of the bacteria that could inhibit the immune response activation. 124 

Bacteria were inactivated by heating and pellet was obtained as described in Coba de la 125 

Peña et al. [16]. Pellet was then resuspended in sterile sea water at a final concentration 126 

of 1x107 cells/mL. Forty-four adult or juvenile (12 mo. old, shell length of 1.0-1.5 cm) 127 

abalones were randomly divided into three groups. One group consisted on 20 128 

individuals that were challenged by injection of 100 µL of the V. splendidus suspension 129 

in sterile seawater (1x107 cells/mL) in the adductor muscle using a 25 G syringe. The 130 

second group consisted on 20 individuals that were injected with 100 µL of sterile 131 

seawater and were used as controls. One mL of hemolymph from 4 individuals in each 132 

group was collected after 2, 6, 15 and 24 h of injection at the adult stage. An additional 133 

control group (basal status) of four individuals not subjected to injection was assessed, 134 

and from which haemolymph was collected at time 0 h. Collected haemolymph samples 135 

were immediately centrifuged at 600 g at 4ºC for 10 min to harvest the haemocytes. 136 

Haemocytes were then immediately fixed in RNAlater and stored at -80ºC. In juvenile 137 

abalones was not possible to collect enough haemolymph, thus whole individuals from 138 

each group were sampled after 6, 15, 24 and 48 h post injection. Their tissues were deep 139 

frozen and pulverized with liquid nitrogen and stored at -80ºC for the analyses of 140 

ferritin mRNA and protein levels.  141 

Animal maintenance and handling were carried out in strict accordance with the 142 

recommendations in the CCAC guidelines 143 

(http://www.ccac.ca/Documents/Standards/Guidelines).  144 

2.2. RNA extraction, first strand cDNA synthesis and isolation of Hrfer1 and Hrfer2 145 

full-length cDNAs 146 

Total RNA extraction, RNA quantification and intactness, and reverse transcription of 147 

RNAs from samples were performed as described in Coba de la Peña et al. [16]. 148 
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In order to isolate at least two different H. rufescens ferritin homologues, two different 149 

pairs of oligonucleotides were used. The first primer pair, 5´-150 

CCCACAAAGCACGTAACGAA-3´ (forward) and 5´-151 

CACGCCATACTGTTATAGGG-3´ (reverse), were designed from conserved ferritin 152 

sequences that are available at the NCBI GenBank Sequence Database 153 

(http://www.ncbi.nlm.nih.gov/genbank) using the Primer3web program v4.0.0 154 

(http://bioinfo.ut.ee/primer3/). A 485-bp PCR product from mantle cDNA of adult 155 

individuals was amplified, purified and sequenced by Servicio de Secuenciación de la 156 

Pontificia Universidad Católica de Chile. In order to isolate the full coding DNA 157 

sequence of the H. rufescens ferritin homologue, RACE (Rapid Amplification of cDNA 158 

ends) was performed using the SMARTerTM RACE cDNA Amplification Kit (Clontech, 159 

Palo Alto, CA, USA). Approximately 1 µg of RNA from H. rufescens mantle was used 160 

for first-strand DNA synthesis, obtaining 5´-RACE-Ready cDNA and 3´-RACE-Ready 161 

cDNA. Specific primers for 5´- and 3´-RACE PCR were designed to recognize a region 162 

within the cDNA previously isolated and sequenced. Primer sequences were: 5´-163 

GTCAGTGTTGCAGTCCGCCACCTTGTG-3´ (5´-RACE) and 5´-164 

GGCGGGCGTCAACAAACAGATTAACGT-3´ (3´-RACE). Thermal cycling 165 

parameters were set following manufacturer’s instructions. The amplification products 166 

were visualized, cloned, sequenced and aligned as described in Coba de la Peña et al. 167 

[16].  168 

In order to obtain a second H. rufescens ferritin homologue, a second primer pair was 169 

designed based in a published H. rufescens ferritin coding sequence (GenBank 170 

accession number GU191936; [18]). Primers were: 5´-GATGGCCCAAACTCAACC-3´ 171 

(forward) and 5´-GGTTATGTCAGCCCAAACAAA-3´ (reverse). PCR performed with 172 

these primers generated a 700-bp PCR product that was cloned and sequenced. In order 173 

to obtain the 5´ untranslated region (5-UTR), 5´-RACE PCR was performed using 5´-174 

