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Peptidylarginine deiminases (PADs) are calcium dependent enzymes with physiological and pathophysiological
roles conserved throughout phylogeny. PADs promote post-translational deimination of protein arginine to citrulline, altering the structure and function of target proteins. Deiminated proteins were detected in the early
developmental stages of cod from 11 days post fertilisation to 70 days post hatching. Deiminated proteins were
present in mucosal surfaces and in liver, pancreas, spleen, gut, muscle, brain and eye during early cod larval
development. Deiminated protein targets identiﬁed in skin mucosa included nuclear histones; cytoskeletal
proteins such as tubulin and beta-actin; metabolic and immune related proteins such as galectin, mannanbinding lectin, toll-like receptor, kininogen, Beta2-microglobulin, aldehyde dehydrogenase, bloodthirsty and
preproapolipoprotein A-I. Deiminated histone H3, a marker for anti-pathogenic neutrophil extracellular traps,
was particularly elevated in mucosal tissues in immunostimulated cod larvae. PAD-mediated protein deimination may facilitate protein moonlighting, allowing the same protein to exhibit a range of biological functions, in
tissue remodelling and mucosal immune defences in teleost ontogeny.

1. Introduction
Peptidylarginine deiminases (PADs) are a family of calcium dependent enzymes that are preserved throughout phylogeny from bacteria to mammals (Vossenaar et al., 2003). PADs have various physiological roles and are implicated in embryonic development, cell
diﬀerentiation, cell death and gene regulation (Wang and Wang, 2013;
Witalison et al., 2015). PADs are expressed in most body tissues; and
while in mammals there are ﬁve genes designated PADI (PADI 1, 2, 3, 4,
6), in ﬁsh only one PADI has been identiﬁed (Vossenaar et al., 2003;
Rebl et al., 2010). Mammalian PADI2 is the phylogenetically most
conserved isozyme and shows the closest sequence alignment to ﬁsh
PADI, which codes conserved amino acid residues involved in catalysis
and binding of Ca2+ (Rebl et al., 2010). PADI has been identiﬁed in
various ﬁsh species including rainbow trout (Oncorhynchus mykiss),
stickleback (Gasterosteus aculeatus), Japanese puﬀerﬁsh (Takifugu rubripes), zebraﬁsh (Danio rerio) and riceﬁsh (Oryzias latipes) and in the

Atlantic cod (Gadus morhua L) genome (Star et al., 2011; NEAC_001). In
cod it is found to have a transcript length of 1785 bps, encoding a 594
aa protein (ENSGMOP00000008323).
PADs cause post-translational conversion of protein arginine to citrulline in target proteins in a Ca2+ - dependent manner. The conversion of each arginine to citrulline causes the loss of one positive charge
and loss of 1 Da, thus changing intra- and intermolecular protein interactions, protein structure and function (Vossenaar et al., 2003;
György et al., 2006). Structures most prone to deimination are betasheets and intrinsically disordered proteins, and identiﬁed deiminated
targets include nuclear, cytoplasmic and mitochondrial proteins
(György et al., 2006). Although protein deimination is linked to the
generation of neo-epitopes and loss of function in many pathologies this
post-translational modiﬁcation can also facilitate novel interactions and
contribute to protein moonlighting, an evolutionary acquired phenomenon allowing proteins to exhibit more than one physiologically
relevant biochemical or biophysical function within one polypeptide
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ENSORLP00000009419), rainbow trout (Oncorhynchus mykiss,
CAX45844), zebraﬁsh (Danio rerio, ENSDARP00000111628), puﬀerﬁsh
(Takifugu rubripes, ENSTRUP00000046360), Mexican tetra (Astyanax
mexicanus), southern platyﬁsh (Xiphophorus maculatus, NP_001080369),
spotted gar (Lepisosteus oculatus, XP_006641986) and Atlantic cod
(Gadus morhua, ENSGMOP00000008323); elasmobranch whaleshark
(Rhincodon typus, XP_020374364), amphibian xenopus (Xenopus laevis,
NP_001080369); reptilian python (Python bivittatus, XP_007438216)
and alligator (Alligator mississippiensis, XP_019355591); avian red junglefowl (Gallus gallus, XP_425730); lancelet (Branchiostoma ﬂoridae,
EEA40934); priapulid (Priapulus caudatus, XP_014670176); cyanobacterium (Cyanothece sp., YP_001804912); and man (Homo sapiens,
PADI1, NP_037490; PADI2, NP_031391; PADI3, NP_057317; PADI4,
NP_036519; PADI6, NP_997304). With the outgroup comprising of:
ﬂagellate protest (Giardia intestinalis, ESU43720); ciliate protist (Tetrahymena thermophile, XP_001010707); fungus (Aspergillus fumigatus,
XP_748505); Gram-positive bacterium (Clostridium botulinum,
YP_001253426); and Gram-negative bacterium (Porphorymonas gingivalis, YP_001928373).

chain (Henderson and Martin, 2014). While in mammals, PAD-isozyme
speciﬁc preferences for target proteins have been described (Witalison
et al., 2015), in teleosts protein deimination must be mediated by the
one PAD enzyme present. Previously, PADI expression has been studied
in early zebraﬁsh development (Khajavi et al., 2017) and shown by
qPCR in various organs in adult rainbow trout (Rebl et al., 2010), while
studies on the presence of deiminated proteins have hitherto been
limited in teleosts.
PAD-mediated histone deimination can aﬀect gene regulation and
also contribute to neutrophil extracellular trap formation (NETosis),
which mediates extracellular pathogen killing and forms part of microbicidal innate immunity (Brinkmann et al., 2004; Li et al., 2010;
Byrd et al., 2013; Yang et al., 2016). In teleosts, neutrophils display
long-lasting contributions to host defence, including anti-microbial
mechanisms, as well as in the maintenance of homeostasis (Neumann
et al., 2001; Havixbeck and Barreda, 2015). NETs are composed of a
backbone DNA, histones (H1, H2A, H2B, H3 and H4), cytoplasmic
granule components, and antimicrobial peptides (Urban et al., 2009),
and have been shown in mammals to be driven by PAD4, which is
enriched in neutrophil nuclei (Nakashima et al., 2002; Neeli et al.,
2008; Wang et al., 2009). PAD-induced NETs are for example crucial for
eﬀective bacterial killing in mouse models of infectious disease (Li
et al., 2010) and the ability of NETs to kill parasites implies an important role in innate responses against a variety of pathogens
(Guimarães-Costa et al., 2009). As this process involves the externalisation of deiminated histone H3, it is a commonly used NETosis
marker (Li et al., 2010). NETs are evolutionarily conserved through
phylogeny from ﬁsh to human (Brinkmann et al., 2004; Palić et al.,
2007a, 2007b; Pijanowski et al., 2013). Bactericidal properties of histones have been known for a long time (Hirsch, 1958) and there is a
considerable interest in using anti-microbial peptides in ﬁsh mucosal
surfaces and immune barriers for immunostimulation (Magnadottir,
2010). Deiminated histones may thus oﬀer novel mucosal immunotherapy approaches for immunostimulation and mucosal vaccines
in aquaculture. Teleost mucosa-related epithelial tissues are a critical
ﬁrst barrier against infection, participate in trapping of pathogens
(Ellis, 2001; Gomez et al., 2013) and contain amongst other complement proteins (Lange et al., 2004a, 2004b; Lovoll et al., 2006, 2007),
lectins, (Jørndrup and Buchmann, 2005; Rajan et al., 2011), lysozyme
(Fernandes et al., 2004a; Rajan et al., 2011), pentraxins (Audunsdottir
et al., 2012) and IgT/IgZ (Zhang et al., 2010, 2017). Comparative
studies on mucosal immunity in teleosts are translatable to human
mucosal surfaces, as teleost mucosal surfaces have been found to share
many characteristics with type I mucosal surfaces of mammals which
are present in the respiratory tract, intestine and uterus (Zhang et al.,
2010, 2017; Gomez et al., 2013; Xu et al., 2013). The present study
veriﬁes for the ﬁrst time PAD-mediated protein deimination in cod
ontogeny, indicating diverse roles in tissue remodelling and mucosal
immune defences.

2.2. Fish and sampling
2.2.1. Larval sampling
Experimentally farmed cod (Gadus morhua L) larvae were obtained
from the Marine Institute's Experimental Fishfarm Stadur, Grindavik,
Iceland; reared as described before (Lange et al., 2004a). Fertilized eggs
from cultured cod were hatched in 25 L silos at 7 °C, larvae were kept in
the dark for 3 days after hatching in 150 L silos at 7 °C, with ﬂowthrough water supplied from day 2. Nannochloropsis (1 mL per silo)
was used twice a day for darkening and feeding. Larvae were fed with
rotifers twice a day from day 3–15, when gradually replaced by Artemia
nauplii. By day 24 Artemia metanauplii were used and dry food-pellets
gradually introduced from day 40. The temperature control was as
following: a gradual increase from 7 °C to 10 °C on day 3, 12–13 °C on
day 24 and thereafter at 14 °C ± 2 °C. At age 20–30 days larvae were
transferred to circular tanks (3 m diameter, water depth 0.8 m) and the
water temperature was gradually reduced to 7 °C, which is the rearing
temperature of adult cod (Steinarsson and Björnsson, 1999). Cod larvae
were collected from 11 days post fertilisation (d.p.f.) until 70 days post
hatching (d.p.h). The cod larvae were ﬁxed in 4% formalin in phosphate buﬀered saline (PBS) at 4 °C for 24 h and thereafter embedded in
paraﬃn.
2.2.2. LPS immunostimulated larvae
Five g cod were injected intraperitoneally (i.p.) with 250 μg lipopolysaccharide (LPS) isolated from the bacterium Aeromonas salmonicida (Asa) (Magnadottir et al., 2002; Gudmundsdottir et al., 2003).
After 2 h, ﬁsh were sacriﬁced for immunohistological examination;
while remaining ﬁsh were left for a further 23 h and then received an
intramuscular injection (i.m.) with the same dose of LPS and were
thereafter sacriﬁced 1 h later. Organ samples from liver, heart, spleen,
gut, stomach, brain and muscle were collected, ﬁxed in 4% formalin in
phosphate buﬀered saline (PBS) at 4 °C for 24 h and thereafter embedded in paraﬃn.

2. Materials and methods
2.1. PAD sequence alignment and phylogenetic reconstruction
PADI sequences were retrieved from Ensembl (http://www.
ensembl.org/index.html) and NCBI (https://www.ncbi.nlm.nih.gov/),
translated to protein and multiple sequence alignment was performed
using the MUSCLE sequence alignment tool (https://www.ebi.ac.uk/
Tools/msa/muscle/). Evolutionary analyses were conducted in MEGA6
(Tamura et al., 2013). Phylogenetic relationships of the PAD proteins
were inferred using the Neighbour-Joining method under the conditions of the Poisson correction distance model. Bootstrap analysis with
1000 replicates was used to assess nodal support. The analysis involved
27 PAD protein sequences from species representing a range of taxa:
teleost represented by three spined stickleback (Gasterosteus aculeatus,
ENSGACP00000006356), medaka rice ﬁsh (Oryzias latipes,

2.2.3. Mucus sampling and preparation
Cod mucus was collected, gently using a glass slide, from the dorsal
side of the body of adult ﬁsh (2–3 year old; 400–1000 g, reared at
4–9 °C). Samples were pooled from 10 individual ﬁsh, immediately
frozen on dry ice and stored at −80 °C until used. Protein extraction
was performed according to Al-Harbi and Austin (1993). Mucus (approximately 0.5 g), was homogenized in PBS and dialysed in PBS
overnight at 4 °C. The preparation was then centrifuged, the pellet resuspended in PBS and protein extracted using 50% saturated ammonium sulphate for 1 h at room temperature. The resulting extract was
resuspended in saline and dialysed in saline for 48 h at 4 °C.
158
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representatives across several taxa. Vertebrate PAD2 sequences formed
two closely related clades, including Clade 1 which contained the Gadus
morhua and other teleost species, with the elasmobranch Rhincodon
typus appearing basal to this clade. Clade 2 was formed only of tetrapod
PAD2 representatives, comprising of amphibian, reptilian, avian and
human sequences. Other human PAD sequences formed two unique
paraphyletic clades, the ﬁrst (clade 4) containing PAD4, PAD3 and
PAD1 sequences and the second (clade 5) representing PAD6 which
appeared to be the most derived. Clade 3 was formed of PAD2 sequences from invertebrate aquatic organisms and a cyanobacterium
which appeared to be phylogenetically bracketed between the vertebrate PAD2 clades and clade 4 (Fig. 1).

Precipitated protein was collected and protein measured by Bradford
assay (Bradford, 1976). The samples were reconstituted in 2 x Laemmli
buﬀer for Western blotting analysis.
2.3. Immunoprecipitation and protein identiﬁcation
Total deiminated proteins were isolated by immunoprecipitation
from a pool of mucus protein extract (4.2 mg protein/ml) from 10 individual cod. Immunoprecipitation was performed using the Catch and
Release® v2.0 Reversible Immunoprecipitation System (Merck, U.K.)
according to the manufacturer's instructions, and the monoclonal F95
pan-deimination antibody (Nicholas and Whitaker, 2002) for isolation
of total deiminated proteins. Bound proteins were eluted and analysed
by liquid chromatography–mass spectrometry (LC-MS/MS) (Cambridge
Centre for Proteomics, U.K.) and the peak list ﬁles submitted to
MASCOT.

3.2. Protein analysis of deiminated proteins in cod serum and mucosa
3.2.1. Western blotting of deiminated proteins and deiminated histone H3
Cod serum (two pools of 5 individual samples) and mucus (two
pools of 10 individual samples) were analysed by Western blotting for
total deiminated proteins (F95), deiminated histone H3 and PAD2 (antiPAD2, ab50257). Bands in the size range of 100, 75, 37–50 and 20 kDa
were revealed for total deiminated proteins (F95) in both mucus and
serum, and an expected band of 17 kDa size was detected for deiminated histone H3. The presence of PAD2 was veriﬁed by detection of an
expected band at 62 kDa (Fig. 2). Higher levels of deiminated protein
product correlated with a fainter PAD2 band in serum, while in mucus
PAD2 detection was stronger, indicative of less activated PAD2 and
with correspondingly less, albeit clearly detectable, deiminated protein
product than seen in serum.

2.4. Western blotting
Pooled cod mucus protein extracts (n = 10) and pooled cod serum
(n = 5) were analysed by Western blotting for detection of total deiminated proteins (F95), deiminated histone H3 (citH3; ab5103, Abcam,
U.K.) and PAD2 (ab50257, Abcam). Approximately 5 μg of protein was
loaded per lane, even load was assessed using Ponceau S staining
(Sigma, U.K.), membranes were thereafter blocked in 5% bovine serum
albumin (BSA) in Tris buﬀered saline with 0.01% Tween20 (TBS-T) for
1 h, followed by incubation at 4 °C overnight with the primary antibodies (F95 1/3000; citH3 1/2000, PAD2 1/1000). Membranes were
then washed 3 times in TBS-T, incubated at room temperature for 1 h
with HRP-conjugated secondary antibodies (anti-mouse IgM or antirabbit IgG; BioRad, U.K.), followed by 6 washes in TBS-T before visualisation with ECL (Amersham, U.K.). Membranes were imaged using
a transilluminator (UVP BioDoc-IT™ System, U.K.).

3.2.2. Identiﬁcation of deiminated proteins from cod mucosa by mass
spectrophotometry
Immunoprecipitated proteins from cod mucosa, using the pan-deimination F95 antibody, were analysed by LC-MS/MS. Deiminated
protein candidates included immunogenic, cytoskeletal, nuclear and
metabolic proteins, and are listed in Table 1.

2.5. Immunohistochemistry
Paraﬃn blocks were kept at room temperature and 5 μm serial
tissue sections cut on a microtome. Samples used for immunostaining to
detect the presence of deiminated proteins in ontogeny were at
11 d.p.f., 28 d.p.h., 43 d.p.h., 51 d.p.h., 57 d.p.h. and 70 d.p.h. Tissue
sections were deparaﬃnised using xylene, taken to water (100%, 90%,
70% ethanol) and de-masked by heating (11 min in the microwave at
power 6) in citric acid buﬀer (pH 6.0). Thereafter the sections were
washed in 0.1% BSA in 100 mM phosphate buﬀer (PB) and washed two
times in PB. Next the sections were incubated with 5% goat serum
(Sigma, St. Louis, MO, USA) in PB for 1 h, followed by incubation in
primary antibody at 4 °C overnight. Primary antibodies used were F95
(1/100; monoclonal mouse-IgM), for detection of pan-protein deimination, and cit-H3 (1/100; polyclonal rabbit IgG, ab5103) for the detection of deiminated histone H3. Following incubation the sections
were washed for 2 min in serial washes of PB/BSA, PB, PB and PB/BSA,
and thereafter incubated with the secondary antibodies (biotin-labelled
anti-mouse IgM (1/200) and anti-rabbit IgG (1/200); Vector
Laboratories, Inc., Burlingame, CA, USA). Visualisation was with
Avidin-Biotinylated peroxidase Complex (ABC, Vector Laboratories,
Inc.) and diaminobenzidine/hydrogen peroxide (DAB) stain. Sections
were counterstained with Mayer's Haematoxylin (Sigma, U.K.), dehydrated in alcohol, immersed in xylene and mounted with DEPEX
(Sigma). Three larvae for each developmental stage were analysed.

3.3. Histological analysis of deiminated proteins in cod ontogeny
Total deiminated proteins, as assessed by pan-deimination antibody
F95, were detected in multiple organs as well as in mucosal tissues in
cod larvae from age 28–70 d.p.h. (Table 2 and Fig. 3). Deiminated
histone H3 showed high levels in mucosa and lower levels in other
tissues at earlier larval stages (28 d.p.h.), and was then strongly detectable in multiple organs from 43 to 57 d.p.h. (Table 2 and Fig. 4). At
70 d.p.h. deiminated proteins were mainly detected in mucosal layers,
brain, eye and liver. In fertilized eggs (11 d.p.f.) some positive staining
was seen for both total deiminated proteins and deiminated histone H3
in eye, brain and muscle.
3.3.1. Detection of pan-deiminated proteins in cod organs and mucosa at
28–70 days post hatching
The presence of deiminated proteins (F95) was strong in the ﬁn and
in the skin at 28–70 d.p.h., where a clear positive was detected in the
epidermis and loose connective tissue of the dermis. Deiminated proteins were particularly evident in sacciform cells in the ectoderm as
well as in mucosal glands (Fig. 3A). The olfactory epithelium also
showed positive for total deiminated proteins, particularly at 57 d.p.h.
In the gills, there was a speciﬁc response in the mucosal layer, particularly in chloride cells (Fig. 3B), which are mitochondria-rich cells and
principal site of trans-epithelial Ca2+ and Cl-inﬂuxes (Perry, 1997).
Some positive chondrocytes were also detected in gills and maxilla
(Fig. 3C), which were more strongly positive at 28 d.p.h. than at
43–70 d.p.h. Total deiminated proteins were detected in smooth muscle
layer and submucosa of pharynx (Fig. 3D). Deiminated proteins were
detected in liver at varying degrees from 28 to 70 d.p.h. (Fig. 3E), and
prominent in the gall bladder at 57 d.p.h. (Fig. 3F). Deiminated proteins

3. Results
3.1. Phylogenetic reconstruction of PAD sequences
Five well supported clades were formed within the Neighbourjoining phylogeny (Fig. 1), of which, clades 1–3 were formed by PAD2
159
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Fig. 1. Neighbour joining tree showing phylogenetic clustering of cod PAD. The evolutionary analysis was inferred using the Neighbour-Joining method under the
conditions of the Poisson distance correction model in MEGA6 (Tamura et al., 2013). Bootstrap values > 50 based on 1000 replicates are shown as nodal support.
Where Clade 1 contains ﬁsh sequences, Clade 2 contains tetrapod sequences, Clade 3 contains aquatic invertebrates and a cyanobacterium, Clade 4 contains human
PAD1, PAD3 and PAD4 sequences, and Clade 5 contains Human PAD6.

epithelium showed strong detection of histone H3 at all stages tested,
and the epithelium on ﬁn was also positive. In the gills, deiminated
histone H3 detection was mainly conﬁned to chondrocytes at 28 d.p.h.,
while at 43 d.p.h. the detection was very strong in lamellae and the
mucosal layer in gills, as well as in chondrocytes (Fig. 4D). At 57 d.p.h.
strong positive detection was conﬁned to mucosal layer of the gills and
in chloride cells, but reduced in chondrocytes. Chondrocytes in the
head region varied with respect to deiminated histone H3 detection,
low levels at 28 d.p.h., strong detection, especially in chondrocytes of
gills at 43 d.p.h., and increased levels still in gill arch at 51 d.p.h.; while
at 57 d.p.h. detection was lower with some positive in the maxilla. In
the mouth and pharynx, deiminated histone H3 was positive at
28–57 d.p.h. and particularly strongly detected in the submucosa and
underlying smooth muscle layer at 57 d.p.h. (Fig. 4E and F). Liver
showed varying levels of deiminated histone H3; low levels at 28 d.p.h.
but strong detection at 57 d.p.h. (Fig. 4G). In the pancreas, deiminated
histone H3 was very strongly detected in the Island of Langerhans
(endocrine tissue) at 57 d.p.h. (Fig. 4H) while exocrine tissue was not
markedly stained. A strong positive was also seen in spleen at 57 d.p.h.
(Fig. 4I). In the intestines, low levels of deiminated histone H3 were
seen at 28 d.p.h., while strong positive was seen in intestinal mucosal
layers at 43–57 d.p.h. (Fig. 4J). Trunk kidney showed strong positive,
particularly at 57 d.p.h. while low levels were detected in tubuli of head
kidney from 28 d.p.h. In brain, the levels of deiminated histone H3
varied in between the developmental stages, low detection at 28 d.p.h.
which then increased and was very strong in forebrain, optic lobe,

were also found in kidney, strong in trunk kidney but lower in tubuli
and glomeruli of head kidney (Fig. 3G). In the brain, main areas for
total deiminated proteins were the medulla oblongata and the forebrain, particularly at 28 d.p.h. (Fig. 3H). The eye showed clear positive
for deiminated proteins; at 28 d.p.h. nuclei of ganglion cells, internal
plexiform layer and ellipsoids of cones all showed positive (Fig. 3I),
while at 51–57 d.p.h. mainly the photoreceptor and plexiform layers
showed positive. In spinal cord total deiminated proteins were strongest
detected at 28 d.p.h. (Fig. 3J) and lower levels at 43–57 d.p.h. In
muscle, high levels were seen in small peripheral and large muscle ﬁbres at 28–43 d.p.h. (Fig. 3K), increased at 51 d.p.h. and then decreased
again at 57 d.p.h. In the intestines, a strong response was seen in mucosal layers and most epithelial tissues, particularly at 43 d.p.h.
(Fig. 3L). In pancreas, total deiminated proteins were detectable in Islet
of Langerhans (endocrine tissue) at 57 d.p.h., but not in exocrine tissue.
Spleen showed some positive, mainly at 57 d.p.h. The lining of the
swimbladder showed positive at 28 d.p.h.
3.3.2. Detection of deiminated histone H3 in cod organs and mucosa at
28–70 days post hatching
Deiminated histone H3 was strongly detected at all stages tested
28–70 d.p.h. in the ectoderm and mucosal layer as well as in loose
connective tissue under the ectoderm (Fig. 4A). A particularly strong
response was detected in the sacciform cells in ectoderm (Fig. 4B),
while at 57 d.p.h. a strong response was also seen in glandular structures in ectoderm (Fig. 4C), and in the neuroectoderm. The olfactory
160
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Table 1
Deiminated proteins identiﬁed in cod mucosa (Gadus morhua L.). Deiminated
proteins were isolated by immunoprecipitation using the pan-deimination F95
antibody, analysed by LC-MS/MS and peak list ﬁles submitted to MASCOT.

Fig. 2. Western blotting of deiminated proteins in cod mucosa and serum. A)
Two pools of mucosa from 10 adult cod, and two pools of sera from 5 adult cod
were analysed for total deiminated proteins (F95), deiminated histone H3
(CitH3) and PAD. Bands in the size range of 100, 75, 37–50 and 20 kDa were
revealed for pan-deimination antibody (F95), and an expected band of 17 kDa
size was detected for deiminated histone H3. PAD was detected at an expected
band of 62 kDa. Ponceau S staining (PoncS) is shown for loading control. Lane 1
contains Precision Plus Protein Standard (161–0376, BioRad, U.K.), lanes 2–3
contain two mucosal pools (n = 10), lanes 4–5 contain two serum pools
(n = 5). B) Immunoprecipitated deiminated proteins (F95) from cod mucosa
(lanes 2–3). Bands are detected in the size range of 100, 75, 37–50 and 20 kDa
and were identiﬁed by proteomic analysis (see Table 1). Lane 1 contains the
protein standard.

pituitary gland, optic nerve, cerebellum and medulla oblongata at
57 d.p.h. (Fig. 4K). In eye, a similar increase in deiminated histone was
observed from 28 to 57 d.p.h.; low levels at 28 d.p.h. but then strong
positive in photoreceptors and neuronal bodies in layers of ganglion
cells, in the external layer and nuclei of photoreceptors as well as in the
lens at 57 d.p.h. (Fig. 4L). Spinal cord showed some positive for deiminated histone H3 at 28 d.p.h., very strong positive at 43 d.p.h.
(Fig. 4M) and then lower levels at 57 d.p.h. Notochord showed positive
for deiminated histone H3 in the peripheral layer and ﬁbrous layer,
particularly at 43 d.p.h. (Fig. 4M). In the lining of swim bladder, some
positive was detected at 28 d.p.h. In heart, deiminated histone H3 was
detected at low levels at 28 d.p.h. At 70 d.p.h. deiminated histone detection was very strong in epidermal mucosa, olfactory epidermis and
mucosa of gills, but low in liver, heart, muscle and nervous tissue, except for high levels detected in the optical nerve.

Protein name

Symbol

Score
(p < 0.05)a

Fast skeletal muscle alpha-actin
Serotransferrin
Tubulin beta chain
Tubulin beta-1 chain
Beta-actin
Elongation factor 1-alpha
Calpain small subunit 1
Heat shock cognate 70 kDa protein
Proﬁlin
Nucleoside diphosphate kinase
Betaine aldehyde dehydrogenase
Cystatin B
S2 ribosomal protein
Ribosomal protein
Peptidyl-prolyl cis-trans isomerase
Peptidylprolyl isomerase
Peroxiredoxin 6
60S ribosomal protein
Alcohol dehydrogenase class-3
chain H
20-beta hydroxysteroid
dehydrogenase
Galectin
Putative ribosomal protein
Preproapolipoprotein A-I
Proliferating cell nuclear antigen
Transglutaminase 2
Histone H3
Glyceraldehyde-3-phosphate
dehydrogenase
Fast skeletal muscle alpha-actinin
Fast skeletal myosin heavy chain
Creatine kinase muscle type A
Mannan-binding lectin
Beta2-microglobulin
Creatine kinase
Kininogen
Putative ribosomal protein
Non-speciﬁc cytotoxic cell receptor
protein-1
Bloodthirsty
Interferon regulatory factor protein
7
Toll-like receptor 22d

Q78AY8_GADMO
Q92079 TRFE_GADMO
Q9PUG4_GADMO
TBB1_GADMO
Q2PDJ0_GADMO
A8CZC9_GADMO
A0A067XL41_GADMO
G8DZS1_GADMO
A0A067XLH1_GADMO
G8DZS2_GADMO
BADH_GADMC
G0XNX5_GADMO
Q6WEU6_GADMO
L15 Q8JHA8_GADMO
G0XNX4_GADMO
G0XNX7_GADMO
A0A067XL90_GADMO
L22 RL22_GADMO
ADHH_GADMO

711
631
593
586
528
524
479
463
415
331
329
280
261
247
245
238
195
179
170

A8CZB9_GADMO

160

G8ENP0_GADMO
L8 D5LIQ8_GADMO
Q5XQS6_GADMO
V9MA55_GADMO
V9I305_GADMO
A0A0G2QMS5_GADMO
Q8AWX8_GADMO

155
143
123
103
98
90
81

Q8JJ06_GADMO
Q8JIV4_GADMO
A0A0E3TUY4_GADMO
G0XNX6_GADMO
Q9YGK6_GADMO
A7XA06_GADMO
KNG_GADMO
L17b D5LIQ1_GADMO
A4ZGE0_GADMO

80
22
78
74
59
55
45
42
32

E3U9P6_GADMO
A0A0D3RBU4_GADMO

31
29

K4FWD6_GADMO

22

K2M3_SHEEP
K2C1_HUMAN
K22E_HUMAN
K1C10_HUMAN
K1C9_HUMAN

80
2989
2852
2206
1989

Keratin Type II (Sheep)
Keratin Type II (Human)
Keratin Type I (Human)

Ions score is −10*Log(P), where P is the probability that the observed
match is a random event. Individual ions scores > 16 indicated identity or
extensive homology (p < 0.05). Protein scores were derived from ions scores
as a non-probabilistic basis for ranking protein hits. Cut-oﬀ was set at Ions score
20.
a

deiminated total proteins or histone H3 in mucosal layers of gut and
levels were hardly detectable in liver and spleen (not shown). It had
previously been established that in LPS stimulated cod larvae, LPS was
detected in heart, kidney, stomach, intestines, liver, brain and spleen
(Magnadottir et al., 2006 and Magnadottir et al., unpublished).

3.3.3. Deiminated proteins in immunostimulated cod larvae
In larvae immunostimulated with LPS (Asa) a very strong response
for deiminated histone H3 was speciﬁc to the gut and stomach mucosal
tissue (Fig. 5A at 2 h post stimulation; B and C at 24 h post stimulation).
Some positive was also found in parts of brain for deiminated histone
H3 (24 h sample group), in spleen (2 h post stimulation), and low levels
in kidney and heart. Total deiminated proteins (F95) were found particularly increased in gut mucosal tissue (Fig. 5D, 24 h sample group) as
well as being increased in the liver (Fig. 5E, 24 h sample group), and
some increased levels were detected in spleen (2 h post stimulation). In
comparison, unstimulated controls showed very low presence of

4. Discussion
This study demonstrates for the ﬁrst time the presence of deiminated proteins in various organs and mucosal tissues, in early teleost
ontogeny. Given the range of novel functions that proteins can gain
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Table 2
Deiminated proteins in organs and tissues during cod ontogeny. A schematic
overview over immunohistochemical detection of total deiminated proteins
(F95) and deiminated histone H3 (citH3) in various organs of cod larvae from
11 days post fertilisation (d.p.f.) to 70 days post hatching (d.p.h.).

Skin
Olfactory epithelium
Fin
Gills
Pharynx, mouth
Intestines
Pancreas
Liver
Gall bladder
Kidney
Spleen
Heart
Brain
Eye
Spinal cord
Notochord
Chondrocytes
Muscle

Pan-protein deimination
(F95)

Deiminated histone H3
(citH3)

11 d.p.f. – 70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
57 d.p.h.
28–70 d.p.h.
57 d.p.h.
28–57 d.p.h.
57 d.p.h.
Negative
11 d.p.f. – 70 d.p.h.
11 d.p.f. – 70 d.p.h.
28–57 d.p.h.
28–43 d.p.h.
28–57 d.p.h.
11 d.p.f. – 70 d.p.h.

11 d.p.f. – 70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
28–70 d.p.h.
57 d.p.h.
28–70 d.p.h.
57 d.p.h.
28–57 d.p.h.
57 d.p.h.
28 d.p.h.
11 d.p.f. – 70 d.p.h.
11 d.p.f. – 70 d.p.h.
28–57 d.p.h.
43 d.p.h.
28–57 d.p.h.
11 d.p.f. – 70 d.p.h.