RACE-ready cDNA and a specific primer designed to recognize a sequence within the 175 

700-bp cDNA previously isolated and sequenced. Primer sequence was 5´-176 

TCAGCTTCTCGGCATGCTCTCGCTCCT-3´. The obtained PCR product was cloned, 177 

sequenced and aligned. 178 

2.4. Sequence analyses 179 
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Sequences were analyzed by BLAST algorithm at the National Center for 180 

Biotechnology Information. Nucleotide sequences were translated to predicted protein 181 

sequences and aligned with known ferritin sequences using the Expasy web server tools 182 

(http://www.expasy.org/).The iron responsive element (IRE) and stem-loop structure of 183 

Hrfer2 was predicted by the SIREs Web Server v2.0 (http://ccbg.imppc.org/sires/) [29]. 184 

The tertiary structures of deduced proteins codified by Hrfer1 and Hrfer2 were 185 

predicted using the Phyre2 server [30]. Phylogenetic analysis was performed with 186 

MEGA (Molecular Evolutionary Genetic Analysis) software v6.06 [31] using the 187 

neibourg-joining method [32], with bootstrap values calculated from 2,000 pseudo-188 

replicates.  189 

2.5. Quantitative real-time PCR 190 

Primers for RT-qPCR were designed using Primer Express v3.0 software (Applied 191 

Biosystems, CA, USA). The amplified region included a partial 3´-UTR sequence, in 192 

order to amplify specifically the gene homologs under study. β-actin was used as 193 

endogenous control in order to normalize experimental results [18,33]. Primer 194 

sequences were as follows: Hrfer1 (forward, 5´-CAGGTCTCGGAGAGTACCAGTTC-195 

3´; reverse, 5´-GGCCGCGGACCAATTAAC-3´); Hrfer2 (forward, 5´-196 

ACGACAAGGAGTCCATGGAGTAG-3´; reverse, 5´-GGCCACGTGCGACTATGC-197 

3´); β-actin (forward, 5´-GAGAGGTTCCGTTGTCCAGAGT-3´; reverse, 5´-198 

CCAGCAGATTCCATACCCAAGA-3´).  199 

RT-qPCR assays were run as described in Coba de la Peña et al. [16]. The comparative 200 

CT method [34] was applied for relative quantification. Experiments included five 201 

biological replicates except in larvae expression (three biological replicates), and three 202 

technical replicates were performed.  203 

2.6. Production and validation of anti-ferritin polyclonal antibody, ELISA and Western 204 

Blotting 205 

Polyclonal antibodies were generated in CF-1 mice (6 weeks old) against a mix of three 206 

synthetic antigenic epitopes of ferritin from H. rufescens (UniProtKB - Q0PKG1) (Fig. 207 

S1). These epitopes were designed using a method described by Bethke et al. [35] and 208 

they were chemically synthesized by the solid phase multiple peptide system using 209 

Fmoc amino acids (Iris Biotech); and purified through HPLC. The peptides were 210 
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lyophilized and analyzed by matrix assisted laser desorption/ionization mass 211 

spectrometry to confirm molecular mass [36]. For antibody production, CF1 mice were 212 

subcutaneously injected at 1, 14 and 28 days with 300 µg of ferritin peptide mix (100 µg 213 

each one) diluted 1:1 in FIS peptide (peptide sequence: FISEAIIHVLHSR), a T helper 214 

cell activator [37], and 1:1 in Freund’s adjuvant (Thermo). The antiserum was collected 215 

on day 44, centrifuged at 800 x g for 10 min and the supernatant was stored at -20 °C. 216 

Antibody affinity was determined by indirect ELISA [38] and antibody specificity was 217 

verified by Western blot using a total protein extract of H. rufescens following Schmitt 218 

et al. [39] (Fig. S1).Indirect ELISA was used to quantify the ferritin expression in the 219 

juveniles from the challenge experiment following Morales-Lange et al. [38], but using 220 

1:2500 ferritin antisera. 221 

2.6. Statistical analyses 222 

Data were analysed with the STATISTICA v7.0 software package (StatSoft Inc., Tulsa, 223 

OK, USA). The following statistical tests were performed: one-way analysis of variance 224 

(one-way ANOVA) and Tukey post-hoc test for data of gene expression in tissues and 225 

larvae. Data of gene expression upon bacterial challenge were analysed by factorial 226 

ANOVA (in order to assess the effect of two factors: presence or absence of bacteria 227 

and time post-challenge) and Tukey post-hoc test. We applied a sequential Bonferroni 228 

procedure to correct for type I error in multiple simultaneous tests. Differences were 229 

considered significant at P < 0.05. For ANOVAs, normality of the dependent variable 230 

was tested with the Shapiro-Wilks test [40] and homogeneity of variances with the 231 

Levene test [41] to verify that the data met model assumptions.  232 

 233 

3. Results and discussion 234 

3.1. cDNA cloning and sequence characterization of Hrfer1 and Hrfer2 235 

Two full-length cDNA clones were isolated from mantle of H. rufescens, and they were 236 

designated as Hrfer1 (for H. rufescens ferritin 1, GenBank accession no. MH006611) 237 

and Hrfer2 (GenBank accession no. MH006612). They were 807 and 868 bp length, 238 

respectively. The open reading frames (ORFs) of Hrfer1 and Hrfer2 are 516 bp length, 239 

encoding 171 amino acids. Molecular weights of Hrfer1 and Hrfer2 predicted proteins 240 

are 19.9 and 19.8 kDa, respectively. Predicted isoelectric points are 5.04 and 5.09, 241 
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respectively. By homology search, it was observed that Hrfer2 coding sequence and 242 

part of the 3’-UTR sequence corresponded to a ferritin gene (designed as Abf2) 243 

previously identified in H. rufescens (Genbank accession number GU191936; [18]). 244 

Seven conserved residues, corresponding to the ferroxidase diiron center, which 245 

catalizes Fe(II) oxidation in mammalian H ferritins, were identified in both Hrfer1 246 

(L25, Y32, K59, K60, F63, E105, E139) (Fig. 1A) and Hrfer2 ([18]; Fig. 1B) predicted 247 

proteins. Four conserved amino acids corresponding to the ferrihydrite nucleation center 248 

of mammalian L-type ferritin subunits were observed in both Hrfer1 (D55, C58, K59, 249 

E62) and Hrfer2 (K55, E58, E59, E62) predicted proteins (Fig. 1A and 1B). Both 250 

sequences also displayed conserved iron ion channel amino acids (H116, D129, E132) 251 

(Fig. 1A and 1B). Hrfer1 predicted protein has a putative N-glycosylation site 252 

(27NCSY30). Thus, Hrfer1 presented all sequence motifs determining ferritin function 253 

[1,18,42]. As M-type ferritins, both genes have both the ferroxidase activity observed in 254 

H-type ferritins and the ferrihydrite nucleation center observed in L-type ferritins [2]. 255 

No putative signal peptide was detected, which suggested that both predicted ferritins 256 

are cytosolic proteins. 257 

Multiple sequence alignment showed that Hrfer1 and Hrfer2 displayed high amino acid 258 

identities with other mollusk, invertebrate and vertebrate ferritin homologues (Fig. S2). 259 

Hrfer1 corresponded to a new ferritin homologous sequence and showed 98% amino 260 

acid identity with a ferritin of Haliotis discus hannai (GenBank accession no. 261 

ADK60915). Hrfer2 corresponded to a sequence previously described by Salinas-Clarot 262 

et al. [18] with high amino acid homology with other H. discus hannai ferritin 263 

homologue (GenBank accession no. ABH10672). Hrfer1 showed 64% amino acid 264 

identity with Hrfer2. 265 

Hrfer1 and Hrfer2 3D models consisted of four α helixes from the N-terminal that were 266 

parallel with each other, binding together through random coils and turns (Fig. S3A and 267 

S3B). A fith short C-terminal α helix was also present in both proteins. Thus, predicted 268 

3D models of Hrfer1 and Hrfer2 resembled the typical spatial features of known H- and 269 