Fig. 4. Histological immunostaining showing deiminated histone H3 (citH3) in
cod ontogeny. A) Positive detection in mucosal ectoderm, loose connective
tissue (lc) under the ectoderm and small muscle cells (sm) (57 d.p.h.); B) Strong
response was detected in the sacciform cells in ectoderm; C) Glandular structures in ectoderm; D) Strong positive mucosal layer in gills, chloride cells,
chondrocytes and lamellae (43 d.p.h.); E) Mouth, mucosal layer; F) Pharynx,
strong detection in the submucosa and underlying smooth muscle layer at
57 d.p.h.; G) Liver, positive hepatocytes at 57 d.p.h.; H) Pancreas, Island of
Langerhans strongly positive (57 d.p.h.); I) Spleen (57 d.p.h.). J) Mucosal layers
of intestines (43 d.ph.h); K) Brain: strong detection in medulla oblongata
(57 d.p.h.); L) Eye, strong detection in photoreceptors and neuronal bodies in
layers of ganglion cells, in the external layer and nuclei of photoreceptors and
lens (57 d.p.h.); M) Spinal cord (sp) neurons show strong positive; and notochord (nc) shows positive staining in the peripheral layer and ﬁbrous layer
(arrows) (43 d.p.h.). Scale bars are 50 μM for A,B,C,D,F,G,I,J and 100 μM for
E,H,K,L,M.

regulation, deiminated histone H3 is a marker for neutrophil extracellular trap formation (NETosis), an anti-pathogenic mechanism conserved between teleost and mammalian neutrophils. Deiminated histone H3 was here detected in cod larvae in all three main mucosal
immune compartments described in teleost ﬁsh; the gut-associated
lymphoid tissue (GALT), the skin-associated lymphoid tissue (SALT)
and the gill-associated lymphoid tissue (GIALT) (Salinas et al., 2011).
While NETosis has hitherto not been demonstrated in mucosal immunity in teleosts, it has previously been described in granulocytes of
carp (Cyprinus carpio) (Pijanowski et al., 2013), kidney of zebraﬁsh
(Danio rerio) (Palić et al., 2007a) and neutrophils of fathead minnow
(Pimephales promelas) (Palić et al., 2005). At high local concentration,
NETs act as potent anti-microbial agents by binding and preventing
spreading of microorganisms, including fungal hyphae, helminths and
protozoans, which are too large for phagocytosis (Brinkmann et al.,
2004; Urban et al., 2006; Papayannopoulos et al., 2009; GuimarãesCosta et al., 2009; Byrd et al., 2013; Branzk et al., 2014). The ability of
viruses to induce NETosis has also been described (Schönrich and
Raftery, 2016). In mammals, NETosis is associated with gut mucosal
inﬂammation (Al-Ghoul et al., 2014) and antimicrobial defence in oral
mucosa (Mohanty et al., 2015). PAD expression has been described in
mammalian mucosal tissues including uterus, gastric and colon tissues
(Akiyama et al., 1990; Xin and Song, 2016); where changes in deimination are associated with ulcerative colitis and cancer pathogenesis
(Cantariño et al., 2016); and in bronchial and alveolar mucosa, where
deiminated proteins are increased in response to harmful stimuli
(Makrygiannakis et al., 2008).
Heatshock cognate 70 (Hsc70) is an ATP-dependent chaperone protein involved in cellular protein homeostasis, cell proliferation and
promotes lysosomal degradation of cytosol proteins (Chiang et al.,
1989; Nirdé et al., 2010). Hsc70 also participates in chaperone-mediated autophagy and microautophagy (Sato et al., 2016; Wang et al.,
2017). In mandarin ﬁsh (Siniperca chuatsi), two diﬀerent isoforms have

Fig. 3. Histological immunostaining showing total deiminated proteins (F95) in
cod ontogeny. A) Ectoderm, sacciform cells in the ectoderm and mucosal cells;
B) Gills, note positive chloride cells (arrows), (57 d.p.h.); C) Chondrocytes in
maxilla (28 d.p.h.); D) Pharynx; mucosal cells in submucosa (57 d.p.h.); E)
Hepatocytes of liver at 28 d.p.h.; F) Strong detection prominent in the gall
bladder (gb) and lower in liver (li) at 57 d.p.h.; G) Tubuli of kidney (57 d.ph.h);
H) Brain; strong positive in medulla oblongata (28 d.p.h).; I) Eye; positive in
layer of ganglion cells (gc), internal plexiform layer (ipl), external plexiform
layer (pf) (28 d.p.h.); J) Spinal cord (sp); positive neuronal cells (28 d.p.h.;
nc = notochord; mu = muscle); K) Myoﬁbrils are positive in myotome
(51 d.p.h.); L) Intestines, strong response in epidermal mucosal layers and
mucosa (arrows) (43 d.p.h.). Scale bars are 50 μM for A,B,C,D,E,G,K,L and
100 μM for F,H,I,J.

upon post-translational modiﬁcations, expanding the functional repertoire of the proteome, the eﬀect of protein deimination in homeostasis and immune defences is of considerable interest. The strong
presence of deiminated proteins in the mucosal surfaces of epidermis,
gills and intestine correlates with previous studies detecting potent
antibacterial activity at these sites in cod (Ruangsri et al., 2010). Proteins identiﬁed in cod mucosa included cytoskeletal, nuclear, metabolic
and immune related proteins, as listed in Table 1, and are discussed
below:
Histone H3 was here identiﬁed in deiminated form for the ﬁrst time
in cod mucus, while histones have been identiﬁed in mucus of various
ﬁsh and histone H3 found in skin mucus of lumpsucker (Cyclopterus
lumpus) (Patel and Brinchmann, 2017). Besides aﬀecting epigenetic
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Fig. 5. Deiminated proteins are elevated in mucosal
associated tissues and liver in LPS-immunostimulated
cod larve. Larvae were injected (i.p.) with LPS and
sacriﬁced either at 2 h or larvae were injected again
(i.m.) at 23 h and sacriﬁced at 24 h and organs analysed by immunohistochemistry. A) Deiminated histone H3 is elevated in gut mucosal tissue 2 h post LPS
i.p. injection; B-C) Deiminated histone H3 is increased in stomach and gut after 24 h LPS stimulation; Deiminated histone H3 in mucosal crypts of
stomach (B; B.1 is boxed area in E, at 40× magniﬁcation); Deiminated histone H3 in columnar epithelium (C); D-E) Total deiminated proteins (F95) are
increased in gut mucosal tissue (D) and in liver (E) of
cod larvae 2 h after LPS i.p. injection; Scale bars are
100 μM for A,B,D,E and 50 μM for B.1 and C.

lectin-type protein (Kallio et al., 2011).
Toll-like receptor 22 has previously been described in the cod
genome (Star et al., 2011). It is a pattern recognition receptor and a key
immune response gene in teleost ﬁsh (Zhang et al., 2014). In heat-shock
experiments in cod it is downregulated, suggesting that it forms part of
heat-induced immunosuppression (Hori et al., 2010).
Calpain small subunit 1 belongs to a well-conserved family of calcium-dependent cysteine proteases. Calpain has been found in various
ﬁsh tissues (Salem et al., 2004) and is downregulated in cod skin mucus
upon natural vibrio infection due to elevated inﬂammatory cytokines
(Rajan et al., 2013a). In higher vertebrates mucosal speciﬁc calpains
participate in mucosal immune defences (Sorimachi et al., 2011). It
may be possible that the deimination of calpain, detected here, regulates the activation of this protease, possibly balancing its functions as
an antimicrobial while also protecting the skin from irreversible tissue
damage in an inﬂammatory environment (Matsushita et al., 2005).
Nucleoside diphosphate kinase (NDPK) has previously been detected,
while not in deiminated form, in cod mucosa upon natural infection
with Vibrio anguillarum (Rajan et al., 2013a). Nucleoside diphosphate
kinase proteins are multifunctional proteins conserved from bacteria to
humans (Desvignes et al., 2013), with roles in regulation of cytoskeletal
dynamics, cell growth, diﬀerentiation, migration and apoptosis (Snider
et al., 2015). In teleosts, nine NDPK genes have been identiﬁed that
display species-, organ- and tissue-speciﬁc diﬀerences and are expressed
during embryonic development in Atlantic salmon (Salmo salar),
Atlantic halibut (Hippoglossus hippoglossus L), wild seabass (Dicentrarchus labrax), gilthead seabream (Sparus aurata), Persian sturgeon
(Acipenser persicus), and zebraﬁsh (Danio rerio) (Desvignes et al., 2013).
NDPKs are also a marker of tumour metastasis and implicated in eye
and cardiac pathologies (Hippe et al., 2009; Patil et al., 2011; Shu et al.,
2011).
Preproapolipoprotein A-I, a high density lipoprotein has, in our previous studies, been detected in various organs in cod ontogeny, as well
in mucosal layers, in close association with complement component C3
– a unique feature for Atlantic cod (Magnadottir and Lange, 2004;
Lange et al., 2005). Preproapolipoprotein A-I is elevated in cod mucosa
upon natural vibrio infection (Rajan et al., 2013a), has anti-bacterial
eﬀects in carp (Cyprinus carpio) (Concha et al., 2004), is upregulated in
liver of V. anguillarum infected seabass (Dicentrarchus labrax)
(Sarropoulou et al., 2009) and is also reported in skin mucus of lumpsucker (Cyclopterus lumpus) (Patel and Brinchmann, 2017).
Mannan-binding lectin (MBL) is evolutionary conserved in bony ﬁsh
(Dodds, 2002; Nakao et al., 2006; Kania et al., 2010) and has been
described in cod mucus (Rajan et al., 2011). MBL has many biological
roles and forms part of the innate immune mechanism, including
through activation of the complement pathway (Kojima et al., 2003)

been described with tissue-speciﬁc distribution and diﬀering functions
during embryogenesis and in immune responses to bacterial infection,
hypoxia and temperature challenge (Wang et al., 2015). The expression
patterns of two Hsc70 genes in Chinese mitten crab (Eriocheir sinensis)
diﬀer during immune responses and larval development (Li et al.,
2016), while it remains to be investigated whether these isozymes diﬀer
in levels of post-translational protein deimination.
Bloodthirsty is a tripartite motif (TRIM) protein, involved in cell
proliferation and development. In cod, bloodthirsty has previously been
shown to be involved in antiviral immune response (Furnes and
Robertsen, 2010) and in antibacterial immune response in zebraﬁsh
(Zhang et al., 2015), where it has also been shown to be required for
erythropoiesis (Yergeau et al., 2005).
Kininogen forms part of the acute phase response and has been
previously described in cod and spotted wolﬃsh (Anarhichas minor)
(Ylönen et al., 2002). In mammals, elevated levels of kininogen are
linked to sepsis (Hofman et al., 2018) and inﬂammatory and oxidative
stress pathways in type I diabetes (Al Hariri et al., 2017).
Serotransferrin acts as an antimicrobial agent and is at the frontier in
innate immune mechanisms in ﬁsh (Staﬀord and Belosevic, 2003;
Mohd-Padil et al., 2013). Transferrin has been described in acute phase
response of cod (Audunsdottir et al., 2012) and in cod mucus (Caipang
et al., 2011; Easy et al., 2012). Serotransferrin is described in skin
mucus of olive ﬂounder (Paralichthys olivaceus) (Palaksha et al., 2008)
and found to be upregulated in naturally infected channel catﬁsh (Ictalurus punctatus) (Peatman et al., 2008) and vaccinated cod (Caipang
et al., 2008).
Elongation factor 1-alpha has roles in cytoskeleton organisation and
nuclear export of proteins (Khacho et al., 2008). It is involved in the
regulation of cell growth, apoptosis and the immune response and has
also been linked to degranulation of neutrophils (Talapatra et al., 2002;
Hamrita et al., 2011; Vera et al., 2014).
Proliferating cell nuclear antigen (PCNA) controls DNA damage tolerance pathways (Kanao et al., 2017) and is related to both malignant
and non-malignant skin diseases (Kawahira, 1999).
Non-speciﬁc cytotoxic cell receptor protein-1 has important roles in
target cell recognition in various ﬁsh, including cod, and is found at
high levels in lymphoid organs (Seppola et al., 2007). It has roles in
calcium signalling and displays dual roles, both as an antigen recognition molecule for targeted cell lysis and as an initiator of cytokine
release from non-speciﬁc cytotoxic cells (Jaso-Friedmann et al., 2001).
Whether these multiple functions are in part facilitated by post-translational deimination remains to be further investigated. Non-speciﬁc
cytotoxic cells are the teleost evolutionary precursor to natural killer
cells, involved in acute stress response, and in mice, a non-speciﬁc
cytotoxic cell receptor protein has been identiﬁed in gastric mucosa as a
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roles against various pathogenic infections (Valero et al., 2015a).
Interferon regulatory factor protein 7 regulates interferon genes and
plays a critical role in the innate immune response against DNA and
RNA viruses (Marsili et al., 2016). Various interferon regulatory factors
have been identiﬁed in body scales of teleost ﬁsh (Qi et al., 2018) and
also contribute to teleost gonad immunity (Valero et al., 2015b). Interferon regulatory factor protein also regulates adaptive immune responses and anti-tumour properties of primary macrophages (Ikushima
et al., 2013). In human mucosal tissues, interferon regulatory factors
have been shown in inﬂuenza-infected airway epithelia (Crotta et al.,
2013) and to be protective against HIV in cervical tissues (Rollenhagen
et al., 2015).
Ribosomal proteins S2, L15 and putative L8, L17b, were here identiﬁed as deiminated in cod mucosa. Ribosomal proteins have various
roles in protein synthesis, have antimicrobial function in mucosal tissues (Nuding et al., 2013) and are implicated in modulation of cytokine
production in mucosal inﬂammation and epithelial pathogenesis (Moon
2011, 2014).
Transglutaminase 2 is a multifunctional enzyme with transamidation, GTPase, protein disulﬁde isomerase and protein kinase activities
(Min and Chung, 2018). In cod, transglutaminase expression has previously been described in reproductive and immunological organs and
shown to be upregulated in head kidney in response to immunochallenge (Furnes and Robertsen, 2010). Transglutaminase has
also been described in chum salmon (Oncorhynchus keta), Japanese
ﬂounder (Paralichthys olivaceus), Nile tilapia (Oreochromis niloticus), red
sea bream (Pagrus major) and Alaska Pollock (Gadus chalcogrammus)
(Furnes and Robertsen, 2010). In human intestinal mucosal tissue,
transglutaminase 2 contributes to inﬂammatory responses in celiac
disease (Cukrowska et al., 2017) and is a regulator of stem-ness and
metastasis in colorectal cancer stem cells (Kang et al., 2018). Transglutaminase 2 also promotes invasion and migration of lung cancer cells
(Lee et al., 2018) and regulates neural growth factor in neuroblastoma
(Algarni et al., 2018) as well as contributing to amyloid aggregate
generation in various neurodegenerative pathologies (Min and Chung,
2018). Transglutaminase 2 is related to liver ﬁbrosis induced after
Schistosoma japonicum infection (Wen et al., 2017) and stimulates rediﬀerentiation of dediﬀerentiated chondrocytes (Ko et al., 2017).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a key enzyme
in the glycolytic pathway, conserved through evolution, and has roles
in membrane fusion, DNA repair and nuclear RNA export (Baibai et al.,
2010). GAPDH has been identiﬁed in epidermal mucus of discus ﬁsh
(Symphysodon spp.) (Chong et al., 2005) and in skin mucus of lumpsucker (Cyclopterus lumpus) (Patel and Brinchmann, 2017). In tilapia
(Oreochromis spp.), GAPDH is upregulated in oral mucosa during
mouthbrooding, when oﬀspring is incubated in the parental mouth and
parental oral mucus secretions protect oﬀspring from pathogens and
counteract hypoxia defences (Iq and Shu-Chien, 2011). In human,
GAPDH is detected in olfactory, nasal, and lung mucus (Casado et al.,
2005; Candiano et al., 2007; Débat et al., 2007), as well as in cervical
ﬂuid (Dasari et al., 2007). It also has roles in neuronal apoptosis
(Saunders et al., 1999) and is implicated in neurodegenerative diseases
(Mazzola et al., 2001) and cancer (Rondinelli et al., 1997).
Peptidylprolyl isomerase and Peptidyl-prolyl cis-trans isomerase
(PPIases) have previously been identiﬁed in a proteome reference map
of the skin mucus of cod (Rajan et al., 2011), albeit not in deiminated
forms. PPIases are a chaperone superfamily forming part of the cellular
protein folding homeostasis machinery (Vivoli et al., 2017). PPIases
partake in immune responses and were for example shown to mediate
chemotactic activity and leukocyte migration in skin mucus of yellow
catﬁsh (Pelteobagrus fulvidraco) (Dawar et al., 2016) and to partake in
antimicrobial activity in skin mucus of Atlantic salmon (Salmo salar)
(Lüders et al., 2005). In human, PPIases act as a regulatory switch
during activation, folding and degradation of various proteins associated to cardiovascular disease, cancer and neurodegeneration
(Dunyak and Gestwicki, 2016).

and by promoting opsonophagocytosis (Neth et al., 2000). MBL is
linked to a range of pathologies, including cancer, and is also involved
in the clearance of senescent cells (Scorza et al., 2015).
Galectins have a wide range of function in embryogenesis and innate
immunity. The three major galectin types are present in teleost ﬁsh
(Vasta et al., 2004; Zhou et al., 2016); multiple galectins are strongly
expressed in mucosal tissues of skin, gill and intestines in channel
catﬁsh (Ictalurus punctatus) (Zhou et al., 2016) and two forms have been
described in cod mucus (Rajan et al., 2013b). Galectins have been
shown to reduce viral adhesion in zebraﬁsh (Danio rerio) (Nita-Lazar
et al., 2016) and to participate in phagocytosis of a wide range of
bacteria in half-smooth tongue sole (Cynoglossus semilaevis) (Chen et al.,
2013). Galectins are involved in apoptosis and many pathological
processes, including acute and chronic inﬂammatory diseases and autoimmunity (Sciacchitano et al., 2018). They are also important in tumour biology (Chou et al., 2018) and in the regulation of wound
healing and ﬁbrosis (McLeod et al., 2018).
Cystatin B is an endogenous cysteine protease inhibitor for papain
and cathepsins, is localized in the cytosol, mitochondria and nucleus; it
is linked to viral infections (Rivera et al., 2014) and innate immune
responses, including in the brain (Kopitar-Jerala, 2015). Cystatin B has
been previously identiﬁed in cod mucosa (Rajan et al., 2011) and in
skin mucus of lumpsucker (Cyclopterus lumpus) (Patel and Brinchmann,
2017), while deiminated forms were not reported. Cystatin B has been
described in other ﬁsh including olive ﬂounder (Paralichthys olivaceus)
(Ahn et al., 2013) and rock bream (Oplegnathus fasciatus)
(Premachandra et al., 2012). It enhances macrophage-mediated bacterial killing in head kidney of turbot (Scophthalmus maximus) (Xiao
et al., 2010) and was downregulated in gill of Atlantic salmon (Salmo
salar) aﬀected with amoebic gill disease (Wynne et al., 2008). Cystatin
B has also been identiﬁed as a hypoxia-induced gene in blastulae embryonic cells of goldﬁsh (Carassius auratus), suggesting roles in hypoxia
tolerance in ﬁsh (Zhong et al., 2009). Recently, various post-translational modiﬁcations of cystatin were studied, while deiminated cystatin
B forms were not reported (Manconi et al., 2017). Epigenetic regulation
of cystatin B has been implicated in various cancers, including brain,
breast, lung and pancreatic cancer (Rivenbark and Coleman, 2009).
Tubulin beta-chain, tubulin beta-1 chain and beta actin participate in
cytoskeletal rearrangement and their deimination has for example been
linked to extracellular vesicle release, which participates in cell communication and immune defences (Kholia et al., 2015). Extracellular
vesicles have been recently described in teleost ﬁsh; for example in
rainbow trout, heat shock protein is released from target tissues via
exosomes in response to stress (Faught et al., 2017). Cytoskeletal rearrangement is necessary also for successful phagocytosis, implying an
important role for PAD-mediated protein deimination to facilitate
phagocytic processes in mucosal cells. In a study on vibrio infected cod,
tubulin-2 was shown to be increased in mucus after infection (Rajan
et al., 2013a), while in a proteomic study of cod larvae three isoforms of
beta-2 tubulin were identiﬁed and changes in the isoforms due to posttranslational modiﬁcations were suggested (Sveinsdottir et al., 2008),
albeit not mentioning deimination.
Proﬁlin is a highly conserved protein with multiple functions in
cytoskeletal actin dynamics. It is present in nearly all tissue and cell
types, including lymphoid cells and glia (Alkam et al., 2017). Proﬁlin-2
has been described in skin mucus of cod upon natural infection with V.
anguillarum (Rajan et al., 2013a), and in sea urchin (Echinoidea) proﬁlin
has been shown to increase in response to systemic challenge or injury
(Smith and Davidson, 1994). In mammals, proﬁlin is linked to changes
in vascular permeability and to various diseases, including cancer
(Alkam et al., 2017).
Peroxiredoxin 6 belongs to the family of peroxiredoxins, a family of
antioxidant enzymes that participate in the control of cellular redox
potential and protect cells from oxidative damage (Fisher, 2017). They
are modulators of inﬂammation, involved in tissue repair, and protect
against cell death and tumour progression and in ﬁsh, show protective
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(Gomez et al., 2013), it remains to be elucidated to what extent the
microbiota in cod mucosal surfaces may contribute to production of
deiminated proteins. Arginine deiminases have been identiﬁed in Vibrio
anguillarum (YP_004567339.1) and Vibrio splendidus (YP_002418462.1;
YP_002418279.1), which are bacterial populations that have been
particularly analysed in developing cod larvae as they are the main
pathogens in larval rearing (Reid et al., 2009). Arginine deiminase has
also been identiﬁed in Aeromonas salmonicida (YP_001140162.1), which
causes furunculosis in a wide range of ﬁsh, posing a major problem in
aquaculture (Bartkova et al., 2017), as well as in Photobacterium damselae (VDA_002926), which aﬀects a variety of cultured ﬁsh including
cod (Magnadottir, 2010). As in human oral mucosa, Porphyromonas
gingivalis PAD is linked to generation of deiminated antigens
(Stobernack et al., 2016), it is tempting to speculate whether in cod
ontogeny the deiminating activity of both commensals and pathogens
may aﬀect surrounding tissue remodelling, including of the gastrointestinal tract, for example through generation of neo-epitopes and
resulting damage associated molecular patterns (DAMPs). Indeed, there
are speculations on the diﬀerences of microbiota in cultured versus wild
ﬁsh (Gomez et al., 2013; Ringø et al., 2014). Furthering understanding
of the bacterial ﬂora and its activity in the digestive tract for improvement in survival in larval ﬁsh in hatcheries (Austin and Austin,
1999; Reid et al., 2009), where gut epithelial homeostasis is critical for
survival and can for example be aﬀected by crowding stress and hypoxia (Parra et al., 2015), is thus of great importance. Immunostimulatory approaches for increased larval survival using various
immunostimulants of viral, bacterial, plant or parasitic origin for activation of the immune system through pattern recognition proteins/receptors, have indeed been employed to enhance resistance to diseases
(Magnadottir et al., 2006; Magnadottir, 2010; Parra et al., 2015). The
conservation of arginine deiminases throughout phylogeny, including
their ability to deiminate proteins, puts them thus in an interesting
position for prophylactic measures in aquaculture, where the diversity
of the immune system of teleosts, and their variation in disease susceptibility, poses a continuing challenge (Magnadottir, 2010). Previous
studies have reported isolation of histone H2B from epidermal mucus of
Atlantic cod (Bergsson et al., 2005), and an anti-microbial histone H2A
like protein from skin secretions of rainbow trout (Oncorhynchus mykiss)
(Fernandes et al., 2002). A histone-like protein isolated from cod milt
and fed to cod fry enhanced their resistance to V. anguillarum (Pedersen
et al., 2004) and also stimulated leucocytes from Atlantic salmon
(Salmo salar) (Pedersen et al., 2003). Short histone H1 and H6 derived
oncorhyncins from rainbow trout are also suggested as potent antimicrobial agents (Fernandes et al., 2002, 2004b). These ﬁndings indicated that shorter histone fragments could stimulate non-speciﬁc
immune responses and increase survivability in fry. The strong presence
of deiminated histone H3 in cod larvae mucosa thus suggests that these
may pose as candidate compounds for prophylactic measures in aquaculture.
Besides strong detection in mucosal surfaces, deiminated proteins
and deiminated histone H3 were detected in most organs throughout
early cod larval development, indicating roles in tissue remodelling.
Previous zebraﬁsh studies showed important developmental roles for
PADI in angiogenesis (Khajavi et al., 2017), while histone deimination
was shown to be crucial for gene regulation in early mouse embryo
development (Kan et al., 2012; Zhang et al., 2016). In cod larvae,
deiminated proteins were particularly prominent in all developmental
stages tested in the brain and eye, while in muscle, in spleen, liver and
pancreas the levels of deiminated proteins varied (Table 2). In comparison, a previous study on PADI expression in adult rainbow trout,
using qPCR analysis, showed that PADI was most abundant in ﬁn and
skin, while moderate expression was detected in brain, gastrointestinal
tract, gill and spleen, and low expression was detected in kidney, heart,
liver and muscle, albeit the presence of deiminated proteins was not
assessed (Rebl et al., 2010). In mammals, PAD2-mediated deimination
is reported in brain, spinal cord, spleen, skeletal muscle and leukocytes,

Alcohol dehydrogenase class-3 chain and Betaine aldehyde dehydrogenase (ADHs) belong to a complex metabolic enzyme family in
vertebrates, are responsible for aldehyde detoxiﬁcation in several organisms and cutaneous forms have been described in human skin
(Cheung et al., 1999). Alcohol dehydrogenase function has been detected in liver, intestine, kidney and brain in a variety of ﬁsh (Nagai
et al., 1997). Betaine has been described in cod liver (Hjelmqvist et al.,
2003) and zebraﬁsh (Danio rerio) liver in early development
(Dasmahapatra et al., 2001), as well as in Japanese puﬀer ﬁsh (Fugu
rubripes) (Aparicio et al., 2002). Betaine has protective function against
hyperosmotic stress including in brain (Knight et al., 2017), liver,
kidney (Kempson et al., 2013) and eye (Garrett et al., 2013).
20-beta hydroxysteroid dehydrogenase has previously been described
in cod during maturation (Mittelholzer et al., 2007). In other teleost,
including in rainbow trout (Oncorhynchus mykiss), air-breathing catﬁsh
(Clarias gariepinus) and zebraﬁsh (Danio rerio), its involvement in ﬁnal
oocyte maturation and in steroid hormone metabolism has been described (Sreenivasulu et al., 2012), which is critical for inﬂammatory
and antiviral responses (Niklasson et al., 2014) as well as in regulation
of the mitochondria rich gill chloride cells (Shrimpton et al., 1999;
Wong et al., 2001). In zebraﬁsh, it is localized in the endoplasmic reticulum, expressed during embryonic development, and shows a ubiquitous expression pattern in adult ﬁsh (Tokarz et al., 2012), as well as
being an important stress-response enzyme (Tokarz et al., 2013). In
human, hydroxysteroid dehydrogenases are found at high levels in
liver, lungs, adipose tissues, ovaries, and the central nervous system;
and in the skin they are involved in cell proliferation, wound healing,
inﬂammation, and ageing (Terao and Katayama, 2016).
Creatine kinase plays conserved and central roles in energy metabolism and has, in common carp (Cyprinus carpio), been shown to be
adaptive to synchronized changes in intracellular pH and body temperature (Wu et al., 2008). Creatine kinase is regulated by hypoxic
signalling and is implicated in human ischemic and inﬂammatory
pathologies (Kitzenberg et al., 2016). It is also involved in the homeostasis of the intestinal tract mucosal barrier after injury (Turer et al.,
2017).
Fast skeletal muscle alpha-actin and myosin heavy chain were identiﬁed here as deiminated in cod mucosa. Putative diﬀerences in posttranslational modiﬁcations were previously suggested for four isoforms
of fast skeletal muscle alpha-actin identiﬁed by proteomic analysis in
early cod larval development, albeit protein deimination was not discussed (Sveinsdottir et al., 2008). Protein deimination of skeletal actin
and of myosin has been described in mammalian muscle and heart
(Terakawa et al., 1991; Fert-Bober, 2015).
Keratin has roles both as a cytoskeletal protein involved as ﬁrst
barrier to injury and anti-bacterial properties in skin mucus due to poreforming abilities (Molle et al., 2011). In vibrio infected cod, downregulation of Keratin II was reported in mucus following infection
(Rajan et al., 2013a), and two forms of keratin have been identiﬁed in
early development of cod larvae by 2D proteomic analysis where posttranslational diﬀerences, albeit not deimination, were suggested
(Sveinsdottir et al., 2008). In mammals, keratin deimination participates in skin physiology and cutaneous diseases (Chavanas et al., 2006;
Ying et al., 2009).
In this study, an increase in deiminated proteins was strongly detected in mucosal surfaces of LPS-immunostimulated cod larvae, while
elevated levels were also observed in liver, some in spleen and lower
elevation in the brain. In mouse models, tolerance to LPS has been
shown to enhance NET formation and result in more eﬃcient bacterial
clearance (Landoni et al., 2012). In a study on channel catﬁsh challenged with Aeromonas hydrophilia, arginine deiminase 2 was one of the
main 19 genes found to be signiﬁcantly induced both after ﬁrst infection and re-infection (Mu et al., 2013). PADI have been described in
various bacteria, parasites and fungi, as well as in ﬁsh bacterial pathogens. While there is an increased interest in antimicrobial peptides
from self and commensals for putative use in immunostimulation
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responses, cytoskeletal organisation, metabolism, cell diﬀerentiation
and regulation of apoptosis. The ﬁndings presented here are of relevance both for prophylactic measures in aquaculture, as well as for
furthering understanding of conserved roles for protein deimination
throughout phylogeny, particularly in the mammalian CNS and mucosal type I layers of the uterus, gut and the respiratory tract.

while PAD4-mediated deimination is also seen in liver, lung, kidney and
testis (van Beers et al., 2013). The strong detection of deiminated
proteins and histone H3 in the islet of Langerhans in cod pancreas,
which forms a considerable part of the digestive organs in developing
larvae (Kamisaka and Ronnestad, 2011), as well as kidney and liver,
may be of interest compared to mammalian studies, where protein
deimination is described in pancreatic islets in relation to beta-cell
stress and auto-antigen generation in diabetes (Crèvecoeur et al., 2017)
and linked to immune defences and host tissue damage in liver and
kidney (Kolaczkowska et al., 2015; Cedervall et al., 2017). In the head
region, high levels of deiminated proteins and deiminated histone H3
were observed throughout cod ontogeny; high in the brain and eye, and
at varying degrees in chondrocytes - indicative of putative roles in skull
modelling. In zebraﬁsh, PADI has been shown to be critical in head,
intersegmental vessel, brain and eye development (Khajavi et al.,
2017). Roles for PAD-mediated deimination of myelin basic protein are
well described in the development of the central nervous system
(Moscarello et al., 1994), in the regulation of CNS regeneration (Lange
et al., 2011, 2014; Lange, 2016) and in neurodegeneration (Harauz and
Musse, 2007; Musse et al., 2008). In the eye, deiminated proteins
proceed wound healing mechanisms (Wizeman and Mohan, 2017),
while diﬀerential expression of PAD isozymes and associated changes in
deiminated proteins are linked to degenerative eye diseases (Bonilha
et al., 2013; Wizeman et al., 2016). In mammalian eye, various deiminated target proteins, including histones, have been identiﬁed and
age related reduction in protein deimination levels has been shown in
the ganglion cell layer, inner plexiform layer and inner nuclear layer
(Bhattacharya et al., 2008; Bhattacharya, 2009). The high levels of
deiminated proteins observed here at similar sites in cod larvae eyes,
point thus to important roles in early eye tissue remodelling, where the
speciﬁc factors regulating timing of teleost retinal diﬀerentiation are
yet not entirely understood (Ferreiro-Galve et al., 2010). Deimination
may well contribute to retinal neurogenesis characteristic for the continuous retinal growth observed in ﬁsh throughout life (Raymond et al.,
2006), for example through promoting phagocytosis of cell debris by
Müller glia (Bejarano-Escobar et al., 2017) via exposure of deiminated
neo-epitopes. Interestingly, in zebraﬁsh, galectins, which were one of
the identiﬁed deiminated proteins identiﬁed in cod mucosa in this
study, were shown to be expressed by Müller glia and regulate the regeneration of rod photoreceptors (Craig et al., 2010).
As tissue undergoes constant remodelling during development, the
spatial and temporal detection of deiminated proteins in various organs
throughout cod ontogeny is of considerable interest. What the exact
roles of deiminated proteins are, and how they facilitate protein
moonlighting in tissue remodelling and homeostasis, remains to be
further investigated. The observed immune-detection of deiminated
proteins may for example follow similar patterns as neutrophil migration in zebraﬁsh development, where roles are suggested in patrolling
aseptic local tissue damage or developmental abnormalities (Le
Guyader et al., 2008). The roles of PAD-mediated protein deimination
may thus be multifactorial during ontogeny; both contributing to innate
immune defences and tissue remodelling in homeostasis.