M-type ferritin protein structures [3,42]. 270 

Phylogenetic analysis of most known ferritin nucleotide coding sequences of mollusks 271 

revealed that both Hrfer1 and Hrfer2 sequences are included into a clade of cytosolic, 272 

non-secretory ferritins (Fig. S4). Hrfer1, with other Haliotis sequences, is into a cluster 273 

that is separated from a big cluster containing all other non-secretory ferritins. Hrfer2 is 274 
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into is included into a clade with other Haliotis sequences, and this clade further 275 

clustered together with other Argopecten, Mizuhopecten and Azumapecten sequences in 276 

the main (Fig. S4). 277 

A putative iron responsive element (IRE) was identified by analysis of the 5’-UTR of 278 

the Hrfer2 cDNA clone. Alignment of the Hrfer2 IRE sequence showed 100% identity 279 

to known IREs of H. discus discus, H. discus supertexta, H. discus hannai, and other 280 

mollusks (Fig. S5A). This IRE of Hrfer2 is predicted to be folded in a typical stem-loop 281 

secondary structure, which matches all IRE characteristics, (Fig. S5B). No IRE was 282 

detected in the case of Hrfer1, probably because Hrfer1 cDNA clone lacks whole 5´-283 

UTR sequence. The presence of this IRE suggests a posttranscriptional regulation of 284 

Hrfer2 translation [7,8]. 285 

3.2. Tissue-specific expressions of Hrfer1 and Hrfer2 286 

Transcriptional levels of both genes were detected in all tissues examined (Fig. 2). 287 

Levels of mRNA of both genes were higher in digestive gland (36.9- and 35.5-fold 288 

higher compared to muscle for Hrfer1 and Hrfer2, respectively) and gonad (21.3- and 289 

30.9-fold higher, respectively), and lowest level was observed in mantle, adductor 290 

muscle and gill (Fig. 2A and 2B). Our results differed from those reported by Salinas-291 

Clarot et al. [18] for Hrfer2 mRNA levels in the tissues. This could be associated to 292 

differences in the age or general physiological status of the analyzed abalone in each 293 

study. 294 

Relative high basal levels of ferritin transcripts in digestive gland were also observed in 295 

other mollusks, as Crassotrea gigas [43], Argopecten purpuratus [16], H. discus discus 296 

[44], H. diversicolor supertexta [45] and H. diversicolor [46]. In abalone and other 297 

mollusks, the digestive gland is involved in iron storage, metal accumulation and 298 

detoxification [47,48]. Digestive gland is also an important immune organ involved in 299 

defense functions and in the integration of metabolism and immunity [48,49]. Thus, 300 

Hrfer1 and Hrfer2 may play an important role in iron storage and immune functions in 301 

digestive glands. 302 

Relative high basal levels of ferritin expression in gonad were also observed in H. 303 

discus discus [44]. Abalone and mussels can uptake iron from the environmental 304 

seawater, and this iron can be accumulated in several organs, including gonads [47,50]. 305 
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It was also observed that expressions of two ferritin genes are induced in gonad of the 306 

freshwater pearl mussel Hyriopsis schlegelii upon bacteria or heavy metal challenge 307 

[51]. Thus, Hrfer1 and Hrfer2 expression in gonad may be related with iron 308 

homeostasis and/or immune defense. Also, high levels of ferritin in gonads could be 309 

associated to maternal transfer of immune proteins through the eggs (i.e., passive 310 

immunity) to protect newly hatched larvae in abalone. This strategy has been observed 311 

in other mollusks [52], but further studies would be necessary to elucidate if it is present 312 

in abalone.  313 

3.3. Hrfer1 and Hrfer2 expression in different developmental stages 314 

Ferritin may be involved in mollusk shell formation during larval development 315 

[9,13,17]. The first steps of the larval shell formation take place during the trochophore 316 

stage [53]. In gastropods, ferritin genes are expressed in the edge of the shell field 317 

during the trochophore stage [54,55]. A role of ferritin in construction of the operculum 318 

was also suggested [54]. Transcriptional analysis of Hrfer1 during larval development 319 

of H. rufescens showed an increase of its level along the different developmental stages, 320 

from gastrula (1-fold) to trochophore (about 4.3-fold higher than in gastrula), veliger 321 

(18.4-fold) and creeping larva (33.8-fold) (Fig. 3A). A similar ferritin expression pattern 322 

from eggs or gastrulae to juveniles was observed in the gastropod H. asinine [54] and 323 