Acknowledgements
The authors wish to thank the staﬀ at Staður Grindavík, Iceland for
providing the ﬁsh and sampling facilities. Thanks are due to Margrét
Jónsdóttir, Keldur, Institute for Experimental Pathology University of
Iceland, for preparation of cod larvae samples and tissue sections. This
work was supported in parts by the EC grant Fishaid QLK2-CT-200001076, The Icelandic Research Council (RANNIS), and a University of
Westminster start-up grant to SL. The authors declare no competing
interest.
References
Ahn, S.J., Bak, H.J., Park, J.H., Kim, S.A., Kim, N.Y., Lee, J.Y., Sung, J.H., Jeon, S.J.,
Chung, J.K., Lee, H.H., 2013. Olive ﬂounder (Paralichthys olivaceus) cystatin B:
cloning, tissue distribution, expression and inhibitory proﬁle of piscine cystatin. B.
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 165 (3), 211–218.
Akiyama, K., Inoue, K., Senshu, T., 1990. Immunocytochemical demonstration of skeletal
muscle type peptidylarginine deiminase in various rat tissues. Cell Biol. Int. Rep. 14
(3), 267–273.
Algarni, A.S., Hargreaves, A.J., Dickenson, J.M., 2018. Activation of transglutaminase 2
by nerve growth factor in diﬀerentiating neuroblastoma cells: a role in cell survival
and neurite outgrowth. Eur. J. Pharmacol. 820, 113–129.
Al-Ghoul, W.M., Kim, M.S., Fazal, N., Azim, A.C., Ali, A., 2014. Evidence for simvastatin
anti-inﬂammatory actions based on quantitative analyses of NETosis and other inﬂammation/oxidation markers. Results Immunol 4, 14–22.
Al-Harbi, A.H., Austin, B., 1993. Puriﬁcation of macroglobulins from the serum, and skin
and gut mucus of turbot (Scophthalmus maximus L.) immunized with lipopolysaccharide (LPS) from a ﬁsh-pathogenic Cytophaga-like bacterium (CLB). Bull. Eur.
Assoc. Fish Pathol. 13, 40–44.
Al Hariri, M., Elmedawar, M., Zhu, R., Jaﬀa, M.A., Zhao, J., Mirzaei, P., Ahmed, A.,
Kobeissy, F., Ziyadeh, F.N., Mechref, Y., Jaﬀa, A.A., 2017. Proteome proﬁling in the
aorta and kidney of type 1 diabetic rats. PLoS One 12 (11), e0187752.
Alkam, D., Feldman, E.Z., Singh, A., Kiaei, M., 2017. Proﬁlin1 biology and its mutation,
actin(g) in disease. Cell. Mol. Life Sci. 74 (6), 967–981.
Aparicio, S., Chapman, J., Stupka, E., Putnam, N., Chia, J.M., Dehal, P., Christoﬀels, A.,
Rash, S., Hoon, S., Smit, A., Gelpke, M.D., Roach, J., Oh, T., Ho, I.Y., Wong, M.,
Detter, C., Verhoef, F., Predki, P., Tay, A., Lucas, S., Richardson, P., Smith, S.F., Clark,
M.S., Edwards, Y.J., Doggett, N., Zharkikh, A., Tavtigian, S.V., Pruss, D., Barnstead,
M., Evans, C., Baden, H., Powell, J., Glusman, G., Rowen, L., Hood, L., Tan, Y.H.,
Elgar, G., Hawkins, T., Venkatesh, B., Rokhsar, D., Brenner, S., 2002. Whole-genome
shotgun assembly and analysis of the genome of Fugu rubripes. Science 297,
1301–1310.
Audunsdottir, S.S., Magnadottir, B., Gisladottir, B., Jonsson, Z.O., Bragason, B.T., 2012.
The acute phase response of cod (Gadus morhua L.): expression of immune response
genes. Fish Shellﬁsh Immunol. 32 (2), 360–367.
Austin, B., Austin, D.A., 1999. Bacterial Fish Pathogens: Diseases of Farmed and Wild
Fish, third ed. Springer, London.
Baibai, T., Oukhattar, L., Mountassif, D., Assobhei, O., Serrano, A., Soukri, A., 2010.
Comparative molecular analysis of evolutionarily distant glyceraldehyde-3-phosphate dehydrogenase from Sardina pilchardus and Octopus vulgaris. Acta Biochim.
Biophys. Sin. 42 (12), 863–872.
Bartkova, S., Kokotovic, B., Skall, H.F., Lorenzen, N., Dalsgaard, I., 2017. Detection and
quantiﬁcation of Aeromonas salmonicida in ﬁsh tissue by real-time PCR. J. Fish. Dis.
40 (2), 231–242.
Bejarano-Escobar, R., Sánchez-Calderón, H., Otero-Arenas, J., Martín-Partido, G.,
Francisco-Morcillo, J., 2017. Müller glia and phagocytosis of cell debris in retinal
tissue. J. Anat. 231 (4), 471–483.
Bergsson, G., Agerberth, B., Jornvall, H., Gudmundsson, G.H., 2005. Isolation and identiﬁcation of antimicrobial components from the epidermal mucus of Atlantic cod
(Gadus morhua). FEBS J. 272, 4960–4969.
Bhattacharya, S.K., 2009. Retinal deimination in aging and disease. IUBMB Life 61 (5),
504–509.
Bhattacharya, S.K., Sinicrope, B., Rayborn, M.E., Hollyﬁeld, J.G., Bonilha, V.L., 2008.
Age-related reduction in retinal deimination levels in the F344BN rat. Aging Cell 7
(3), 441–444.
Bonilha, V.L., Shadrach, K.G., Rayborn, M.E., Li, Y., Pauer, G.J., Hagstrom, S.A.,
Bhattacharya, S.K., Hollyﬁeld, J.G., 2013. Retinal deimination and PAD2 levels in
retinas from donors with age-related macular degeneration (AMD). Exp. Eye Res.
111, 71–78.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
248–254.

5. Conclusion
For the ﬁrst time the presence of deiminated proteins is shown in a
continuous series of samples from the early cod development from
11 d.p.f. to 70 d.p.h. These suggest important roles for PAD-mediated
protein deimination in tissue remodelling and immune defences. During
cod larval development, there seems to be a shift towards dominating
functions in mucosal layers, likely forming part of the innate immune
defences, as supported by a marked increase protein deimination upon
LPS immunostimulation. Deiminated protein levels also remained relatively high in brain and eye, which in teleost undergo continuous
neurogenesis throughout life. Deiminated protein targets identiﬁed in
mucus included various critical components involved in acute immune
166

Developmental and Comparative Immunology 87 (2018) 157–170

B. Magnadóttir et al.

Dunyak, B.M., Gestwicki, J.E., 2016. Peptidyl-Proline isomerases (PPIases): targets for
natural products and natural product-inspired compounds. J. Med. Chem. 59 (21),
9622–9644.
Easy, R.H., Trippel, E.A., Burt, M.D., Cone, D.K., 2012. Identiﬁcation of transferrin in
Atlantic cod Gadus morhua epidermal mucus. J. Fish. Biol. 81 (6), 2059–2063.
Ellis, A.E., 2001. Innate host defense mechanisms of ﬁsh against viruses and bacteria.
Dev. Comp. Immunol. 25 (8–9), 827–839.
Faught, E., Henrickson, L., Vijayan, M.M., 2017. Plasma exosomes are enriched in Hsp70
and modulated by stress and cortisol in rainbow trout. J. Endocrinol. 232 (2),
237–246.
Fernandes, J.M., Kemp, G.D., Molle, M.G., Smith, V.J., 2002. Anti-microbial properties of
histone H2A from skin secretions of rainbow trout, Oncorhynchus mykiss. Biochem.
J. 368 (Pt 2), 611–620.
Fernandes, J.M.O., Kemp, G.D., Smith, V.J., 2004a. Two novel muramidases from skin
mucosa of rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. 138B,
53–64.
Fernandes, J.M.O., Molle, G., Kemp, G.D., Smith, V.J., 2004b. Isolation and characterisation of oncorhyncin II, a histone H1-derived antimicrobial peptide from skin secretions of rainbow trout, Oncorhynchus mykiss. Dev. Comp. Immunol. 28, 127–138.
Ferreiro-Galve, S., Rodríguez-Moldes, I., Anadón, R., Candal, E., 2010. Patterns of cell
proliferation and rod photoreceptor diﬀerentiation in shark retinas. J. Chem.
Neuroanat. 39 (1), 1–14.
Fert-Bober, J., Giles, J.T., Holewinski, R.J., Kirk, J.A., Uhrigshardt, H., Crowgey, E.L.,
Andrade, F., Bingham 3rd, C.O., Park, J.K., Halushka, M.K., Kass, D.A., Bathon, J.M.,
Van Eyk, J.E., 2015. Citrullination of myoﬁlament proteins in heart failure.
Cardiovasc. Res. 108 (2), 232–242.
Fisher, A.B., 2017. Peroxiredoxin 6 in the repair of peroxidized cell membranes and cell
signaling. Arch. Biochem. Biophys. 617, 68–83.
Furnes, C., Robertsen, B., 2010. Molecular cloning and characterization of bloodthirsty
from Atlantic cod (Gadus morhua). Fish Shellﬁsh Immunol. 29 (6), 903–909.
Garrett, Q., Khandekar, N., Shih, S., Flanagan, J.L., Simmons, P., Vehige, J., Willcox,
M.D., 2013. Betaine stabilizes cell volume and protects against apoptosis in human
corneal epithelial cells under hyperosmotic stress. Exp. Eye Res. 108, 33–41.
Gomez, D., Sunyer, J.O., Salinas, I., 2013. The mucosal immune system of ﬁsh: the
evolution of tolerating commensals while ﬁghting pathogens. Fish Shellﬁsh Immunol.
35, 1729–1739.
Gudmundsdottir, S., Lange, S., Magnadottir, B., Gudmundsdottir, B.K., 2003. Protection
against atypical furunculosis in Atlantic halibut, Hippoglossus hippoglossus (L.);
comparison of a commercial furunculosis vaccine and an autogenous vaccine. J. Fish.
Dis. 26, 331–338.
Guimarães-Costa, A.B., Nascimento, M.T., Froment, G.S., Soares, R.P., Morgado, F.N.,
Conceição-Silva, F., Saraiva, E.M., 2009. Leishmania amazonensis promastigotes induce and are killed by neutrophil extracellular traps. Proc. Natl. Acad. Sci. U. S. A.
106, 6748e53.
György, B., Toth, E., Tarcsa, E., Falus, A., Buzas, E.I., 2006. Citrullination: a posttranslational modiﬁcation in health and disease. Int. J. Biochem. Cell Biol. 38,
1662–1677.
Hamrita, B., Nasr, H.B., Hammann, P., Kuhn, L., Guillier, C.L., Chaieb, A., Khairi, H.,
Chahed, K., 2011. An elongation factor-like protein (EF-Tu) elicits a humoral response in inﬁltrating ductal breast carcinomas: an immunoproteomics investigation.
Clin. Biochem. 44 (13), 1097–1104.
Harauz, G., Musse, A.A., 2007. A tale of two citrullines–structural and functional aspects
of myelin basic protein deimination in health and disease. Neurochem. Res. 32 (2),
137–158.
Havixbeck, J.J., Barreda, D.R., 2015. Neutrophil development, migration, and function in
teleost ﬁsh. Biology 4 (4), 715–734.
Henderson, B., Martin, A.C., 2014. Protein moonlighting: a new factor in biology and
medicine. Biochem. Soc. Trans. 42 (6), 1671–1678.
Hippe, H.J., Wolf, N.M., Abu-Taha, I., Mehringer, R., Just, S., Lutz, S., Niroomand, F.,
Postel, E.H., Katus, H.A., Rottbauer, W., Wieland, T., 2009. The interaction of nucleoside diphosphate kinase B with G+¦+¦ dimers controls heterotrimeric G protein
function. Proc. Natl. Acad. Sci. Unit. States Am. 106, 16269–16274.
Hirsch, J.G., 1958. Bactericidal action of histone. J. Exp. Med. 108, 925–944.
Hjelmqvist, L., Norin, A., El-Ahmad, M., Griﬃths, W., Jörnvall, H., 2003. Distinct but
parallel evolutionary patterns between alcohol and aldehyde dehydrogenases: addition of ﬁsh/human betaine aldehyde dehydrogenase divergence. Cell. Mol. Life Sci.
60 (9), 2009–2016.
Hofman, Z.L.M., De Maat, S., Maas, C., 2018. High-molecular-weight kininogen: breaking
bad in lethal endotoxemia. J. Thromb. Haemostasis 16 (2), 193–195.
Hori, T.S., Gamperl, A.K., Afonso, L.O., Johnson, S.C., Hubert, S., Kimball, J., Bowman, S.,
Rise, M.L., 2010. Heat-shock responsive genes identiﬁed and validated in Atlantic cod
(Gadus morhua) liver, head kidney and skeletal muscle using genomic techniques.
BMC Genom. 28 (11), 72.
Ikushima, H., Negishi, H., Taniguchi, T., 2013. The IRF family transcription factors at the
interface of innate and adaptive immune responses. Cold Spring Harbor Symp. Quant.
Biol. 78, 105–116.
Iq, K.C., Shu-Chien, A.C., 2011. Proteomics of buccal cavity mucus in female tilapia ﬁsh
(Oreochromis spp.): a comparison between parental and non-parental ﬁsh. PLoS One
6 (4), e18555.
Jaso-Friedmann, L., Leary 3rd, J.H., Evans, D.L., 2001. The non-speciﬁc cytotoxic cell
receptor (NCCRP-1): molecular organization and signaling properties. Dev. Comp.
Immunol. 25 (8–9), 701–711.
Jørndrup, S., Buchmann, K., 2005. Carbohydrate localization on Gyrodactylus salaris and
G. derjavini and corresponding carbohydrate binding capacity of their hosts Salmo
salar and S. trutta. J. Helminthol. 79 (1), 41–46.
Kallio, H., Tolvanen, M., Jänis, J., Pan, P.W., Laurila, E., Kallioniemi, A., Kilpinen, S.,

Branzk, N., Lubojemska, A., Hardison, S.E., Wang, Q., Gutierrez, M.G., Brown, G.D.,
Papayannopoulos, V., 2014. Neutrophils sense microbe size and selectively release
neutrophil extracellular traps in response to large pathogens. Nat. Immunol. 15 (11),
1017–1025.
Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D.S.,
Weinrauch, Y., Zychlinsky, A., 2004. Neutrophil extracellular traps kill bacteria.
Science 303, 1532–1535.
Byrd, A.S., O'Brien, X.M., Johnson, C.M., Lavigne, L.M., Reichner, J.S., 2013. An extracellular matrix-based mechanism of rapid neutrophil extracellular trap formation in
response to Candida albicans. J. Immunol. 190 (8), 4136–4148.
Caipang, C.M., Hynes, N., Puangkaew, J., Brinchmann, M.F., Kiron, V., 2008.
Intraperitoneal vaccination of Atlantic cod, Gadus morhua with heat-killed Listonella
anguillarum enhances serum antibacterial activity and expression of immune response genes. Fish Shellﬁsh Immunol. 24, 314–322.
Caipang, C.M., Lazado, C.C., Brinchmann, M.F., Rombout, J.H., Kiron, V., 2011.
Diﬀerential expression of immune and stress genes in the skin of Atlantic cod (Gadus
morhua). Comp. Biochem. Physiol. Genom. Proteonomics 6 (2), 158–162.
Candiano, G., Bruschi, M., Pedemonte, N., Musante, L., Ravazzolo, R., Liberatori, S., Bini,
L., Galietta, L.J., Zegarra-Moran, O., 2007. Proteomic analysis of the airway surface
liquid: modulation by proinﬂammatory cytokines. Am. J. Physiol. Lung Cell Mol.
Physiol. 292, 185–198.
Cantariño, N., Musulén, E., Valero, V., Peinado, M.A., Perucho, M., Moreno, V., Forcales,
S.V., Douet, J., Buschbeck, M., 2016. Downregulation of the deiminase PADI2 is an
early event in colorectal carcinogenesis and indicates poor prognosis. Mol. Canc. Res.
14 (9), 841–848.
Casado, B., Pannell, L.K., Iadarola, P., Baraniuk, J.N., 2005. Identiﬁcation of human nasal
mucous proteins using proteomics. Proteomics 5, 2949–2959.
Cedervall, J., Dragomir, A., Saupe, F., Zhang, Y., Ärnlöv, J., Larsson, E., Dimberg, A.,
Larsson, A., Olsson, A.K., 2017. Pharmacological targeting of peptidylarginine deiminase 4 prevents cancer-associated kidney injury in mice. OncoImmunology 6 (8),
e1320009.
Chavanas, S., Méchin, M.C., Nachat, R., Adoue, V., Coudane, F., Serre, G., Simon, M.,
2006. Peptidylarginine deiminases and deimination in biology and pathology: relevance to skin homeostasis. J. Dermatol. Sci. 44 (2), 63–72.
Chen, C., Chi, H., Sun, B.G., Sun, L., 2013. The galectin-3-binding protein of Cynoglossus
semilaevis is a secreted protein of the innate immune system that binds a wide range
of bacteria and is involved in host phagocytosis. Dev. Comp. Immunol. 39 (4),
399–408.
Cheung, C., Smith, C.K., Hoog, J.O., Hotchkiss, S.A., 1999. Expression and localization of
human alcohol and aldehyde dehydrogenase enzymes in skin. Biochem. Biophys. Res.
Commun. 261 (1), 100–107.
Chiang, H.L., Terlecky, S.R., Plant, C.P., Dice, J.F., 1989. A role for a 70-kilodalton heat
shock protein in lysosomal degradation of intracellular proteins. Science 246,
382–385.
Chong, K., Ying, T.S., Foo, J., Jin, L.T., Chong, A., 2005. Characterisation of proteins in
epidermal mucus of discus ﬁsh (Symphysodon spp.) during parental phase.
Aquaculture 249, 469–476.
Chou, F.C., Chen, H.Y., Kuo, C.C., Sytwu, H.K., 2018. Role of galectins in tumors and in
clinical immunotherapy. Int. J. Mol. Sci. 19 (2) pii: E430.
Concha, M.I., Smith, V.J., Castro, K., Bastías, A., Romero, A., Amthauer, R.J., 2004.
Apolipoproteins A-I and A-II are potentially important eﬀectors of innate immunity in
the teleost ﬁsh Cyprinus carpio. Eur. J. Biochem. 271, 2984–2990.
Craig, S.E., Thummel, R., Ahmed, H., Vasta, G.R., Hyde, D.R., Hitchcock, P.F., 2010. The
zebraﬁsh galectin Drgal1-l2 is expressed by proliferating Müller glia and photoreceptor progenitors and regulates the regeneration of rod photoreceptors. Invest.
Ophthalmol. Vis. Sci. 51 (6), 3244–3252.
Crèvecoeur, I., Gudmundsdottir, V., Vig, S., Marques Câmara Sodré, F., D'Hertog, W.,
Fierro, A.C., Van Lommel, L., Gysemans, C., Marchal, K., Waelkens, E., Schuit, F.,
Brunak, S., Overbergh, L., Mathieu, C., 2017. Early diﬀerences in islets from prediabetic NOD mice: combined microarray and proteomic analysis. Diabetologia 60
(3), 475–489.
Crotta, S., Davidson, S., Mahlakoiv, T., Desmet, C.J., Buckwalter, M.R., Albert, M.L.,
Staeheli, P., Wack, A., 2013. Type I and type III interferons drive redundant ampliﬁcation loops to induce a transcriptional signature in inﬂuenza-infected airway epithelia. PLoS Pathog. 9 (11), e1003773.
Cukrowska, B., Sowińska, A., Bierła, J.B., Czarnowska, E., Rybak, A., GrzybowskaChlebowczyk, U., 2017. Intestinal epithelium, intraepithelial lymphocytes and the
gut microbiota - key players in the pathogenesis of celiac disease. World J.
Gastroenterol. 23 (42), 7505–7518.
Dasari, S., Pereira, L., Reddy, A.P., Michaels, J.-E.A., Lu, X., Jacob, T., Thomas, A.,
Rodland, M., Roberts Jr., C.T., Gravett, M.G., Nagalla, S.R., 2007. Comprehensive
proteomic analysis of human cervical-vaginal ﬂuid. J. Proteome Res. 6, 1258–1268.
Dasmahapatra, A.K., Doucet, H.L., Bhattacharyya, C., Carvan 3rd, M.J., 2001.
Developmental expression of alcohol dehydrogenase (ADH3) in zebraﬁsh (Danio
rerio). Biochem. Biophys. Res. Commun. 286 (5), 1082–1086.
Dawar, F.U., Tu, J., Xiong, Y., Lan, J., Dong, X.X., Liu, X., Khattak, M.N., Mei, J., Lin, L.,
2016. Chemotactic activity of cyclophilin a in the skin mucus of yellow catﬁsh
(Pelteobagrus fulvidraco) and its active site for chemotaxis. Int. J. Mol. Sci. 17 (9) pii:
E1422.
Débat, H., Eloit, C., Blon, F., Sarazin, B., Henry, C., Huet, J.C., Trotier, D., Pernollet, J.C.,
2007. Identiﬁcation of human olfactory cleft mucus proteins using proteomic analysis. J. Proteome Res. 6, 1985–1996.
Desvignes, T., Fostier, A., Fauvel, C., Bobe, J., 2013. The Nme gene family in ﬁsh. Fish
Physiol. Biochem. 39 (1), 53–58.
Dodds, A.W., 2002. Which came ﬁrst, the lectin/classical pathway or the alternative
pathway of complement? Immunobiology 205 (4–5), 340–354.

167

Developmental and Comparative Immunology 87 (2018) 157–170

B. Magnadóttir et al.

shock cognate 70 genes during immune responses and larval development of the
Chinese mitten crab Eriocheir sinensis. Genet. Mol. Res. 15 (3). http://dx.doi.org/10.
4238/gmr.15036319.
Lovoll, M., Kilvik, T., Boshra, H., Bogwald, J., Sunyer, J.O., Dalmo, R.A., 2006. Maternal
transfer of complement components C3-1, C3-3, C3-4, C4, C5, C7, Bf, and Df to oﬀspring in rainbow trout (Oncorhynchus mykiss). Immunogenetics 58, 168e79.
Lovoll, M., Johnsen, H., Boshra, H., Bogwald, J., Sunyer, J.O., Dalmo, R.A., 2007. The
ontogeny and extrahepatic expression of complement factor C3 in Atlantic salmon
(Salmo salar). Fish Shellﬁsh Immunol. 23, 542e52.
Lüders, T., Birkemo, G.A., Nissen-Meyer, J., Andersen, Ø., Nes, I.F., 2005. Proline conformation-dependent antimicrobial activity of a proline-rich histone h1 N-terminal
Peptide fragment isolated from the skin mucus of Atlantic salmon. Antimicrob.
Agents Chemother. 49 (6), 2399–2406.
Magnadottir, B., 2010. Immunological control of ﬁsh diseases. Mar. Biotechnol. 12 (4),
361–379.
Magnadottir, B., Bambir, S.H., Gudmundsdottir, B.K., Pilström, L., Helgason, S., 2002.
Atypical Aeromonas salmonicida infection in naturally and experimentally infected
cod, Gadus morhua L. J. Fish. Dis. 25, 583–597.
Magnadottir, B., Lange, S., 2004. Is Apolipoprotein A-I a regulating protein for the
complement system of cod (Gadus morhua L.)? Fish Shellﬁsh Immunol. 16 (2),
265–269.
Magnadottir, B., Gudmundsdottir, B.K., Lange, S., Steinarsson, A., Oddgeirsson, M.,
Bowden, T., Bricknell, I., Dalmo, R.A., Gudmundsdottir, S., 2006. Immunostimulation
of larvae and juveniles of cod, Gadus morhua L. J. Fish. Dis. 29 (3), 147–155.
Makrygiannakis, D., Hermansson, M., Ulfgren, A.K., Nicholas, A.P., Zendman, A.J.,
Eklund, A., Grunewald, J., Skold, C.M., Klareskog, L., Catrina, A.I., 2008. Smoking
increases peptidylarginine deiminase 2 enzyme expression in human lungs and increases citrullination in BAL cells. Ann. Rheum. Dis. 67 (10), 1488–1492.
Manconi, B., Liori, B., Cabras, T., Vincenzoni, F., Iavarone, F., Castagnola, M., Messana, I.,
Olianas, A., 2017. Salivary cystatins: exploring new post-translational modiﬁcations
and polymorphisms by top-down high-resolution mass spectrometry. J. Proteome
Res. 16 (11), 4196–4207.
Marsili, G., Perrotti, E., Remoli, A.L., Acchioni, C., Sgarbanti, M., Battistini, A., 2016. IFN
regulatory factors and antiviral innate immunity: how viruses can get better. J.
Interferon Cytokine Res. 36 (7), 414–432.
Matsushita, Y., Shimada, Y., Kawara, S., Takehara, K., Sato, S., 2005. Autoantibodies
directed against the protease inhibitor calpastatin in psoriasis. Clin. Exp. Immunol.
139, 355–362.
Mazzola, J.L., Sirover, M.A., 2001. Reduction of glyceraldehyde-3-phosphate dehydrogenase activity in Alzheimer's disease and in Huntington's disease ﬁbroblasts. J.
Neurochem. 76, 442–449.
McLeod, K., Walker, J.T., Hamilton, D.W., 2018. Galectin-3 regulation of wound healing
and ﬁbrotic processes: insights for chronic skin wound therapeutics. J. Cell Commun.
Signal. http://dx.doi.org/10.1007/s12079-018-0453-7. [Epub ahead of print].
Min, B., Chung, K.C., 2018. New insight into transglutaminase 2 and link to neurodegenerative diseases. BMB Rep 51 (1), 5–13.
Mittelholzer, C., Andersson, E., Consten, D., Hirai, T., Nagahama, Y., Norberg, B., 2007.
20 beta-hydroxysteroid dehydrogenase and CYP19A1 are diﬀerentially expressed
during maturation in Atlantic cod (Gadus morhua). J. Mol. Endocrinol. 39 (4),
319–328.
Mohanty, T., Sjögren, J., Kahn, F., Abu-Humaidan, A.H., Fisker, N., Assing, K., Mörgelin,
M., Bengtsson, A.A., Borregaard, N., Sørensen, O.E., 2015. A novel mechanism for
NETosis provides antimicrobial defense at the oral mucosa. Blood 126 (18),
2128–2137.
Mohd-Padil, H., Mohd-Adnan, A., Gabaldón, T., 2013. Phylogenetic analyses uncover a
novel clade of transferrin in nonmammalian vertebrates. Mol. Biol. Evol. 30 (4),
894–905.
Molle, V., Campagna, S., Bessin, Y., Ebran, N., Saint, N., Molle, G., 2008. First evidence of
the pore-forming properties of a keratin from skin mucus of rainbow trout
(Oncorhynchus mykiss, formerly Salmo gairdneri). Biochem. J. 411, 33–40.
Moon, Y., 2011. Mucosal injuries due to ribosome-inactivating stress and the compensatory responses of the intestinal epithelial barrier. Toxins 3 (10), 1263–1277.
Moon, Y., 2014. Ribosomal alteration-derived signals for cytokine induction in mucosal
and systemic inﬂammation: noncanonical pathways by ribosomal inactivation.
Mediat. Inﬂamm. 2014, 708193.
Moscarello, M.A., Wood, D.D., Ackerley, C., Boulias, C., 1994. Myelin in multiple sclerosis
is developmentally immature. J. Clin. Invest. 94 (1), 146–154.
Mu, X., Pridgeon, J.W., Klesius, P.H., 2013. Comparative transcriptional analysis reveals
distinct expression patterns of channel catﬁsh genes after the ﬁrst infection and reinfection with Aeromonas hydrophila. Fish Shellﬁsh Immunol. 35 (5), 1566–1576.
Musse, A.A., Li, Z., Ackerley, C.A., Bienzle, D., Lei, H., Poma, R., Harauz, G., Moscarello,
M.A., Mastronardi, F.G., 2008. Peptidylarginine deiminase 2 (PAD2) overexpression
in transgenic mice leads to myelin loss in the central nervous system. Dis. Model
Mech 1 (4–5), 229–240.
Nagai, T., Hamada, M., Kai, N., Tanoue, Y., Nagayama, F., 1997. Organ distribution of
alcohol dehydrogenase activity in several ﬁsh. Fish. Sci. 63 (2), 323–324.
Nakao, M., Kajiya, T., Sato, Y., Somamoto, T., Kato-Unoki, Y., Matsushita, M., Nakata, M.,
Fujita, T., Yano, T., 2006. Lectin pathway of bony ﬁsh complement: identiﬁcation of
two homologs of the mannose-binding lectin associated with MASP2 in the common
carp (Cyprinus carpio). J. Immunol. 177 (8), 5471–5479.
Nakashima, K., Hagiwara, T., Yamada, M., 2002. Nuclear localization of peptidylarginine
deiminase V and histone deimination in granulocytes. J. Biol. Chem. 277,
49562–49568.
Neeli, I., Khan, S.N., Radic, M., 2008. Histone deimination as a response to inﬂammatory
stimuli in neutrophils. J. Immunol. 180, 1895–1902.
Neth, O., Jack, D.L., Dodds, A.W., Holzel, H., Klein, N.J., Turner, M.W., 2000. Mannose-