Aplysia californica [56]. Hrfer1 expression pattern suggests that this ferritin homologue 324 

may be involved in both protoconch (larval shell) and teleconch (juvenile/adult shell) 325 

formation from trochophore to creeping larval stage, being the continuous increase in 326 

expression from gastrulation to post-metamorphosis correlated with an increasing 327 

demand in biomineralization. Other putative functional roles of Hrfer1 cannot be 328 

excluded. Development of the buccal apparatus in abalone post-larvae (creeping larva 329 

stage) initiates exogenous feeding, which include bacteria [57]. Thus, the observed 330 

significant increase of Hrfer1 transcription level in abalone creeping larvae may suggest 331 

and immunity-related role upon exposure to bacteria, as suggested for some ferritin 332 

homologues characterized in different developmental stages of C. gigas [13] and A. 333 

purpuratus [58]. 334 

In contrast, Hrfer2 expression was higher in gastrula (1-fold) and in trochophore stage 335 

(1.56-fold higher than in gastrula), and decreased in subsequent veliger (0.58-fold) and 336 

creeping larva (0.26-fold) stages (Fig. 3B). Hrfer2 may play a role as mitogen for cell 337 
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proliferation, as it was observed in animal models [59,60]. Hrfer2 expression may also 338 

be related with the first steps in larval shell formation at the trochophore stage [61]. 339 

3.4. Expression of Hrfer1 and Hrfer2 in response to bacterial challenge 340 

In haemocytes from adult abalone Hrfer1 expression was significantly up-regulated 341 

after 15 h post-injection with Vibrio splendidus (4.5-fold compared to 1-8-fold of its 342 

control injected with SSW or not injected), and declined afterwards (Fig. 4A). Hrfer2 343 

was found to be slightly but significantly upregulated after 2 h, and a down-regulation 344 

of Hrfer2 was observed at 6 h post-injection with the bacteria (1.6-fold), compared with 345 

its control (2.6-fold) (Fig. 4B). Ferritin transcriptional induction in response to bacterial 346 

challenge was also observed in haemocytes of bivalve mollusks as A. irradians [10,62], 347 

A. purpuratus [16] and Hyriopsis schlegelii [51], among others. Qiu et al. [63] observed 348 

an upregulation of a ferritin homologue in haemocytes of H. discus hannai upon 349 

infection with the bacterial pathogen Vibrio anguillarum in a time-dependent manner, 350 

with a maximum expression level at 6 h post-inoculation. Our results suggest an 351 

involvement of Hrfer1 and Hrfer2 in the immune response of H. rufescens to pathogen 352 

infection. Ferritin upregulation upon bacterial infection may be related with the iron 353 

withholding activity of ferritins, preventing host iron acquisition by bacteria [64]. A 354 

putative antioxidant activity of ferritins, by preventing the generation of free radicals 355 

and reactive oxygen species by iron, was also proposed [2].  356 

In juvenile abalones, significant up-regulations of Hrfer1 and Hrfer2 levels were 357 

observed after 24 h (respectively, 5.1 and 6.6-fold compared to 2.6 and 3.3-fold of their 358 

control injected with sterile sea water) and 48 h (respectively, 3.4 and 2.7-fold 359 

compared to 1.7 and 1.5-fold) post-injection with the bacterial suspension (Figs. 4C and 360 

4D). Ferritin upregulation upon pathogen challenge was also observed in different 361 

tissues of bivalves as Mizuhopecten yessoensis [11,14], and Hyriopsis schlegelii [51]; 362 

and of gastropods as H. tuberculata [65], H. diversicolor [46] and H. discus hannai 363 

[63]. Thus, ferritin homologues may be induced upon pathogen inoculation in several 364 

organs in different time-manners. Our results suggest that both Hrfer1 and Hrfer2 genes 365 

are probably induced in one or several tissues (besides hemocytes) upon infection, and 366 

maximum upregulation of both genes in the whole individual occurs at 24 h post-367 

injection.  368 

3.5. Ferritin protein levels in response to bacterial challenge 369 
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Further investigation to detect and to estimate ferritin protein levels during bacterial 370 

challenge was performed. The produced polyclonal antibody cannot discriminate 371 

between ferritin isoforms of H. rufescens; thus considering the similar transcriptional 372 

pattern observed for Hrfer1 and Hrfer2 in juveniles, ferritin protein levels were assessed 373 

in extracts from whole individual at this stage. Significant higher amounts of ferritin 374 

protein were detected in individuals challenged with bacteria at 6, 15 and 24 h post-375 

injection, compared with their respective controls injected with sterile seawater (or not 376 

injected juveniles). No significant higher amount of protein was observed in challenged 377 

individuals 48 h post-injection (Fig. 5). 378 

We have identified two ferritin homologues in H. rufescens, but more ferritin 379 

homologues may be expressed in this organism. For instance, two cytosolic and two 380 

secretory ferritin homologues were identified in C. gigas [13], and four cytosolic and 381 

two secretory ferritin homologues were identified in Mizuhopecten yessoensis [13,14]. 382 