Tuominen, V.J., Isola, J., Valjakka, J., Pastorekova, S., Pastorek, J., Parkkila, S.,
2011. Characterization of non-speciﬁc cytotoxic cell receptor protein 1: a new
member of the lectin-type subfamily of F-box proteins. PLoS One 6 (11), e27152.
Kamisaka, Y., Rønnestad, I., 2011. Reconstructed 3D models of digestive organs of developing Atlantic cod (Gadus morhua) larvae. Mar. Biol. 158 (1), 233–243.
Kan, R., Jin, M., Subramanian, V., Causey, C.P., Thompson, P.R., Coonrod, S.A., 2012.
Potential role for PADI-mediated histone citrullination in preimplantation development. BMC Dev. Biol. 12, 19.
Kanao, R., Masutani, C., 2017. Regulation of DNA damage tolerance in mammalian cells
by post-translational modiﬁcations of PCNA. Mutat. Res. 803–805, 82–88.
Kang, S., Oh, S.C., Min, B.W., Lee, D.H., 2018. Transglutaminase 2 regulates self-renewal
and stem cell marker of human colorectal cancer stem cells. Anticancer Res. 38 (2),
787–794.
Kania, P.W., Sorensen, R.R., Koch, C., Brandt, J., Kliem, A., Vitved, L., Hansen, S., Skjodt,
K., 2010. Evolutionary conservation of mannan-binding lectin (MBL) in bony ﬁsh:
identiﬁcation, characterization and expression analysis of three bona ﬁde collectin
homologues of MBL in the rainbow trout (Onchorhynchus mykiss). Fish Shellﬁsh
Immunol. 29 (6), 910–920.
Kawahira, K., 1999. Immunohistochemical staining of proliferating cell nuclear antigen
(PCNA) in malignant and nonmalignant skin diseases. Arch. Dermatol. Res. 291
(7–8), 413–418.
Kempson, S.A., Vovor-Dassu, K., Day, C., 2013. Betaine transport in kidney and liver: use
of betaine in liver injury. Cell. Physiol. Biochem. 32 (7), 32–40.
Khacho, M., Mekhail, K., Pilon-Larose, K., Pause, A., Côté, J., Lee, S., 2008. eEF1A is a
novel component of the mammalian nuclear protein export machinery. Mol. Biol. Cell
19 (12), 5296–5308.
Khajavi, M., Zhou, Y., Birsner, A.E., Bazinet, L., Rosa, Di Sant A., Schiﬀer, A.J., Rogers,
M.S., Krishnaji, S.T., Hu, B., Nguyen, V., Zon, L., D'Amato, R.J., 2017. Identiﬁcation
of Padi2 as a novel angiogenesis-regulating gene by genome association studies in
mice. PLoS Genet. 13 (6), e1006848.
Kholia, S., Jorﬁ, S., Thompson, P.R., Causey, C.P., Nicholas, A.P., Inal, J.M., Lange, S.,
2015. A novel role for peptidylarginine deiminases in microvesicle release reveals
therapeutic potential of PAD inhibition in sensitizing prostate cancer cells to chemotherapy. J. Extracell. Vesicles 4 26192.
Kitzenberg, D., Colgan, S.P., Glover, L.E., 2016. Creatine kinase in ischemic and inﬂammatory disorders. Clin. Transl. Med. 5 (1), 31.
Knight, L.S., Piibe, Q., Lambie, I., Perkins, C., Yancey, P.H., 2017. Betaine in the brain:
characterization of betaine uptake, its inﬂuence on other osmolytes and its potential
role in neuroprotection from osmotic stress. Neurochem. Res. 42 (12), 3490–3503.
Ko, K.W., Choi, B., Park, S., Arai, Y., Choi, W.C., Lee, J.M., Bae, H., Han, I.B., Lee, S.H.,
2017. Down-regulation of transglutaminase 2 stimulates rediﬀerentiation of dediﬀerentiated chondrocytes through enhancing glucose metabolism. Int. J. Mol. Sci. 18
(11) pii: E2359.
Kojima, M., Presanis, J.S., Sim, R.B., 2003. The mannose-binding lectin (MBL) route for
activation of complement. Adv. Exp. Med. Biol. 535, 229–250.
Kolaczkowska, E., Jenne, C.N., Surewaard, B.G., Thanabalasuriar, A., Lee, W.Y., Sanz,
M.J., Mowen, K., Opdenakker, G., Kubes, P., 2015. Molecular mechanisms of NET
formation and degradation revealed by intravital imaging in the liver vasculature.
Nat. Commun. 26 (6), 6673.
Kopitar-Jerala, N., 2015. Innate immune response in brain, NF-kappa B signaling and
cystatins. Front. Mol. Neurosci. 8, 73.
Landoni, V.I., Chiarella, P., Martire-Greco, D., Schierloh, P., van-Rooijen, N., Rearte, B.,
Palermo, M.S., Isturiz, M.A., Fernández, G.C., 2012. Tolerance to lipopolysaccharide
promotes an enhanced neutrophil extracellular traps formation leading to a more
eﬃcient bacterial clearance in mice. Clin. Exp. Immunol. 168, 153e63.
Lange, S., Bambir, S., Dodds, A.W., Magnadottir, B., 2004a. The ontogeny of complement
component C3 in Atlantic Cod (Gadus morhua L.)—an immunohistochemical study.
Fish Shellﬁsh Immunol. 16, 359–367.
Lange, S., Bambir, S., Dodds, A.W., Magnadóttir, B., 2004b. An immunohistochemical
study on complement component C3 in juvenile Atlantic halibut (Hippoglossus hippoglossus L.). Dev. Comp. Immunol. 28 (6), 593–601.
Lange, S., Dodds, A.W., Gudmundsdóttir, S., Bambir, S.H., Magnadóttir, B., 2005. The
ontogenic transcription of complement component C3 and Apolipoprotein A-I tRNA
in Atlantic cod (Gadus morhua L.)–a role in development and homeostasis? Dev.
Comp. Immunol. 29 (12), 1065–1077.
Lange, S., Gögel, S., Leung, K.Y., Vernay, B., Nicholas, A.P., Causey, C.P., Thompson, P.R.,
Greene, N.D., Ferretti, P., 2011. Protein deiminases: new players in the developmentally regulated loss of neural regenerative ability. Dev. Biol. 355 (2), 205–214.
Lange, S., Rocha-Ferreira, E., Thei, L., Mawjee, P., Bennett, K., Thompson, P.R.,
Subramanian, V., Nicholas, A.P., Peebles, D., Hristova, M., Raivich, G., 2014.
Peptidylarginine deiminases: novel drug targets for prevention of neuronal damage
following hypoxic ischemic insult (HI) in neonates. J. Neurochem. 130 (4), 555–562.
Lange, S., 2016. Peptidylarginine deiminases as drug targets in neonatal hypoxic-ischemic
encephalopathy. Front. Neurol. 22 (7), 22.
Le Guyader, D., Redd, M.J., Colucci-Guyon, E., Murayama, E., Kissa, K., Briolat, V.,
Mordelet, E., Zapata, A., Shinomiya, H., Herbomel, P., 2008. Origins and unconventional behavior of neutrophils in developing zebraﬁsh. Blood 111 (1),
132–141.
Lee, H.T., Huang, C.H., Chen, W.C., Tsai, C.S., Chao, Y.L., Liu, S.H., Chen, J.H., Wu, Y.Y.,
Lee, Y.J., 2018. Transglutaminase 2 promotes migration and invasion of lung cancer
cells. Oncol. Res. http://dx.doi.org/10.3727/096504018X15149761920868. Jan 4,
[Epub ahead of print].
Li, P., Li, M., Lindberg, M.R., Kennett, M.J., Xiong, N., Wang, Y., 2010. PAD4 is essential
for antibacterial innate immunity mediated by neutrophil extracellular traps. J. Exp.
Med. 207 (9), 1853–1862.
Li, P., Jiang, X.F., Guo, W.B., Yan, J., Zhou, K.Y., 2016. Expression patterns of two heat-

168

Developmental and Comparative Immunology 87 (2018) 157–170

B. Magnadóttir et al.

Arctic charr, Atlantic salmon, rainbow trout and Atlantic cod: a review. Afr. J.
Microbiol. Res. 8, 609–618.
Rivenbark, A.G., Coleman, W.B., 2009. Epigenetic regulation of cystatins in cancer. Front.
Biosci. (Landmark Ed) 14, 453–462.
Rivera, L.E., Colon, K., Cantres-Rosario, Y.M., Zenon, F.M., Melendez, L.M., 2014.
Macrophage derived cystatin B/cathepsin B in HIV replication and neuropathogenesis. Curr. HIV Res. 12 (2), 111–120.
Rollenhagen, C., Macura, S.L., Lathrop, M.J., Mackenzie, T.A., Doncel, G.F., Asin, S.N.,
2015. Enhancing interferon regulatory factor 7 mediated antiviral responses and
decreasing nuclear factor kappa B expression limit HIV-1 replication in cervical tissues. PLoS One 10 (6), e0131919.
Rondinelli, R.H., Epner, D.E., Tricoli, J.V., 1997. Increased glyceraldehyde-3-phosphate
dehydrogenase gene expression in late pathological state human prostate cancer.
Prostate Cancer Prostatic Dis. 1, 66–72.
Ruangsri, J., Fernandes, J.M., Brinchmann, M., Kiron, V., 2010. Antimicrobial activity in
the tissues of Atlantic cod (Gadus morhua L.). Fish Shellﬁsh Immunol. 28 (5–6),
879–886.
Salem, M., Nath, J., Killefer, J., 2004. Cloning of the calpain regulatory subunit cDNA
from ﬁsh reveals a divergent domain-V. Anim. Biotechnol. 15, 145–157.
Salinas, I., Zhang, Y.A., Sunyer, J.O., 2011. Mucosal immunoglobulins and B cells of
teleost ﬁsh. Dev. Comp. Immunol. 35 (12), 1346–1365.
Sarropoulou, E., Sepulcre, P., Poisa-Beiro, L., Mulero, V., Meseguer, J., Figueras, A.,
Novoa, B., Terzoglou, V., Reinhardt, R., Magoulas, A., 2009. Proﬁling of infection
speciﬁc mRNA transcripts of the European seabass Dicentrarchus labrax. BMC
Genom. 10, 157. http://dx.doi.org/10.1186/1471-2164-10-157.
Sato, M., Seki, T., Konno, A., Hirai, H., Kurauchi, Y., Hisatsune, A., Katsuki, H., 2016.
Fluorescent-based evaluation of chaperone-mediated autophagy and microautophagy
activities in cultured cells. Gene Cell. 21 (8), 861–873.
Saunders, P.A., Chen, R.W., Chuang, D.M., 1999. Nuclear translocation of glyceraldehyde-3-phosphate dehydrogenase isoforms during neuronal apoptosis. J.
Neurochem. 72, 925–932.
Schönrich, G., Raftery, M.J., 2016. Neutrophil extracellular traps go viral. Front.
Immunol. 7, 366.
Sciacchitano, S., Lavra, L., Morgante, A., Ulivieri, A., Magi, F., De Francesco, G.P.,
Bellotti, C., Salehi, L.B., Ricci, A., 2018. Galectin-3: one molecule for an alphabet of
Diseases, from A to Z. Int. J. Mol. Sci. 19 (2) pii: E379.
Scorza, M., Liguori, R., Elce, A., Salvatore, F., Castaldo, G., 2015. Biological role of
mannose binding lectin: from newborns to centenarians. Clin. Chim. Acta 451 (Pt A),
78–81.
Seppola, M., Robertsen, B., Jensen, I., 2007. The gene structure and expression of the nonspeciﬁc cytotoxic cell receptor protein (NCCRP-1) in Atlantic cod (Gadus morhua L.).
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 147 (2), 199–208.
Shrimpton, J.M., McCormick, S.D., 1999. Responsiveness of gill Na+/K+-ATPase to
cortisol is related to gill corticosteroid receptor concentration in juvenile rainbow
trout. J. Exp. Biol. 202 (Pt 8), 987–995.
Shu, X., Zeng, Z., Gautier, P., Lennon, A., Gakovic, M., Cheetham, M.E., Patton, E.E.,
Wright, A.F., 2011. Knockdown of the Zebraﬁsh ortholog of the Retinitis Pigmentosa
2 (RP2) gene results in retinal degeneration. Invest. Ophthalmol. Vis. Sci. 52,
2960–2966.
Smith, L.C., Davidson, E.H., 1994. The echinoderm immune system. Characters shared
with vertebrate immune systems and characters arising later in deuterostome phylogeny. Ann. N. Y. Acad. Sci. 712, 213–226.
Snider, N.T., Altshuler, P.J., Omary, M.B., 2015. Modulation of cytoskeletal dynamics by
mammalian nucleoside diphosphate kinase (NDPK) proteins. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 388 (2), 189–197.
Sorimachi, H., Hata, S., Ono, Y., 2011. Calpain chronicle-an enzyme family under multidisciplinary characterization. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 87, 287–327.
Staﬀord, J.L., Belosevic, M., 2003. Transferrin and the innate immune response of ﬁsh:
identiﬁcation of a novel mechanism of macrophage activation. Dev. Comp. Immunol.
27 (6–7), 539–554.
Star, B., Nederbragt, A.J., Jentoft, S., Grimholt, U., Malmstrøm, M., Gregers, T.F., Rounge,
T.B., Paulsen, J., Solbakken, M.H., Sharma, A., Wetten, O.F., Lanzén, A., Winer, R.,
Knight, J., Vogel, J.H., Aken, B., Andersen, O., Lagesen, K., Tooming-Klunderud, A.,
Edvardsen, R.B., Tina, KG., Espelund, M., Nepal, C., Previti, C., Karlsen, B.O., Moum,
T., Skage, M., Berg, P.R., Gjøen, T., Kuhl, H., Thorsen, J., Malde, K., Reinhardt, R.,
Du, L., Johansen, S.D., Searle, S., Lien, S., Nilsen, F., Jonassen, I., Omholt, S.W.,
Stenseth, N.C., Jakobsen, K.S., 2011. The genome sequence of Atlantic cod reveals a
unique immune system. Nature 10, 207–210 477(7363).
Steinarsson, A., Björnsson, B., 1999. The eﬀects of temperature and size on growth and
mortality of cod larvae. J. Fish. Biol. 55, 100–109.
Stobernack, T., Glasner, C., Junker, S., Gabarrini, G., de Smit, M., de Jong, A., Otto, A.,
Becher, D., van Winkelhoﬀ, A.J., van Dijl, J.M., 2016. Extracellular proteome and
citrullinome of the oral pathogen Porphyromonas gingivalis. J. Proteome Res. 15
(12), 4532–4543.
Sreenivasulu, G., Senthilkumaran, B., Sudhakumari, C.C., Guan, G., Oba, Y., Kagawa, H.,
Nagahama, Y., 2012. 20β-hydroxysteroid dehydrogenase gene promoter: potential
role for cyclic AMP and xenobiotic responsive elements. Gene 509 (1), 68–76.
Sveinsdottir, H., Vilhelmsson, O., Gudmundsdottir, A., 2008. Proteome analysis of
abundant proteins in two age groups of early Atlantic cod (Gadus morhua) larvae.
Comp. Biochem. Physiol. Genom. Proteonomics 3 (3), 243–250.
Talapatra, S., Wagner, J.D., Thompson, C.B., 2002. Elongation factor-1 alpha is a selective
regulator of growth factor withdrawal and ER stress-induced apoptosis. Cell Death
Diﬀer. 9 (8), 856–861.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729.
Terakawa, H., Takahara, H., Sugawara, K., 1991. Three types of mouse peptidylarginine

binding lectin binds to a range of clinically relevant microorganisms and promotes
complement deposition. Infect. Immun. 68 (2), 688–693.
Neumann, N.F., Staﬀord, J.L., Barreda, D., Ainsworth, A.J., Belosevic, M., 2001.
Antimicrobial mechanisms of ﬁsh phagocytes and their role in host defense. Dev.
Comp. Immunol. 25 (8–9), 807–825.
Nicholas, A.P., Whitaker, J.N., 2002. Preparation of a monoclonal antibody to citrullinated epitopes: its characterization and some applications to immunohistochemistry in human brain. Glia 37 (4), 328–336.
Niklasson, L., Sundh, H., Olsen, R.E., Jutfelt, F., Skjødt, K., Nilsen, T.O., Sundell, K.S.,
2014. Eﬀects of cortisol on the intestinal mucosal immune response during cohabitant challenge with IPNV in Atlantic salmon (Salmo salar). PLoS One 9 (5), e94288.
Nirdé, P., Derocq, D., Maynadier, M., Chambon, M., Basile, I., Gary-Bobo, M., Garcia, M.,
2010. Heat shock cognate 70 protein secretion as a new growth arrest signal for
cancer cells. Oncogene 29 (1), 117–127.
Nita-Lazar, M., Mancini, J., Feng, C., González-Montalbán, N., Ravindran, C., Jackson, S.,
de Las Heras-Sánchez, A., Giomarelli, B., Ahmed, H., Haslam, S.M., Wu, G., Dell, A.,
Ammayappan, A., Vakharia, V.N., Vasta, G.R., 2016. The zebraﬁsh galectins Drgal1L2 and Drgal3-L1 bind in vitro to the infectious hematopoietic necrosis virus (IHNV)
glycoprotein and reduce viral adhesion to ﬁsh epithelial cells. Dev. Comp. Immunol.
55, 241–252.
Nuding, S., Antoni, L., Stange, E.F., 2013. The host and the ﬂora. Dig. Dis. 31 (3–4),
286–292.
Palaksha, K.J., Shin, G.W., Kim, Y.R., Jung, T.S., 2008. Evaluation of non-speciﬁc immune
components from the skin mucus of olive ﬂounder (Paralichthys olivaceus). Fish
Shellﬁsh Immunol. 24, 479–488.
Palić, D., Andreasen, C.B., Menzel, B.W., Roth, J.A., 2005. A rapid, direct assay to measure degranulation of primary granules in neutrophils from kidney of fathead
minnow (Pimephales promelas Raﬁnesque, 1820). Fish Shellﬁsh Immunol. 19 (3),
217–227.
Palić, D., Andreasen, C.B., Ostojić, J., Tell, R.M., Roth, J.A., 2007a. Zebraﬁsh (Danio
rerio) whole kidney assays to measure neutrophil extracellular trap release and degranulation of primary granules. J. Immunol. Meth. 319, 87–97.
Palić, D., Ostojic, J., Andreasenc, C., Roth, J.A., 2007b. Fish cast NETs: neutrophil extracellular traps are released from ﬁsh neutrophils. Dev. Comp. Immunol. 31, 805e16.
Papayannopoulos, V., Zychlinsky, A., 2009. NETs: a new strategy for using old weapons.
Trends Immunol. 30, 513e21.
Parra, D., Reyes-Lopez, F.E., Tort, L., 2015. Mucosal Immunity and B Cells in teleosts:
eﬀect of vaccination and stress. Front. Immunol. 6, 354.
Patel, D.M., Brinchmann, M.F., 2017. Skin mucus proteins of lumpsucker (Cyclopterus
lumpus). Biochem. Biophys. Rep 9, 217–225.
Patil, S.B., Hurd, T.W., Ghosh, A.K., Murga-Zamalloa, C.A., Khanna, H., 2011. Functional
analysis of retinitis pigmentosa 2 (RP2) protein reveals variable pathogenic potential
of disease-associated missense variants. PLoS One 6, e21379.
Peatman, E., Terhune, J., Baoprasertkul, P., Xu, P., Nandi, S., Wang, S., Somridhivej, B.,
Kucuktas, H., Li, P., Dunham, R., Liu, Z., 2008. Microarray analysis of gene expression in the blue catﬁsh liver reveals early activation of the MHC class I pathway after
infection with Edwardsiella ictaluri. Mol. Immunol. 45, 553–566.
Pedersen, G.M., Gildberg, A., Steiro, K., Olsen, R.L., 2003. Histone-like proteins from
Atlantic cod milt: stimulatory eﬀect on Atlantic salmon leucocytes in vivo and in
vitro. Comp. Biochem. Physiol. 134B, 407–416.
Pedersen, G.M., Gildberg, A., Olsen, R.L., 2004. Eﬀects of including cationic proteins from
cod milt in the feed to Atlantic cod (Gadus morhua) fry during a challenge trial with
Vibrio anguillarum. Aquaculture 233, 31–43.
Perry, S.F., 1997. The chloride cell: structure and function in the gills of freshwater ﬁshes.
Annu. Rev. Physiol. 59, 325–347.
Pijanowski, L., Golbach, L., Kolaczkowska, E., Scheer, M., Verburg-van Kemenade, B.M.L.,
Chadzinska, M., 2013. Carp neutrophilic granulocytes form extracellular traps via
ROS-dependent and independent pathways. Fish Shellﬁsh Immunol. 34, 1244–1252.
Premachandra, H.K., Whang, I., Lee, Y.D., Lee, S., De Zoysa, M., Oh, M.J., Jung, S.J., Lim,
B.S., Noh, J.K., Park, H.C., Lee, J., 2012. Cystatin B homolog from rock bream
Oplegnathus fasciatus: genomic characterization, transcriptional proﬁling and protease-inhibitory activity of recombinant protein. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 163 (1), 138–146.
Qi, D., Chao, Y., Liang, J., Gao, Q., Wu, R., Mather, I., Zhao, Y., Chen, Q., 2018. Adaptive
evolution of interferon regulatory factors is not correlated with body scale reduction
or loss in schizothoracine ﬁsh. Fish Shellﬁsh Immunol. 73, 145–151.
Rajan, B., Fernandes, J.M., Caipang, C.M., Kiron, V., Rombout, J.H., Brinchmann, M.F.,
2011. Proteome reference map of the skin mucus of Atlantic cod (Gadus morhua)
revealing immune competent molecules. Fish Shellﬁsh Immunol. 31 (2), 224–231.
Rajan, B., Lokesh, J., Kiron, V., Brinchmann, M.F., 2013a. Diﬀerentially expressed proteins in the skin mucus of Atlantic cod (Gadus morhua) upon natural infection with
Vibrio anguillarum. BMC Vet. Res. 9, 103.
Rajan, B., Kiron, V., Fernandes, J.M., Brinchmann, M.F., 2013b. Localization and functional properties of two galectin-1 proteins in Atlantic cod (Gadus morhua) mucosal
tissues. Dev. Comp. Immunol. 40 (2), 83–93.
Raymond, P.A., Barthel, L.K., Bernardos, R.L., Perkowski, J.J., 2006. Molecular characterization of retinal stem cells and their niches in adult zebraﬁsh. BMC Dev. Biol.
6, 36.
Rebl, A., Köllner, B., Anders, E., Wimmers, K., Goldammer, T., 2010. Peptidylarginine
deiminase gene is diﬀerentially expressed in freshwater and brackish water rainbow
trout. Mol. Biol. Rep. 37 (5), 2333–2339.
Reid, H., Treasurer, J.W., Adam, B., Birkbeck, T.H., 2009. Analysis of bacterial populations in the gut of developing cod larvae and identiﬁcation of Vibrio logei, Vibrio
anguillarum and Vibrio splendidus as pathogens of cod larvae. Aquaculture 288
(1–2), 36–43.
Ringø, E., Zhou, Z., He, S., Olsen, R.E., 2014. Eﬀect of stress on intestinal microbiota of

169

Developmental and Comparative Immunology 87 (2018) 157–170

B. Magnadóttir et al.

dysregulation. Curr. Drug Targets 16 (7), 700–710.
Wizeman, J.W., Nicholas, A.P., Ishigami, A., Mohan, R., 2016. Citrullination of glial intermediate ﬁlaments is an early response in retinal injury. Mol. Vis. 22, 1137–1155.
Wizeman, J.W., Mohan, R., 2017. Expression of peptidylarginine deiminase 4 in an alkali
injury model of retinal gliosis. Biochem. Biophys. Res. Commun. 487 (1), 134–139.
Wong, C.K., Chan, D.K., 2001. Eﬀects of cortisol on chloride cells in the gill epithelium of
Japanese eel, Anguilla japonica. J. Endocrinol. 168, 185–192.
Wu, C.L., Liu, C.W., Sun, H.W., Chang, H.C., Huang, C.J., Hui, C.F., Wu, J.L., 2008. The
carp M1 muscle-speciﬁc creatine kinase subisoform is adaptive to the synchronized
changes in body temperature and intracellular pH that occur in the common carp
Cyprinus carpio. J. Fish. Biol. 73, 2513–2526.
Wynne, J.W., O'Sullivan, M.G., Cook, M.T., Stone, G., Nowak, B.F., Lovell, D.R., Elliott,
N.G., 2008. Transcriptome analyses of amoebic gill disease-aﬀected Atlantic salmon
(Salmo salar) tissues reveal localized host gene suppression. Mar. Biotechnol. 10 (4),
388–403.
Xiao, P.P., Hu, Y.H., Sun, L., 2010. Scophthalmus maximus cystatin B enhances head
kidney macrophage-mediated bacterial killing. Dev. Comp. Immunol. 34 (12),
1237–1241.
Xin, J., Song, X., 2016. Role of peptidylarginine deiminase type 4 in gastric cancer. Exp
Ther Med 12 (5), 3155–3160.
Xu, Z., Parra, D., Gómez, D., Salinas, I., Zhang, Y.A., von Gersdorﬀ Jørgensen, L.,
Heinecke, R.D., Buchmann, K., LaPatra, S., Sunyer, J.O., 2013. Teleost skin, an ancient mucosal surface that elicits gut-like immune responses. Proc. Natl. Acad. Sci.
U.S.A. 110 (32), 13097–13102.
Yang, H., Biermann, M.H., Brauner, J.M., Liu, Y., Zhao, Y., Herrmann, M., 2016. New
insights into neutrophil extracellular traps: mechanisms of formation and role in
inﬂammation. Front. Immunol. 7, 302.
Yergeau, D.A., Cornell, C.N., Parker, S.K., Zhou, Y., Detrich 3rd, H.W., 2005. bloodthirsty,
an RBCC/TRIM gene required for erythropoiesis in zebraﬁsh. Dev. Biol. 283 (1),
97–112.
Ying, S., Dong, S., Kawada, A., Kojima, T., Chavanas, S., Méchin, M.C., Adoue, V., Serre,
G., Simon, M., Takahara, H., 2009. Transcriptional regulation of peptidylarginine
deiminase expression in human keratinocytes. J. Dermatol. Sci. 53 (1), 2–9.
Ylönen, A., Helin, J., Bøgwald, J., Jaakola, A., Rinne, A., Kalkkinen, N., 2002. Puriﬁcation
and characterization of novel kininogens from spotted wolﬃsh and Atlantic cod. Eur.
J. Biochem. 269 (11), 2639–2646.
Zhang, Y.A., Salinas, I., Li, J., Parra, D., Bjork, S., Xu, Z., LaPatra, S.E., Bartholomew, J.,
Sunyer, J.O., 2010. IgT, a primitive immunoglobulin class specialized in mucosal
immunity. Nat. Immunol. 11 (9), 827–835.
Zhang, J., Kong, X., Zhou, C., Li, L., Nie, G., Li, X., 2014. Toll-like receptor recognition of
bacteria in ﬁsh: ligand speciﬁcity and signal pathways. Fish Shellﬁsh Immunol. 41
(2), 380–388.
Zhang, X., Zhao, H., Chen, Y., Luo, H., Yang, P., Yao, B., 2015. A zebraﬁsh (Danio rerio)
bloodthirsty member 20 with E3 ubiquitin ligase activity involved in immune response against bacterial infection. Biochem. Biophys. Res. Commun. 457 (1), 83–89.
Zhang, X., Liu, X., Zhang, M., Li, T., Muth, A., Thompson, P.R., Coonrod, S.A., Zhang, X.,
2016. Peptidylarginine deiminase 1-catalyzed histone citrullination is essential for
early embryo development. Sci. Rep. 6, 38727.
Zhang, N., Zhang, X.J., Chen, D.D., Sunyer, O.J., Zhang, Y.A., 2017. Molecular characterization and expression analysis of three subclasses of IgT in rainbow trout
(Oncorhynchus mykiss). Dev. Comp. Immunol. 70, 94–105.
Zhong, X.P., Wang, D., Zhang, Y.B., Gui, J.F., 2009. Identiﬁcation and characterization of
hypoxia-induced genes in Carassius auratus blastulae embryonic cells using suppression subtractive hybridization. Comp. Biochem. Physiol. B Biochem. Mol. Biol.
152 (2), 161–170.
Zhou, S., Zhao, H., Thongda, W., Zhang, D., Su, B., Yu, D., Peatman, E., Li, C., 2016.
Galectins in channel catﬁsh, Ictalurus punctatus: characterization and expression
proﬁling in mucosal tissues. Fish Shellﬁsh Immunol. 49, 324–335.

deiminase: characterization and tissue distribution. J. Biochem. 110 (4), 661–666.
Terao, M., Katayama, I., 2016. Local cortisol/corticosterone activation in skin physiology
and pathology. J. Dermatol. Sci. 84 (1), 11–16.
Tokarz, J., Mindnich, R., Norton, W., Möller, G., Hrabé de Angelis, M., Adamski, J., 2012.
Discovery of a novel enzyme mediating glucocorticoid catabolism in ﬁsh: 20betahydroxysteroid dehydrogenase type 2. Mol. Cell. Endocrinol. 349, 202–213.
Tokarz, J., Norton, W., Möller, G., Hrabé de Angelis, M., Adamski, J., 2013. Zebraﬁsh
20β-hydroxysteroid dehydrogenase type 2 is important for glucocorticoid catabolism
in stress response. PLoS One 8 (1), e54851.
Turer, E., McAlpine, W., Wang, K.W., Lu, T., Li, X., Tang, M., Zhan, X., Wang, T., Zhan, X.,
Bu, C.H., Murray, A.R., Beutler, B., 2017. Creatine maintains intestinal homeostasis
and protects against colitis. Proc. Natl. Acad. Sci. U.S.A. 114 (7), E1273–E1281.
Urban, C.F., Reichard, U., Brinkmann, V., Zychlinsky, A., 2006. Neutrophil extracellular
traps capture and kill Candida albicans yeast and hyphal forms. Cell Microbiol. 8,
668e76.
Urban, C., Ermert, D., Schmid, M., Abu-Abeb, U., Goosmann, C., Nacken, W., Brinkmann,
V., Jungblut, P.R., Zychlinsky, A., 2009. Neutrophil extracellular traps contain calprotectin, a cytosolic protein complex involved in host defense against Candida albicans. PLoS Pathog. 5, 1e18.
Valero, Y., Martínez-Morcillo, F.J., Esteban, M.Á., Chaves-Pozo, E., Cuesta, A., 2015a.
Fish peroxiredoxins and their role in immunity. Biology 4 (4), 860–880.
Valero, Y., Morcillo, P., Meseguer, J., Buonocore, F., Esteban, M.A., Chaves-Pozo, E.,
Cuesta, A., 2015b. Characterization of the IFN pathway in the teleost ﬁsh gonad
against vertically transmitted viral nervous necrosis virus. J. Gen. Virol. 96 (8),
2176–2187.
van Beers, J.J., Zendman, A.J., Raijmakers, R., Stammen-Vogelzangs, J., Pruijn, G.J.,
2013. Peptidylarginine deiminase expression and activity in PAD2 knock-out and
PAD4-low mice. Biochimie 95 (2), 299–308.
Vasta, G.R., Ahmed, H., Du, S., Henrikson, D., 2004. Galectins in teleost ﬁsh: zebraﬁsh
(Danio rerio) as a model species to address their biological roles in development and
innate immunity. Glycoconj. J. 21 (8–9), 503–521.
Vera, M., Pani, B., Griﬃths, L.A., Muchardt, C., Abbott, C.M., Singer, R.H., Nudler, E.,
2014. The translation elongation factor eEF1A1 couples transcription to translation
during heat shock response. eLife 3, e03164.
Vivoli, M., Renou, J., Chevalier, A., Norville, I.H., Diaz, S., Juli, C., Atkins, H., Holzgrabe,
U., Renard, P.Y., Sarkar-Tyson, M., Harmer, N.J., 2017. A miniaturized peptidylprolyl isomerase enzyme assay. Anal. Biochem. 536, 59–68.
Vossenaar, E.R., Zendman, A.J., van Venrooij, W.J., Pruijn, G.J., 2003. PAD, a growing
family of citrullinating enzymes: genes, features and involvement in disease.
Bioessays 25 (11), 1106–1118.
Wang, Y., Li, M., Stadler, S., Correll, S., Li, P., Wang, D., Hayama, R., Leonelli, L., Han, H.,
Grigoryev, S.A., Allis, C.D., Coonrod, S.A., 2009. Histone hypercitrullination mediates chromatin decondensation and neutrophil extracellular trap formation. J. Cell
Biol. 184, 205–213.
Wang, S., Wang, Y., 2013. Peptidylarginine deiminases in citrullination, gene regulation,
health and pathogenesis. Biochim. Biophys. Acta 1829 (10), 1126–1135.
Wang, P., Xu, P., Zeng, S., Zhou, L., Zeng, L., Li, G., 2015. Comparative analysis of sequence feature and expression of two heat shock cognate 70 genes in Mandarin ﬁsh
Siniperca chuatsi. Gene 560 (2), 226–236.
Wang, H., Tian, C., Sun, J., Chen, L.N., Lv, Y., Yang, X.D., Xiao, K., Wang, J., Chen, C., Shi,
Q., Shao, Q.X., Dong, X.P., 2017. Overexpression of PLK3 mediates the degradation of
abnormal prion proteins dependent on chaperone-mediated autophagy. Mol.
Neurobiol. 54 (6), 4401–4413.
Wen, Z., Ji, X., Tang, J., Lin, G., Xiao, L., Liang, C., Wang, M., Su, F., Ferrandon, D., Li, Z.,
2017. Positive feedback regulation between transglutaminase 2 and toll-like receptor
4 signaling in hepatic stellate cells correlates with liver ﬁbrosis post Schistosoma
japonicum infection. Front. Immunol. 8, 1808.
Witalison, E.E., Thompson, P.R., Hofseth, L.J., 2015. Protein arginine deiminases and
associated citrullination: physiological functions and diseases associated with

170