Thus, our results suggest that there is a significant overexpression of ferritin protein 383 

homologues (possibly including Hrfer1, Hrfer2 and other ferritin homologues) in whole 384 

individuals of H. rufescens from 6 to 24 h post-injection. This result suggests that, 385 

besides Hrfer1 and Hrfer2, other ferritin homologues are induced and involved in the 386 

immune response to bacterial infection in H. rufescens. 387 

In summary, our results showed that both ferritin homologues Hrfer1 and Hrfer2 388 

participate in the immune response against bacterial challenges in haemocytes and 389 

probably in other tissue organs; and that the novel Hrfer1 could be implicated in post-390 

larvae immunity. These results indicate that these ferritins are potential candidate genes 391 

to be used as molecular markers for enhancement of immune capacity in H. rufescens 392 

through genetic programmes. However, functional characterization experiments 393 

involving the interference of expression of both genes and/or the expression of the 394 

recombinant ferritin proteins will be necessary to verify the involvement of these genes 395 

in H. rufescens immunity. 396 
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 588 

Figure captions 589 

Figure 1. Nucleotide and deduced amino acid sequences of Hrfer1 (A) and Hrfer2 590 

(B) from Haliotis rufescens. IRE sequence is shaded in yellow. Non-codifying regions 591 

are shaded in dark grey. Start codon (ATG) and stop codons are underlined. Asterisk 592 

denotes the stop codon in the amino acid sequence. Conserved residues for the 593 

ferroxidase site are shaded in green. Conserved residues of the ferrihydrite nucleation 594 

centre are shaded in pink. Conserved iron channel residues are shaded in blue. Putative 595 

iron-binding regions are shaded in red. Putative N-glycosilaton site is shaded in light 596 

grey. 597 
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Figure 2. Relative basal levels of Hrfer1 (A) and Hrfer2 (B) transcripts in different 598 

tissues of adult Haliotis rufescens. Transcript levels of Hrfer1 and Hrfer2 in mantle 599 

(Mn), adductor muscle (Mu), gill (Gi), gonad (Go) and digestive gland (Dg) were 600 

detected by real-time PCR. β-actin was used as housekeeping gene. All values represent 601 

the means ± S.E. (n = 5 biological replicates). Different letters denote significant 602 

differences at P<0.05. 603 

Figure 3. Relative basal levels of Hrfer1 (A) and Hrfer2 (B) transcripts in different 604 

developmental stages of Haliotis rufescens. Assessed developmental stages were 605 

gastrula, trochophore, veliger and creeping larva. Metamorphosis stage is indicated by 606 

an arrow. β-actin was used as housekeeping gene. All values represent the means ± S.E. 607 

(n = 3 biological replicates). Different letters denote significant differences at P<0.05. 608 

Figure 4. Relative levels of Hrfer1 and Hrfer2 mRNA transcript levels in Haliotis 609 

rufescens after challenge with Vibrio splendidus. Time-course expression analyses of 610 

Hrfer1 and Hrfer2 transcript levels were measured by RT-qPCR in haemocytes from 611 

adult abalone (A and B); and in whole individuals at juvenile stage (C and D). β-actin 612 

was used as housekeeping gene. Individuals injected with sterile seawater (SSW), as 613 

control, and individuals injected with bacterial suspension are displayed. Values are 614 

means ± S.E. (n = 5 biological replicates per treatment). Different letters denote 615 

significant differences at P<0.05. 616 

Figure 5. Ferritin protein levels in juvenile Haliotis rufescens challenged with V. 617 

splendidus. Ferritin levels were assessed by ELISA in extracts from whole individuals 618 

over a period of 48 h post-injection with sterile seawater (SSW), as control; and with 619 

bacterial suspension. Values are means ± S.E. (n = 5 biological replicates per 620 

treatment). Different letters denote significant differences at P<0.05. 621 

 622 

Captions of supplementary figures 623 

Figure S1. Production and validation of an anti-ferritin polyclonal antibody for 624 

Haliotis rufescens. Sequences of the three synthetic peptides (A) used as antigens 625 

during the immunization for obtaining antibodies. The best antibodies were obtained 626 

against the peptide 1973. The 3D structure (B) of HrFer-1 shows in gold the localization 627 

of p1973. (C) Left panel: Immunorecognition of synthetic peptide of ferritin (p1973) by 628 
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indirect ELISA (calibration curve of anti-HrFer serum against the synthetic peptide used 629 

for the immunization; R: Pearson correlation coefficient). Right panel: Determination of 630 

antibody specificity by Western blot against mantle protein profile (C: Control group 631 

sample; E: challenged group sample). 632 

Figure S2. Multiple sequence alignment of vertebrate and invertebrate ferritin 633 

subunits. Conserved residues, important in iron binding and ferroxidation, are 634 

contained in boxes. Ferritin sequences shown are from: Haliotis rufescens (Hrfer1 and 635 

Hrfer2, GenBank: respectively MH006611 and MH006612); H. discus hannai 636 

(GenBank: ADK60915); H. diversicolor (GenBank: AMA34095); Hyriopsis cumingii 637 

(GenBank: ADZ04889); Argopecten irradians ferritin 1 (GenBank: AEN71558); 638 

Rhipicephalus sanguineus (GenBank: AAQ54715); Daphnia pulex heavy (H) chain 639 

(GenBank: EFX74776); Callorhinchus milii mitochondrial subunit (GenBank: 640 

AFM87687); Danio rerio middle (M) subunit-like (GenBank: XP_687175); Homo 641 

sapiens heavy (H; GenBank: NP_002023) and light (L; GenBank: NP_000137) ferritin 642 

subunits. 643 

Figure S3. Predicted 3D structural models of Hrfer1 (A) and Hrfer2 (B) subunits 644 

from Haliotis rufescens. The four α helixes are coloured in brown, yellow, blue and 645 

green. A fifth short helix is coloured in red. Random coils and turns are also displayed. 646 

N, N-terminal; C, C-terminal. 647 

Figure S4. Phylogenetic optimal tree of most known nucleotide sequences of 648 

mollusk ferritin. Subunits Hrfer1 and Hrfer2 references are contained in boxes. The 649 

evolutionary history was inferred from the neighbour-joining method. Bootstrap values 650 

are shown next to the branches. The tree is drawn to scale, with branch lengths in the 651 

same units as those of the evolutionary distances used to infer the phylogenetic tree. 652 

GenBank accession numbers are indicated. Ferritins with GenBank accession numbers 653 

DQ821493, XM_011440581 and KC754752 (the three sequences at the bottom of the 654 

tree) correspond to secretory ferritins. All other sequences correspond to non-secretory 655 

ferritins. 656 

Figure S5. Iron responsive element (IRE) analysis of Hrfer2 and other ferritin 657 

homologues. (A) Alignment and sequence comparison with selected ferritin IREs from 658 

mollusk ferritin subunits (and the non-molluscan ferritins of Xenopus laevis and Homo 659 

sapiens). GenBank Acc No. of each ferritin homologue is indicated. Conserved 5’-660 
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CAGTGN-3’ loop structure residues and bulged cysteines located five bases upstream 661 

are shaded in light grey. The other homologous regions are shaded in dark grey. The 662 

percentage similarities of IREs are on the right side. (B) Predicted IRE stem-loop 663 

structure of Hrfer2, compared with IREs of Argopecten purpuratus 2 (GenBank: 664 

KT895279), A. irradians 2 (GenBank: HQ225741); Lymnaea stagnalis (GenBank: 665 

X56778) and Hyriopsis cumingii 1 (GenBank: HQ896721).  666 
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Highlights 

• Two ferritin sequences  were characterized in red abalone, Hrfer1 and Hrfer2 

• Both ferritins are present in all tissues and strongly expressed in digestive gland and gonad 

• Hrfer1 transcripts increased along with larval development being highest in creeping post-larvae 

• Both ferritins are upregulated in adults and juveniles challenged with Vibrio splendidus  

• Ferritin is upregulated at protein level in the juveniles after bacterial challenge 

 


